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Foreword 
 

The Second Joint Technical Committee on Natural Slopes and Landslides (JTC1) Workshop 
on Triggering and Propagation of Rapid Flow-like Landslides was successfully held from 3 to 
5 December 2018 in Hong Kong.  As a signature event, this Workshop had brought 
together internationally renowned experts, top-notch professionals, eminent academics and 
captains of industry to share their experience, insight and wisdom.  The Organising 
Committee has designed a rich technical programme.  Apart from the keynote addresses, 
the programme featured the Second Hutchinson Lecture, the Hungr Oration to 
commemorate the contributions of the late Professor Oldrich Hungr, Theme Lectures 
delivered by young, emerging stars, a dedicated session on Benchmarking Exercise for 
landslide runout analysis, five parallel plenary sessions and technical visits.  More than 120 
delegates from over 20 countries participated in the workshop and benefited from the 
exchange of knowledge and experience.  
 
The papers of the Workshop covered a wide range of topics including landslide analysis and 
numerical methods; landslide mechanisms, experiments and monitoring; landslide 
propagation and mitigation; numerical analysis and landslide risk mitigation; and 
experiments, case studies and monitoring.  These proceedings include all the papers 
accepted for presentation to the Workshop.  These papers had been also peer-reviewed 
and presented in a high standard of quality on research and development for the above 
topics.   
 
I would like to thank the Chairman and members of JTC1, President of ISSMGE and the 
International Advisory Panel for their solid support.  I would also like to extend my sincere 
gratitude to all members of the Organising Committee and the various subcommittees, 
Hong Kong Geotechnical Society, HKIE Geotechnical Division and Hong Kong University of 
Science and Technology.  I wish to convey my heartfelt appreciation to Dave Chan, Suzanne 
Lacasse, Serge Leroueil, Brian McArdell, Farrokh Nadim, Dave Petley and Chan-Young Yune 
for their assistance in chairing the various sessions in the Workshop.  Last but not least, 
special thanks are due to all the distinguished speakers as well as sponsors. 
 
 
  
  

  
   

 
 

Prof. Ken Ho 
Chairman  
Organising Committee of Second JTC1 Workshop  
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Concluding Remarks 
 

Dear colleagues, I would like to use the last minutes of the workshop to make some 
concluding remarks.  To this aim, I will put on two different hats: first, the hat of the JTC1 
Chairman, then, the one of a scholar who came here to learn from the experts.  
 
As JTC1 chair, I wish to thank the organisers, and primarily our colleague in the Committee 
and Chairman of the Organising Committee, Ken Ho, for the excellent job, the warm 
hospitality and the effectiveness of any organisation detail.  Riding the bus to the University, 
at precisely eight in the morning, I now realize that it never left even one minute late; 
possibly it left one minute before time, and in fact I missed it three times over three days! 
 
As JTC1 chair, I am proud of the scientific job that has been made.  Our major goal was to 
do something that could be useful to the geo-engineering community, and now I see that, 
through the workshops we have invented and are organising (in Barcelona last year, and in 
Hong Kong this time), we are making it.  In particular, the main goal of these workshops is 
to focus on hot and advanced topics, favoring exchanges of information and data, and 
possibly developing new ideas and collaborations.  In the case at hand, what a hotter topic 
than the analysis of rapid, often catastrophic, flows?  And what a more advanced topic than 
the triggering and propagation of such complex 3-phases masses?  Also, we established 
that the JTC1 workshops should promote the work of emerging young talents, and this is 
being achieved: these three days I have learned a lot from many of them.  Another goal 
was selecting and awarding a distinguished young scientist who is making relevant 
contributions to our field; to this aim, we established the Hutchinson Lecture.  Well, the 
high quality of the lecture delivered by Nuria Pinyol has fully demonstrated that our mission 
is being accomplished!  And so, I believe that that the JTC1 should now shortly start to 
select the topic and the seat of the next, the third, workshop.  
 
And now, I would put on the hat of a scholar.  As a scholar, I have appreciated the quality 
of the work presented by the overwhelming majority of the speakers, who touched on a 
number of themes of great importance.  The talks on the potential effects of climate 
change, on the correct use of data provided by laboratory experiments and by field surveys 
in the interpretation of the propagation mechanisms of flows, some remarks on the role of 
the basal entrainment on the evolution of debris avalanches and the interaction with 
mitigation works and so on, have provided a lot of useful information.   
 
Moving on to a critical point, in spite of the title of this workshop, it seems to me that some 
of the contributions kind of disregarded the topic “triggering” for the topic “propagation”.  
I believe that the concepts of “triggering” and “propagation” should not be separated.  In 
fact, behind the concept of “triggering” there is the mechanism which leads a landslide body, 
consisting of rock or of soil thus of a solid material, to propagate as a fluid which flows 
downslope rather than rolling, bouncing or sliding.  I mean that a clear understanding of 
the mechanics of triggering may help best setting up any propagation analysis.  My critical 
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remark, which might be extended to a significant part of the recent literature, is confirmed 
by a lack of connection that sometimes emerges in the relation between trial and analysis.  
Often I notice some romantic affairs between scholars and numerical tools (not necessarily 
mathematical analysis) and some carelessness for laboratory and site investigations, as these, 
and the consequent selection of the parameters to adopt for analysis, count for nothing.  
In some cases, this is clearly demonstrated by the fact that the only preliminary information 
required for runout analysis is an accurate digital elevation model!  Such an approach is 
fairly different from the one that has been adopted since the Renaissance period, which 
starts from the observation of phenomena in order to set up mathematical models based 
on understandable parameters which may be measured in the laboratory or on site.  In 
contrast, in this case mathematical models seem to be a dress which has sometimes weak 
relations with reality, and is based on parameters of uncertain meaning.  However, this is 
not new nor necessarily wrong.  Albert Einstein developed his equations more or less in 
the same way (what else?) and his ideas have been fully confirmed one century after.  On 
the other side, such critical remarks are balanced by the fact that this workshop has shown 
the relevant improvement of the tools which are being developed for the analysis of 
landslide propagation, this also thanks to the original benchmarking exercise proposed by 
the organisers.  In particular, through either numerical experiments or back analysis of real 
events, some contributions have gone in depth about the role of the single factors that 
charaterise the mathematical models.  Therefore, the research can more and more give us 
solid certainties about the mechanical aspects of the problem.  We should work even more 
on this.  
 
Going shortly to the conclusion, I wish again to thank the local organising team, all speakers 
and the attendees who have contributed to the success of the event with smart questions 
and useful ideas, making the environment where we have worked these three days, warm, 
comfortable and lively.  
 
Thank you and see you at the third JTC1 workshop.   
 

 
 
 

 
 
 
 
 

Prof. Luciano Picarelli 
Chairman  
JTC1 “Natural Slopes and Landslides”, FedIGS 
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1  INTRODUCTION 
 
Landslide hazard assessment requires predicting maximum run-out and velocity to identify vulnerable areas 
menaced by unstable soil and rock masses. Runout and velocity is also suitable information to estimate 
potential damage of infrastructures. Theory and methodologies typically used to ensure and evaluate the 
serviceability limit states under static conditions may not be valid at states involving large deformations and 
displacements. 

Basic Coulomb frictional laws are generally accepted for limit equilibrium analysis because the linear 
relationship between strength and normal stress fits properly results of shearing tests for a given range of 
stresses and low shear strain rates. However, simple frictional laws are not valid to explain the observed 
landslide motion ranging from small velocity to catastrophic events. For instance, field observations show that 
large landslides travel over unexpectedly long distances suggesting low dissipation and, on the other hand, 
some large active landslides exhibit a maintained slow velocity. Accurate estimation of landslide evolution, 
velocity and run-out distance requires the use of appropriate frictional laws describing energy dissipation for a 
wide range of strain rates.  

 
2  DYNAMIC FRICTION AND MPM LANDSLIDE MODELLING 
 
Experimental evidence shows the presence of hardening and weakening effects on dynamic friction. They 
result from both intrinsic rheological properties and coupling processes inducing changes in effective stresses. 
In particular, the following phenomena affecting the frictional strength are invoked in this work: 

- Rate strengthening friction (Desai et al., 1995; Wang et al., 2010) 
- Weakening induced by loss of suction (Fredlund et al., 1978; Alonso et al. 1987)  
- Frictional heating-induced thermal pressurization (Rice, 2006; Vardoulakis, 2002) 
- Dynamic and static mechanical pressurization inducing liquefaction (Jefferies and Been, 2015) 

ABSTRACT 
 

Friction plays a key role in landslide creeping, failure and post failure behavior. With the aim of 
predicting not only the onset of failure, but also the maximum landslide extension and velocity, 
necessary to identify vulnerable areas for risk assessment, accurate estimation of laws describing 
properly the friction in a wide range of strains is required. Experimental evidence shows friction 
hardening and weakening due to both intrinsic behaviour and coupling effects. The lecture 
presents an insight into the following phenomena affecting the dynamic friction: friction 
strengthening due to rate effects, frictional heating-induced weakening, weakening due to loss of 
suction and static and dynamic mechanical pressurization (liquefaction). These phenomena will 
be modelled within the framework of the material point method. Academic examples as well as 
real cases will be simulated to highlight some relevant features. 
When validating numerical results by comparing them with experiments, digital image correlation 
is widely used because it provides massive and non-invasive information for any range of 
displacement. The lecture describes also novel methodologies to measure and interpret variables 
of interest of experiments (displacement, velocity, strains and degree of saturation) based on 
image processing.   
 

 

 

 

 

 

 

 

 

Physics of landslides 

N.M. Pinyol 
Centre Internacional de Metodes Numerics en Enginyeria CIMNE, Barcelona, Spain 

Universitat Politècnica de Catalunya UPC, Barcelona, Spain 
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The occurrence of these phenomena depends on the soil properties and conditions such as grain size 
distribution, permeability, confining stress, applied load (i.e. static or dynamic). They may not occur 
simultaneously.  

This work presents an insight into these phenomena and their modeling. Application to landslides is made 
through the material point method (Sulsky et al, 1994), capable of dealing with large strains in the framework 
of continuum mechanics. The MPM lies between the classical finite element (FEM) and truly mesh free 
methods. Unlike classical FEM, mesh-tangling problems in MPM are avoided by means of defining two types 
of discretization. A collection of materials points representing a portion of mass, which carry all the 
information, are followed throughout the deformation history. A second computational grid is also defined. 
All the information is transferred from the material points to the computational mesh at each calculation step 
and the governing equations are solved. The updated values of the variables after calculation are transferred to 
the material points, and, in particular, their position. Data associated with the nodes of the computational mesh 
can be discarded and the same or a new configuration of the background mesh can be used for the next 
computational step.  

The basic MPM for saturated porous materials was generalized by Yerro et al. (2015) to three-phase soil, 
modelling the effect of suction, a key aspect for shallow landslides. In addition, the formulation for saturated 
conditions was extended to non-isothermal problems in which irreversible shear deformations are dissipated in 
heat. The associated friction weakening was modelled within the MPM framework and the well-known 
catastrophic landslide in Vajont (1963) was simulated (Pinyol et al., 2018) (Fig.1). 

 
 

 
Figure 1: MPM modelling of Vajont landslide. Distribution of material points at the end of 

the motion of the unstable mass 
 
 

Non-linear strain rate-dependent friction hardening, combined with frictional heating (Alonso et al., 2016) 
is included in the MPM framework with the aim of explaining the observed landslide evolution from creeping 
phase to an eventual catastrophic collapse. The case of Canelles landslide (Pinyol et al., 2012), affecting the 
larger reservoir in Catalonia, is revisited including both phenomena. The results, presented in the lecture, 
show that the occurrence of catastrophic failure of the slope induced by frictional heating can be counter-
balanced by the rate-dependent friction (observed in laboratory tests). These cross effects and the evolving 
geometry lead to the stabilization of the slope after small displacements.  
 
3  MEASUREMENTS BASED ON IMAGE PROCESSING 

 
The use and development of MPM has increased significantly since the pioneering contribution of Sulsky et 
al. (1994). With the aim of validating the numerical code and the constitutive models used, many recent 
contributions describe MPM modeling of benchmark and laboratory experiments (Fern and Soga, 2016; 
Llano-Serna et al., 2016). Due to the nature of the laboratory tests, involving large deformations and 
displacements, i.e. scaled landslide experiments, the measurement of variables of interest (i.e. velocity, 
displacements, strains, stress, pore water pressure and water content) by means of conventional sensors 
experience difficulties. In addition, sensors only provide information from specific points which have to be 
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selected in advance. Often, the area of interest to measure is not known a priori. This is the case of the failure 
surface where strains localize.  

Alternatively, massive and non-invasive information can be obtained by means of techniques based on 
image processing. The lecture presents a novel procedure (PIV-NP) for the analysis of large strain 
experiments based on particle image velocimetry technique (Pan et al., 2009). It provides the position, 
velocity, acceleration and strains of the so-called numerical particles (NP) representing soil portions. The 
method extends the capabilities of standard PIV measurements (Pinyol and Alvarado, 2017). The 
methodology presented, elegant for its simplicity, is well suited for the comparison between experimental and 
computed results. It is especially helpful when comparing PIV-NP with MPM results because the numerical 
particles can be associated with the material points of the calculation (Fig. 2). Therefore, for each material 
point and the corresponding numerical particle, the position, velocity, acceleration and strain, as well as other 
measureable property associated to a portion of the moving mass, can be directly compared.  

 
 

 
Figure 2: Comparison between experiments, PV-NP and MPM results 

 
 

The advantages of measuring in a massive and non-invasive way a soil property by means of image 
processing have also been recently applied to measure the degree of saturation. This procedure, at a 
preliminary stage, is described in the lecture. The fundamental idea behind the methodology presented is to 
interpret the difference between light reflection/absorbance of the water and solid particles: the water is more 
absorbent to light than solid particles. Therefore, a soil becomes less reflective (darker) in wetter than in drier 
conditions (Hillel, 1998; Lobell and Asner, 2002; Nolet et al., 2014). 

In the visual spectrum (430 - 770 nm of wavelength), the effect of soil moisture on the light reflection is 
not precise enough and the value of reflectance can only be associate with a wide range of degrees of 
saturation. When exploring other range of wavelength covering near infrared (NIR) and short-wave infrared 
(SWIR) spectrum, it is observed that the water content effect on the reflectance becomes higher for a specific 
wavelength and the value of the reflectance can be associated with a short and precise range of degrees of 
saturation. Then, reflectance and degree of saturation can be successfully correlated. 

Infrared images are used in the present work to measure the degree of saturation. The methodology is 
calibrated and validated for a siliceous fine sand with encouraging results. 

 
4  CONCLUSIONS 

 
The lecture is organized as follow: The image-based procedures will be described in the first section, 
“Massive and no-destructive mining data in experiments”, and some examples of scaled experiments will be 
referred to. The second part of the conference, “Three phase MPM formulation”, will focus on the theoretical 
and numerical aspects of modeling. As an introduction, the basis of the MPM single-point formulation for 3-
phases will be briefly described and applied to a simple case of an unsaturated landslides. The strain rate 
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effects combined with the weakening induced by heating water pressurization will be discussed and modelled 
later in “Modelling landslides from creeping to rapid motions”. This section will include simple cases, a 
sensitivity analysis and some numerical issues. It will end with the analysis of a real active landslide induced 
by drawdown and the evaluation of its potential acceleration. The lecture will be closed by presenting the 
topic “Modelling liquefaction and liquefied soil behavior”. A constitutive model able to simulate static and 
dynamic liquefaction implemented in MPM is used to simulate the overall deformation process, from the 
onset of the failure to the final state after liquefaction including the propagation of the instability.  
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1  INTRODUCTION 
 
Starting from 2010, systematic study and mitigation of natural terrain landslide risk is a core component of the 
Hong Kong Governments Landslip Prevention and Mitigation (LPMit) Programme, which is managed by 
Geotechnical Engineering Office (GEO). To gear up in tackling natural terrain landslide hazards, technical 
development work has been in progress by GEO since the late-1990s. Through systematic mapping and 
studies of notable landslides, advances have been made in the understanding of the mechanisms and 
classification of natural terrain landslides and debris movement, together with the formulation of risk 
management and mitigation strategies.   

Based on the state-of-the-art knowledge and insight, GEO developed a technical framework for evaluating 
landslide hazards, and implemented R&D studies to advance the strategy and design of mitigation measures in 
order to reduce the risk to an as low as reasonably practicable (ALARP) level.  

This paper presents the development of the natural terrain risk mitigation practice in Hong Kong, and the 
advances made by the corresponding R&D work. The practical challenges in relation to the design and 
construction of landslide mitigation measures are discussed. 

 
2  NATURE OF NATURAL TERRAIN LANDSLIDES  
 
Hong Kong comprises a hilly terrain with dense urban development close to steep hillsides. The natural terrain 
is typically mantled by weak and heterogeneous saprolite or colluvium, which is susceptible to shallow, small 
to medium-scale landslides (usually several hundreds cubic metres, or occasionally more sizeable), due to loss 
of suction or build up of local perched water pressure as a result of intense rainstorms. This can be further 
complicated by ongoing progressive deterioration of the condition of the natural hillside due to successive 
heavy rainstorms. These landslides can develop into debris flows where debris reaches drainage lines with 
surface water flow resulting in increased mobility (i.e. larger velocity and greater runout distance). Based on 
the comprehensive landslide inventory, on average about one landslide occurs each year for every 2 km2 of 
natural hillside in Hong Kong.  

Apart from structural, geological and hydrogeological factors, unfavourable topographical factors can also 
contribute to increased susceptibility to landslide initiation, such as breaks in slope, topographic depression, 
head of drainage line, and presence of regolith downslope of a rock outcrop.  

Channelised debris flows along incised drainage lines or pronounced topographic depressions with 
concentrated surface water flow tend to be more mobile with notable velocities (as compared to landslides on 
a planar hillslope) and hence constitute a major hazard. Due cognizance needs to be given to the special nature 
of channelised debris flows in the design of suitable mitigation measures. Debris flows can occur in pulses and 
may entrain materials due to erosion along the trail. They can also engulf large boulders, which can be isolated 
or in clusters occurring as a bouldery front at the snout of the landslide debris, typically with an inverse 
grading (see Figure 1). The complex and transient nature of such surge flows can also be complicated by the 
presence of large broken tree trunks. Additionally, there is the possibility of dam breaks occurring along the 
drainage lines due to build up of temporary debris dams. The increase in the active debris volume as a result 
of significant entrainment is liable to intensify the destructive power of the event. 

 
 3  NATURAL TERRAIN LANDSLIDE RISK MANAGEMENT 
 
Landslide risk can be quantified as follows: 

Risk =  Pi x Ci, where Pi is probability of landslide hazard and Ci is landslide consequence. 

ABSTRACT 
 

This paper presents the progressive development of debris flow risk mitigation practice in Hong 
Kong and the advances made as a result of recent R&D work.  
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Figure 1 : Bouldery front of channelised debris flows observed in June 2008 in Hong Kong 

 
 The risk posed to a given facility can be managed by reducing Pi by stabilisation works or reducing Ci by 
mitigation measures. For existing facilities such as buildings or roads subjected to natural terrain hazards, 
slope stabilisation on the steep hillside is often neither practically feasible nor economically (and 
environmentally) justifiable. Instead, an active mitigation strategy involving the implementation of mitigation 
measures (such as debris-resisting rigid barrier or steel flexible barrier, or boulder fence) is more practicable.  
In view of the complexities and uncertainties associated with debris flows, emphasis has been given by GEO 
in developing and adopting pragmatic and suitably simplified barrier design methods.  

 
4  EVOLUTION OF BARRIER DESIGN PRACTICE  
 
4.1 Phase 1 – Development of Barrier Design Guidelines 
Starting from the late 1990s, significant advances have been made by GEO in developing practical numerical 
tools for debris mobility assessment and calibrating the rheological models and input parameters through 
systematic back analysis of local case histories of the more mobile landslides. GEO also promulgated 
guidance on the assessment of debris discharge, flow velocity and thickness, debris run-up, retention capacity 
of barriers, and surface drainage provisions.   

The technical guidance on mitigation measures promulgated by GEO at that time covers primarily the 
design of rigid barriers against debris and boulder impact. In developing the guidance, a holistic approach was 
adopted including benchmarking against international practice and reviewing relevant laboratory and field 
studies, back analysis of instrumented field data, performance review of barriers upon impact by landslides, 
etc. In essence, the basis of the guidance promulgated at this early stage was largely empirical, supported by 
literature review and limited field studies. 

 
4.2 Phase 2 – Rationalisation and Enhancement of Barrier Design Guidelines 
From about 2010 onwards, GEO initiated further R&D work focusing on the use of flexible and rigid barriers 
to arrest natural terrain landslides. 

The advances have led to an improved understanding which enables the guidance on barrier design to be 
rationalised and expanded. The basis of the enhanced design approaches is multi-pronged, including back 
analysis of field observations, use of physical models (laboratory flume), numerical techniques, analytical 
solutions, etc. A key consideration is to build in sufficient robustness to cater for the uncertainties in the field 
associated with the complex characteristics and variable composition of debris flows. The work culminated in 
the promulgation of new or improved design guidance covering the following areas: 

(a) a design methodology for the impact of debris and boulders on rigid and flexible barriers using a 
force approach; 

(b) a design methodology for the impact of debris on flexible barriers using an energy approach based 
on insights from discrete element model (DEM) analysis and a simplified analytical framework; 

(c) establishment of a multiple debris impact model for rigid and flexible barriers accounting for 
dynamic impact pressure and static earth pressure of deposited debris, with suitable allowance 
made for the variation in debris velocities at different phases of debris impact as computed from 
the staged debris mobility analysis; 

(d) an analytical framework for the design of multiple barriers (with the upstream barriers acting as 
check dams) based on a newly developed staged mobility analysis; and 

(e) a design framework for the use of prescribed flexible barriers in mitigating open hillslope 
landslides in order to streamline the design process. 
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4.2 Phase 2 – Rationalisation and Enhancement of Barrier Design Guidelines 
From about 2010 onwards, GEO initiated further R&D work focusing on the use of flexible and rigid barriers 
to arrest natural terrain landslides. 

The advances have led to an improved understanding which enables the guidance on barrier design to be 
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associated with the complex characteristics and variable composition of debris flows. The work culminated in 
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force approach; 

(b) a design methodology for the impact of debris on flexible barriers using an energy approach based 
on insights from discrete element model (DEM) analysis and a simplified analytical framework; 

(c) establishment of a multiple debris impact model for rigid and flexible barriers accounting for 
dynamic impact pressure and static earth pressure of deposited debris, with suitable allowance 
made for the variation in debris velocities at different phases of debris impact as computed from 
the staged debris mobility analysis; 

(d) an analytical framework for the design of multiple barriers (with the upstream barriers acting as 
check dams) based on a newly developed staged mobility analysis; and 
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The current design approaches adopted in Hong Kong are summarised in Figures 2 and 3. 
 

(i) Calculate energy loading for pile-up 
mechanism (Ep)

(ii) Calculate energy loading for run-up 
mechanism (Er)

Step 1

Step 3
Design energy loading E = min {max(Ep, Er), max(Ek1, Ek2)}

Step 4
Check design energy loading  0.75 x energy rating of flexible barrier certified by 
ETA full-scale rockfall test
Notes: (1) For other design checks, see Figure 3.

(2) If Step 4 cannot be satisfied, then use force approach for design. 

Step 2
(i) Calculate kinetic energy of landslide 
debris when the debris front reaches the 
design location of flexible barrier (Ek1)

(ii) Calculate kinetic energy of 
landslide debris that pass through the 
design location of flexible barrier (Ek2)

   
       

                 
                      
                   

 

(i) Calculate dynamic load of debris and boulder impact   

(ii) Check run up height (same for both flexible and rigid barriers ) 

(iii) Check static load from debris deposited behind the barrier 
(same for both flexible and rigid barriers) 

(iv) Check retention capacity based on gradient of the deposition 
area (i.e. tan  ) and gradient of the slope channel (i.e. tan  ) 

Debris impact pressure p =   v2 

where  is dynamic coefficient,  is debris density & v is impact velocity
Rigid barrier - assume  = 2.5 for debris with boulders up to 0.5 m in size
Flexible barrier - assume  = 2.0 for debris with boulders up to 2.0 m in size

Boulder impact force F = 4000 Kc vb
1.2 rb

2 (for rigid barrier)
where Kc is reduction coefficient (taken = 0.1), vb is impact velocity and rb is boulder diameter

Debris static pressure ps = K  g h
where K is lateral pressure coefficient (taken = 1), g is gravity & h is deposited debris height

tan  = 1/2 to 3/4  tan  for rigid barrier
tan  = 0 for flexible barrier

For flexible barrier, the residual barrier height should be considered after final 
deformation.  

Figure 2 : Energy approach for design of flexible  
barriers 

Figure 3 : Summary of force approach and key design  
checks of flexible and rigid barriers 

 
The concept of a composite structure comprising a rigid barrier with baffles to dissipate the energy of 

landslide debris and arrest some of the boulders, together with a cushioning layer on the barrier front face to 
help reduce the impact load on the barrier, was suggested to enhance robustness.   

Apart from the promulgation of technical design guidelines, GEO has also published guidance on other 
related design and construction issues as follows: 

(a) suitable detailing of rigid and flexible barriers to avoid weak links in the system, improve drainage 
provisions and enhance resilience against erosion of the substrate of barrier foundation;  

(b) improvement of the contract specification for flexible barriers to improve long term durability 
based on a performance review of about 100 local barriers; and 

(c) guidance on slope landscaping and bioengineering to improve the aesthetics of barriers. 
In addition to the above, GEO is using the Building Information Modelling (BIM) technology to examine 

buildability issues and construction sequencing with a view to optimising the location and design layout of 
barriers with respect to minimising the corresponding cut and fill operations. 

Another initiative relates to the consideration of sustainability aspects of the mitigation works through the 
promulgation of guidance on comparing the carbon footprints of different design options (e.g. barriers versus 
soil nails), together with the development of a carbon calculator. 
 
4.3 Phase 3 - Optimisation of Barrier Design 
To validate or calibrate the various design approaches and improve the understanding of barrier behaviour 
with a view to optimising barrier design, GEO has continued to undertake in-house development work and 
collaborated with practitioners through a working group under the Hong Kong Institution of Engineers and 
with local tertiary institutes and overseas experts in pursuing various R&D initiatives. These include the use of 
state-of-the-art physical modelling (centrifuge as well as laboratory and field flumes) to study mechanisms, 
the application of advanced numerical modelling, and development of new analytical approaches:   

(a) a new displacement approach is adopted to study the inertia effect of a rigid barrier on the 
behaviour under boulder impact; 

(b) field testing and numerical modelling of different cushioning materials for reducing the boulder 
impact load transmitted to a rigid barrier;  

(c) study on the use of baffles to help dissipate the energy of debris flows and trap some boulders; 
(d) development of advanced 3D numerical models (e.g. LS-DYNA to conduct coupled analysis of 

the interaction arising from impact of debris on a flexible barrier; discrete element model coupled 
with computational fluid dynamics model to study the generation of dynamic pore water pressure 
in debris flow and examine the effects of particle segregation on debris runout); and 

(e) parametric study of different variables in respect of debris composition and different 
configurations of barriers (e.g. curved rigid barrier, slit barrier, etc.) using the centrifuge and/or 
flume tests to examine mechanisms and study the behaviour under controlled conditions.   

 
5  WAY FORWARD 
 
The above studies have provided useful yardsticks for calibrating or bracketing existing design approaches.  
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They further highlight that there is potential scope for further rationalising and optimising the design, e.g. the 
coupled finite element analyses suggest that the impact energy transmitted to a flexible barrier could be much 
lower than that assessed by the current design approach because of internal distortion of the debris and change 
in momentum flux direction. Similarly, the displacement approach, which is corroborated by laboratory model 
tests, suggests that the dynamic forces exerted on a rigid barrier would be much lower than conventional 
elastic theory taking due account of the inertia effects. Notwithstanding the above, it should be borne in mind 
that some of the physical models could be constrained by the use of idealised materials as compared to real 
debris flows, and potentially by the uncertainties involved in scaling up the observed behaviour. As a basis for 
validation of the observed insights from the latest R&D work with a view to optimising the practical design 
methods, large-scale field tests are planned with a failure volume up to about 500 m3. Class A predictions 
could be made using the current design approaches as well as the tentative approaches from the recent R&D 
work, which would be verified and calibrated by the large-scale field tests.   

 
6  ONGOING CHALLENGES 
 
Some ongoing challenges and pertinent issues faced by the practitioners are highlighted below: 
(a) Behaviour of energy dissipation (or brake) elements – brake elements are an essential component of a 

flexible barrier in dissipating the impact energy. However, there is as yet no internationally recognised 
testing standard to check their stress strain characteristics at an appropriate strain rate and assess their 
degree of variability. Based on limited observations on site after debris impact, there is an element of 
uncertainty regarding the actual behaviour of different types of brake elements on a flexible barrier when 
they become buried by landslide debris.   

(b) Potential for under-estimation of landslide hazard due to climate change – recent local experience with 
extreme rainfall events has shown that the response of natural hillsides in Hong Kong is highly sensitive 
to more severe rainfall in that the number, scale and mobility of landslides are much elevated. The 
assessment of the landslide hazard to be designed for is fraught with considerable uncertainty and 
difficulty, given that the relatively short time window available for compiling landslide inventory may not 
have captured the extreme rainfall events. This is exacerbated by the increased likelihood of occurrence of 
more frequent and intense weather events associated with potential climate change. The possibility of 
barriers being under-designed and overwhelmed by more sizeable and/or more mobile landslide debris 
calls for a paradigm shift in the strategy for managing the associated landslide risk. A recent initiative is 
the development of ‘smart’ barriers incorporating the use of sensors and Internet of Things and cloud 
computing technology to provide early warning of landslides and facilitate timely emergency response. 

(c) Maintenance of flexible barriers - a cost effective and fit for purpose long term strategy and regime for 
maintenance of flexible barriers is called for in order to better manage the whole life cost, given that the 
steel components can be subject to progressive deterioration in a hot and humid climate like Hong Kong.  
As highlighted by a local case study of accelerated corrosion of a flexible barrier on a site with adverse 
setting with respect to corrosion and air pollution, there is scope for improving our knowledge on the rate 
of corrosion of different steel components with various forms of treatment in a local corrosive 
environment in order to establish correlations.    

 
7  CONCLUSIONS 
 
The design of landslide risk mitigation measures for debris flows and flow-like landslides is highly 
challenging in light of the many uncertainties involved. A holistic and progressive approach has been adopted 
in Hong Kong to improve our knowledge of the behaviour of debris-resisting landslide barriers. Recent 
technical development work on landslide mitigation measures has led to an improved understanding of the 
mechanisms. Nevertheless, it is paramount to be mindful of the need to strike a suitable balance in judiciously 
translating research findings into practice in light of the simplifications made in the testing and computational 
analyses vis-a-vis the complex and random nature of real debris flows. Due allowance should be made in the 
design for enhanced robustness and redundancy in managing the uncertainties. 
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1  INTRODUCTION 
 
Modeling of fast landslide propagation is an important part of the process of landslide risk analysis. Once 
unstable masses have been identified at regional level, more accurate simulations can be done. Two important 
problems are (i) the uncertainties associated to the values of soil parameters (strength, soil cover, suction, etc) 
and actions triggering the landslide (rain, earthquakes) and (ii) the type of analysis describing the interaction 
between phases in the avalanching mass. In the case pore water pressures have developed, basal friction will 
change, influencing run out, velocity and heights of soil. Indeed, in order to design protecting structures such 
as racks, making basal pore pressures to decrease, coupled models with a description of pore pressures along 
depth  have to be used.  

Interaction between soil particles and pore fluids depend on porosity, particle granulometry, fluid viscosity 
and relative velocities between phases. 

We will present here -following the work of Zienkiewicz and Shiomi (1984) - a hierarchically structured 
set of mathematical models describing solid grains - pore fluid interactions, from which depth integrated 
models can be developed.  

Constitutive and rheological models are fundamental ingredients of the general model. We will present 
here three categories of  basal friction laws (i) ad hoc relations obtained from observations (ii) laws derived 
consistently from 3D rheological models, and (iii) viscoplastic laws of Perzyna type which can describe both 
triggering and propagation of the fluidized mixtures. 

Regarding discretization, we will present a two phases SPH model including nodes for soil and pore fluid 
particles, and incorporating, when required, sets of finite difference meshes associated to each solid SPH node 
to cope with pore pressures evolution. Some interesting aspects such as inflow, absorbent and zero normal 
velocity boundary conditions will be described. 

Finally, we will present some cases illustrating the modelling approaches proposed in the paper. 
 
 
 
 
 

 
ABSTRACT 

 
This paper presents a short abstract of the lecture presented at the Second JTC1 Workshop on 
Triggering and Propagation of Rapid Flows like Landslides which was held at Hong Kong in 
December 2018. The presentation deals with some recent advances in the modelling of fast 
landslide propagation. The mathematical model is a general, two phase, coupled model suitable 
for debris flows with evolving pore pressures. It can be simplified to one phase models with pore 
water pressure (flowslides) and landslides entering reservoirs, where a two layer model is used. 
The mathematical model is discretized using a SPH model, which implements suitable boundary 
conditions for special cases found in the practice.  
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2  MATHEMATICAL MODEL 
 
2.1  Introduction: a general 3D model  
 
General 3D models describing the behaviour of solid-fluid mixtures were introduced by Zienkiewicz and co-
workers (see for instance Zienkiewickz and Shiomi 1984), following the work of Biot (1941). Bowen (1976) 
and Anderson and Jackson (1967) proposed general models which were applied to industrial processes. 

In the case of landslide propagation, we will assume that mixtures are saturated, the fluid phase consisting 
of either water or mixtures of water and very fine soil particles. Solid and fluid phases will be denoted with 
sub-indexes s and w, respectively. Densities for solid and fluid phases will be denoted as s   and w . The 
mixture is described using its porosity n  (volume fraction of voids in the mixture), the void ratio e  being 

related to the porosity by the relation e n n 1  . The model consists of six equations (balance of mass for 

soil and pore fluid, balance of momentum for both phases, constitutive equations for solid skeleton, and 
kinematical relations between rate of deformation and velocities). The unknowns are the porosity n  , the solid 
and fluid stresses  ,s w wp I    , where I  is the second order identity tensor, the solid particles and fluid 

velocities ,s wv v and the rate of deformation tensor sd . The partial phase densities are given by  
     1s w

s wn n      .    

It is important to note that material derivatives following solid and water particles are related by 
   

 
 

.grad = grad
w s s

T

w s

d d d w
v v

dt dt dt n
                                                                                             (1) 

where w  is the well-known Darcy velocity. 
 
2.2  Depth integrated models 
 
Depth integrated models for two phase debris flows have been recently proposed by Pitman and Le (2005), 
and Pudasini (2012). Depth integrated models are a convenient simplification of 3D models, providing an 
acceptable compromise between computational cost and accuracy. They have been extensively used in the 
fields of coastal, harbour, oceanographic and hydraulics engineering since the work of Barré de Saint Venant 
in 1871.  

Depth integrated models have been applied to landslide propagation after the pioneering work of Savage 
and Hutter (1989, 1991). This work was extended to 2D and more complex terrains in Hutter et al. 1993, Gray 
et al (1999). It has been applied Mc Dougall and Hungr (Mc Dougall et al. 2004), Pastor et al. (2002, 2009, 
2015 and 2018). Concerning limitations of the model, the interested reader will find in Hutter et al. (2005) a 
detailed discussion, being worth mentioning the text book by Pudasaini and Hutter (2007).  

 
 

                             
Figure 2: Magnitudes characterizing landslides entering reservoirs 
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3  NUMERICAL MODEL: A TWO PHASE SPH DEPTH INTEGRATED MODEL 
 
3.1  Using two sets of nodes for solid and water particles  
 
The SPH model we propose can include two sets of nodes for soil and water, including finite differences 
meshes to describe pore pressure evolution at soil points.  In Figure 3 we depict a general situation where the 
soil particle labelled I interacts with both soil and water particles within its domain of influence. We have 
depicted some FD meshes at soil nodes.  
 

 
 

Figure 3: A general SPH model with solid and water particles, 
including FD meshes for pore pressure evolution 

 
3.2  Boundary conditions 
 
There are some cases where special boundary conditions are required. We will consider the following: (i) 
open boundaries in water bodies where a landslide enters it, (ii) inflow boundary conditions at locations where 
water enters the domain, and (iii) zero normal boundary conditions located at places where digital terrain 
models cannot provide the required accuracy. Regarding inflow and absorbing boundary conditions, we use 
the approach provided by Vacondio et al (2011). In Figure 4 we provide an scheme where a buffer zone with 
thickness SLh   centred at a line provides the domain where BCs will be applied.   

 

 
Figure 4: Transparent boundary BCs 
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4  CONCLUSIONS 
 
We propose a general approach where soil and water velocities can be considered, including pore pressure 
evolution at soil nodes. The model can be applied to debris flows and landslides entering reservoirs. SPH 
provides a suitable framework for implementing these mathematical model. Pore pressures evolution can be 
modelled using 1D finite difference meshes associated to each soil SPH node, and travelling with it.  
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1  INTRODUCTION 
 
Submarine debris flows can have severe consequences due to their potential impact on offshore infrastructure. 
If the volume and geometry of the unstable sediments are known, the degree of success in predicting the 
runout depends on the choice of an adequate debris rheology model and the calibration of its parameters 
against past landslide events. While excellent predictive ability can be achieved using modern numerical 
methods, their results are rather sensitive to the variation of initial volume and geometry of the failed 
sediment. Conventionally, these inputs are computed using limiting equilibrium methods, where the unstable 
portion of the slope is assumed to fail simultaneously, immediately fluidize and run out. Being convenient 
computationally, these assumptions do not always reflect the real failure mechanism, potentially leading to 
significant inaccuracies in the predicted volumes, geometries and mechanical properties of the unstable soil. 
The following three recent developments allow for a better understanding of the mechanisms involved in the 
conditioning and triggering of landslides, improving the prediction of input parameters for subsequent debris 
flow analyses.  

First, Puzrin et al. (2016) highlighted importance of taking into account different landslide failure stages. In 
contrast to the limiting equilibrium approach, the presented shear band propagation (SBP) approach captures 
effects of secondary and tertiary failure due to the propagation of the slip surface into quasi-stable and stable 
portions of the slope, leading to a significant increase of the volume of the unstable sediment.  

Second, if no immediate seismic liquefaction takes place, the solid sediment material has to be sheared, 
undergoing softening and possibly mixing with seawater before turning into a fluid (Trapper et al. 2015; Buss 
et al. 2018). This shearing affects the subsequent runout, as it dissipates some of the available energy. 

Third, inability of existing approaches to predict the depth of slip surface initiation in homogeneous 
sediments (without the presence of discontinuities or weak layers) also prevents accurate prediction of release 
volumes. Taking into account the development of excess pore pressures due to rapid sedimentation on slopes, 
Stoecklin et al. (2017) showed that this process can lead to localization of shear strains at a particular depth, 
affecting both the volume and geometry of the unstable sediments as well as their mechanical properties.  

ABSTRACT 
 

The initial release volume and geometry of the unstable sediments are key parameters for debris 
flow simulations. Conventionally, these parameters are predicted using limiting equilibrium 
methods, where the unstable portions of the slope fail simultaneously. This assumption does not 
always reflect the real failure mechanism, leading to potential inaccuracies in the predicted 
release volumes of the unstable soil mass and its subsequent runout behaviour. This work 
describes recent developments that allow for a better understanding of the mechanisms of 
landslide conditioning and triggering, providing improved inputs for debris flow analyses. These 
mechanisms include shear band propagation, slip surface formation due to rapid sedimentation 
and effects of shearing on runout energy and sediment fluidization. The presented work describes 
these mechanisms and attempts to quantify their effects on the subsequent landslide runout 
behaviour, by using a combined three-step procedure, developed within the ABAQUS computing 
environment. 
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The presented work describes these mechanisms and attempts to quantify their potential effects on the 
subsequent debris flow, by using a combined three-step procedure within ABAQUS computing environment. 
 
2  SHEAR BAND PROPAGATION 
 
Puzrin et al. (2016) proposed a novel approach to model different stages of the submarine landslide evolution 
as a single continuous process, driven by progressive and catastrophic shear band propagation (Figure 1). 
Conventional slope stability analysis is based on the assumption that slopes fail simultaneously along the 
entire failure surface. In contrast, the SBP mechanism is capable of explaining the failure evolution from a 
relatively short initial shear band, triggered (e.g., by an earthquake) in the steepest part of the slope, where 
gravitational 𝜏𝜏𝑔𝑔  and seismic 𝜏𝜏ℎ  forces exceed the peak shear strength (shear stress ratio 𝑟𝑟 =
(𝜏𝜏𝑔𝑔 + 𝜏𝜏ℎ  − 𝜏𝜏𝑟𝑟) (𝜏𝜏𝑝𝑝 − 𝜏𝜏𝑟𝑟)⁄ > 1, primary failure in Figure 1). If this initial shear band becomes sufficiently 
long, it can propagate catastrophically into those parts of the slope, where gravitational and seismic forces 
exceed the residual shear strength (0 < r < 1), triggering a slab failure (secondary failure in Figure 1). Active 
or passive failure of the slab at its ends causes changes in the seabed level, driving progressive propagation of 
the shear band into those parts of the slope where gravitational and seismic forces are smaller than the residual 
shear strength (r < 0) and triggering spreadings, ploughings and runouts (tertiary failure in Figure 1). 

Hence, the secondary failure can significantly increase the length of the failed slab, affecting the volume 
and geometry of the failed sediment. In contrast, the tertiary failure can take a form of ploughing, without any 
runout taking place (Puzrin, 2016). In such cases, using conventional limiting equilibrium approaches for 
determining initial release volumes and geometries can lead to significant inaccuracies in debris flow 
analyses. 
 

 
 

Figure 1: Shear band propagation mechanisms of submarine landslide evolution (after Puzrin et al. 2016) 
 
 
3  SHEARING AND FLUIDIZATION 

 
Instant fluidization of the sediment is only possible if the shear strength in the entire unstable sediment layer 
drops to zero as a result of cyclic liquefaction during seismic loading. In cohesive sediments this is rarely the 
case, and the transformation into a fluid phase is governed by shearing of the solid material along some kind 
of discontinuity, accompanied by strain softening and possibly mixing with seawater. Trapper et al. (2015) 
modelled this process using an elastic-plastic large deformation FE approach to analyse landslide breakoff 
mechanisms (Figure 2a). Buss et al. (2018) presented an analytical kinematic approach to quantify this 
phenomenon (Figure 2b), by assuming that before running out over the seafloor surface, the material is 
sheared along two velocity discontinuities (VD1 and VDR), undergoing softening and dissipating energy. The 
magnitude of softening affects the mechanical properties of the debris and the dissipated energy should be 
deducted from the potential energy available for the runout.  
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Figure 2: Landslide breakoff mechanisms from (a) FE analysis (Trapper et al. 2015) 
and (b) kinematic approach (Buss et al. 2018) 

 
 
4  SEDIMENTATION AND SLIP SURFACE FORMATION 

 
Large scars of submarine landslides are found on slopes with mild gradients, which are well below the 
sediments angle of internal friction. This suggests that overpressures (pore-pressures in excess of hydrostatic) 
play an important role in the failure initiation. Overpressures can arise from rapid sedimentation, if the 
deposition of new sediments occurs faster than the consolidation of the underlying soil. This long-term 
process can weaken slopes over time until eventually a sufficiently strong earthquake provides the final trigger 
to causes instability of the slope. 
 

 
 

Figure 3: Landslide conditioning and triggering: (a) geometry; (b) static shear stress ratio; accumulated shear strains 
during seismic loading in the (c) normally consolidated and (d) overpressured slope (after Stoecklin et al. 2018) 

 
Stoecklin et al. (2017; 2018) studied the phenomenon of rapid sedimentation on slopes and its effect on the 

stability of the slope during seismic loading (Figure 3a). Slow deposition of the sediments produces normally 
consolidated slopes with a constant static shear stress/shear strength ratio with depth (dashed line in Figure 
3b). Subjecting such slopes to seismic loading results in an accumulation of permanent shear strains near the 
seafloor where the undrained shear strength is lowest (Figure 3c). If, however, the sedimentation rate is high, 
the deposition of sediments is faster than the drainage of the pore-fluid, resulting in overpressured slopes with 
shear strength no longer increasing linearly with depth and a distinct maximum in the static shear stress ratio 
at a particular depth (solid line in Figure 3b). The seismic analysis reveals that under such conditions strains 
no longer accumulate near the seafloor during seismic loading, but near this specific maximum, leading to the 
nucleation of a localised failure zone (Figure 3d), which can propagate parallel to the slope and lead to the 
emergence of a large mass movement and debris flow. 
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5  COMBINED ANALYSIS 
 
In this study an attempt is made to quantify the effects of the pre-conditioning and triggering processes on the 
subsequent post-failure behaviour, by using a combined three-step procedure within the ABAQUS computing 
environment: 

(i) In a first step the sedimentation process is modelled by solving the moving boundary value problem 
using a coupled hydro-mechanical finite-element approach (Figure 4a), simulating the stress and shear 
strength evolution within the sediments during the deposition process.  

(ii) Subsequently, a dynamic total stress non-linear finite element analysis is carried out to model 
earthquake events, using the stress-, strength-, density and stiffness distributions from the 
sedimentation analysis as initial conditions (Figure 4b). 

(iii) Finally, the stress, strength and velocity fields in the collapsing slope are used as initial conditions for 
the post-failure simulation using a coupled Eulerian Lagrangian finite element approach (Figure 4c). 

The results of this combined analysis highlight importance of careful simulation of the complete landslide 
evolution to achieve more realistic predictions of triggering and propagation stages of flow-like landslides. 
 
 

 
 

Figure 4: Illustration of the three-step combined analysis procedure and accumulated shear strains in each step: 
(a) sedimentation analysis; (b) seismic analysis; (c) post-failure analysis 
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1  INTRODUCTION 
 
Objectively forecasting the zone of impact of a potential slope failure, in addition to identifying the failure 
itself, is a critical component of a mine’s risk management plan. The absence of natural morphological 
features, vegetation, and liquefiable substrates in open pits, which are common on natural slopes, provides an 
opportunity to assess their influences on runout distance, lateral spreading and deposit shape through 
comparison of the different data sets. Similarly, mine waste dumps with known construction sequence and 
investigated substrate conditions provide an opportunity to assess the relative influence of natural 
morphological features on the runout of uncompacted fills. This paper provides commentary on landslide 
runout processes and influences that can be learned from studying runout in a mining context.  

 
2  PIT SLOPE FAILURE RUNOUT 
 
Whittall et al. (2016) extended Heim (1932) and others work to the analysis of open pit slope failures and 
demonstrated that Heim’s Fahrböschung angle vs volume runout trend, when calibrated to open pits, gave 
good results compared to other empirical correlations (Figure 1).  

Runout in this dataset show a clear dependence on material properties, in which there is a less mobile trend 
for fresh, strong rocks (black – Trend 1) than for weak, weathered materials (red – Trend 2). Rocks in the less 
mobile trend failed as dry, frictional materials. The volume increase resulting from dilation and bulking as the 
rock slope fails and passes from intact rock to debris reduces the ability of pore pressures to increase within 
the sliding mass, similar to the effect postulated by Hungr and Evans (2004). Combined with the lack of 
liquefiable substrate, the basal friction angle is not significantly mediated by pore pressure. Deposits appear 
granular and sit at angle of repose. 

ABSTRACT 
 

Studying landslides in a mining context provides the advantage of known geometry, monitored 
climatic conditions, and near-continuous deformation monitoring. Stripped of exogenic 
influences like topographic variability and liquefiable substrate, observations from pit slope 
failures provide useful evaluation of the influences on runout distance. Similarly, mine waste 
dump failures provide an opportunity to assess the influence of travel path conditions on runout 
of a loose fill with known construction history.  Both open pit and waste dump landslides have 
separate mobility behaviors based on material characteristics. The properties of the rock mass are 
the key predictors of open pit runout behavior, and high mobility cases occur with rock mass 
structure that is able to contract in shear. The key predictors of high mobility waste dump failures 
are the potential for material strength loss or rapidly loading liquefiable substrate. Identifying the 
high mobility cases is imperative to maintaining the safety of workers and downstream 
communities. Successful and misguided applications of a risk context are presented to 
demonstrate how runout affects decision-making in a mining context. 

 

 

 

 

 

 

 

Identifying high mobility open pit and waste dump landslides 

John Whittall 
BGC Engineering Inc., Vancouver 



38

Second JTC1 Workshop
3-5 December 2018, Hong Kong

Triggering and Propagation of Rapid Flow-like Landslides

 

 
 

Figure 1: Open pit data with Fahrböschung angle versus volume relationship showing two separate mobility trends 
based on rock mass characteristics 

 
A more mobile Fahrböschung angle vs. volume trend is observed for weathered, clay rich rocks and poorly 

cemented sedimentary rocks. A hypothesis for the difference in behaviour compared with fresh, strong rocks 
is that these materials have a collapsible structure, creating undrained strength conditions when sheared.  
Hunter and Fell (2003) and Locat and Leroueil (1997) provide natural landslide precedents for different 
runout behaviour in dilative versus contractive materials. Shear strength and porosity are used as key indicator 
properties for dilative versus contractive behavior (Whittall et al. 2016). Material type was defined based on 
the lowest quality material in the rock mass, which tends to govern the runout behaviour in open pits.   

Studying landslide mobility in an open pit removes topographic confinement (gullies, valleys) and 
liquefiable substrate (soil, surface water, ice). The remaining long runout mechanisms, if they exist, should 
still be operating. When we limit both the endogenic and exogenic influences, mobility has a strong sensitivity 
to slope angle, material characteristics, and fall height, and is only modestly sensitive to volume. Even when 
unobstructed, the exceptional spread seen in many natural landslides does not appear to exist in an open pit.  
The highly mobile cases occurred on shallow slopes composed of saturated, collapsible materials (Trend 2 in 
Figure 1). This result implies that mobility is controlled by pore pressure mediating basal friction (Abele 
1974; Iverson 1997; Wang and Sassa 2003), and the much more impressive spread and fluidity seen in natural 
landslides is related to the conditions not present in open pits, i.e., rapid loading of a liquefiable substrate 
(Hungr and Evans 2004) and topographic channelization. 
 
3  WASTE DUMP FAILURE RUNOUT 
 
3.1  Mobility observations 
Hungr (2017) provides the most up-to-date description of characterizing waste dump failures and estimating 
their runout. It builds on previous work where Hungr et al. (2002) back analyzed 44 waste dump failures using 
Dan-W (Hungr 1995) in an attempt to provide industry-average input parameters. About 70% of the cases 
were simulated with a relatively narrow band of frictional properties and mean pore pressure ratios. The 
remaining cases were significantly under predicted by a frictional model, with no clear agreement between 
cases to support industry-average Voellmy input parameters. These cases, like many natural landslides, can 
only be reliably simulated with the benefit of local calibration.   
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Waste dump runout behavior depends on the mechanisms that cause strength loss during failure. This may 
include strength loss of the waste material, the foundation material, or a combination of both. The less mobile 
runout category is likely to occur in ductile failures that have the opportunity to drain. In general, strong, 
coarse waste running over drained substrate will fail in a ductile manner and exhibit runout well described by 
industry-average input parameters.  Long runout is likely to occur under two circumstances: 

1. If some part of the source volume experiences strength loss, such as loss of cohesion, pore pressure 
increase, liquefaction, or brittle remoulding of sensitive clay. 

2. If the landslide loads and entrains a saturated soil.   
Weak-coarse, or fine waste are likely to contract in shear, induce sliding surface liquefaction, and 

experience more strength loss. This is compounded if the landslide rapidly loads loose colluvial, organic, or 
any saturated soil. Further, in all of the long-runout events the path was confined by valley walls. The 
confinement may maintain a thicker flow, increasing total normal stress and promoting undrained loading, or 
the confined valleys are more likely to contain thick saturated soil deposits following glacier retreat and river 
deposition.  
  
3.2  Reducing the likelihood of high mobility waste dump failures  
In the absence of a calibration event nearby, parameter sets are not available to estimate runout for the more 
mobile case. It is the authors opinion the best course of action is to either plan or remediate waste dumps so 
that they are more likely to behave as the less mobile case. Options may include: 
 
Before Construction 

- Remove liquefaction susceptible materials, or if not viable, drain and pre-load with wick drains and a 
surcharge 

- Divert surface water from both the foundation footprint and the potential travel path 
- Install rock drains throughout, carefully planning for not saturating the travel path 
- Install shear key(s) 
- If possible, avoid liquefaction susceptible foundation materials and downslope valleys 

During Operation 
- Blend strong and weak waste to decrease potential for volume contractions from grain crushing 
- Layer fine and coarse material  
- If economically possible, build in lifts (rather than end dumping) and nominally compact  
- Build “cells” within the dump to place liquefaction susceptible materials in low hazard locations 
- Terrace construction 
- Slow advance rates to allow saturated foundation materials to drain 

Closure 
- Reslope dump faces that have had instability issues 
- Buttress dump faces built on liquefaction susceptible foundation materials 

 
4  RISK IMPLICATIONS 
 
4.1  Working below a deforming pit slope 
Worker safety is the primary consequence of concern when allowing production to continue below a 
deforming pit slope. Evacuating too early, or for a landslide that does not accelerate to collapse, is met with 
pressure to re-enter the work area and what Vick (2017) calls normalization to deviance. Prolonged exposure 
to unacceptable conditions becomes the new normal, resulting in a false sense of security and complacency.  
Perhaps worse, the geotechnical engineer’s credibility is in question next time he/she orders an evacuation.   

Current state of practice relies heavily on interpreting acceleration in slope monitoring data and nimble 
communication between the geotechnical engineer, dispatch, and the worker to evacuate an area before an 
impending landslide. A more robust approach is to understand the risk imposed on the workers. Whittall et al. 
(2017) provide a framework in which the pit floor is discretized into cells and individual risk is calculated in 
each based on runout, the efficiency and error of the monitoring system, and the communication 
infrastructure. This provides both a transparent assessment of worker safety and a location to which risk is 
lower and mining can continue. The risk level can be compared to the company’s standard and whether to 
evacuate or continue working is not left to an individual’s judgement. 
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4.2  Consequences of a waste dump failure 
In several jurisdictions a consequence rating is used to define the triggering event return period practitioners 
must use to design waste dumps. The intention is that a more robust structure is built if there is a safety risk 
downstream. The application of this, however, is waste dumps can be designed to fail in the long-term if that 
safety risk currently doesn’t exist. The logic of designing a facility based on consequence erodes when we 
cannot forecast the post-mining land use. All of the recommendations here to reduce the likelihood of high 
mobility runout are also prudent closure efforts. Classifying waste dumps by landscape conditions (the high 
mobility indicators) is a better approach than consequence both from a runout perspective and to integrate 
closure into the design from the beginning. We learned from recent tailings dam failures that the root cause is 
most often errors and omissions, not an extreme triggering event (Vick 2017). A system where the 
consequence begets the trigger, but does nothing to the facility itself, would be improved by a system routed 
in the foundation conditions dictating how the facility must be built.  

 
5  CONCLUSIONS 
 
Studying landslide runout in a mining context provides an opportunity to inspect triggering, mechanisms, and 
runout with limited or removed exogenic influences. Open pit landslides have two separate runout behaviors 
that can be reasonably predicted with a Fahrböschung angle versus volume tool. The properties of the rock 
mass are the key predictors of runout behavior, and high mobility cases occur with rock mass structure that is 
able to contract in shear. Work by others has shown convincingly that waste dump landslides also have two 
separate runout behaviors. A less mobile case can be reasonably predicted with a set of industry-average 
frictional properties. Appropriate tools are not yet available to reliably predict runout of the more mobile case, 
unless a local calibration event is available. The key predictors of the more mobile waste dump failure case 
are the potential for material strength loss or rapidly loading liquefiable substrate. Until more work is 
completed to characterize these high mobility cases, the best course of action is to plan, design and remediate 
waste dumps to remove these unfavorable conditions. 
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1  INTRODUCTION 
 
Oldrich Hungr was born in Prague, Czechoslovakia in 1947. He studied Civil Engineering at the University of 
Ottawa and completed a PhD under the supervision of Professor Norbert Morgenstern at the University of 
Alberta in 1981. He worked as a consultant with Thurber Engineering Ltd. for the next 15 years, completing 
hundreds of assignments primarily related to landslides. In 1996, he joined the University of British Columbia, 
where he taught and carried out research on landslides for the next 20 years. 

During the course of Professor Hungr’s long career as a researcher and consulting engineer, he made 
several major contributions to landslide science and practice. Notably, he pioneered the ‘equivalent fluid’ 
approach to numerical landslide runout analysis. This approach, which relies on observations and substantial 
judgment to select appropriate model input, typifies the overarching theme of pragmatism that characterized 
Professor Hungr’s work. He was heavily influenced by his own experiences as a consulting engineer, which in 
turn made his methods popular with practitioners. His insights were also highly sought after around the world, 
including in Hong Kong as a member of the GEO’s Slope Safety Technical Review Board. 

The main objective of this talk is to share my perspective, as a long-time student and colleague, on 
Professor Hungr’s unique approach to landslide science. To do so, I highlight his major contributions, but also 
draw attention to more recent and ongoing work that demonstrates his strong influence. In the process, I hope 
to encourage more people to follow Professor Hungr’s lead. 

 
2  PRACTICAL APPROACH 
 
Professor Hungr had a prolific and highly influential career. His numerous contributions to the field of 
landslides included: 1) quantitative methods for the design of debris flow mitigation measures (Hungr et al. 
1984); 2) a three-dimensional method of limit equilibrium slope stability analysis (Hungr 1987); 3) empirical 

ABSTRACT 
 

The landslide and broader geotechnical communities lost a key voice with the sudden passing of 
Oldrich Hungr in August 2017. Professor Hungr made several major contributions to landslide 
science and practice over his 40 year career as a researcher and consulting engineer, including the 
development of widely-adopted methods for landslide stability and runout analysis. His work was 
characterized by an overarching theme of pragmatism. He approached the complex subject of 
landslides from a geo-practitioner’s viewpoint, advocating for relatively simple methods that, 
when combined with factual observations and professional judgment, could still provide powerful 
insight and a basis for sound decision making. This talk discusses this theme and describes its 
extension to more recent and ongoing research that Professor Hungr inspired and helped to 
develop. This work includes the adaptation of methods from optimization theory and Bayesian 
statistics to facilitate more repeatable calibration of numerical runout models, and the application 
of emerging remote and field data collection methods to improve the case study data available for 
model calibration. In line with Professor Hungr’s vision, in the hands of skilled practitioners, 
these methods help improve our ability to manage the risks associated with rapid, flow-like 
landslides. 
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and numerical methods for the runout analysis of rockfalls (Evans & Hungr 1993; Gischig et al. 2015) and 
flow-like landslides (Hungr 1995; McDougall & Hungr 2004; Aaron & Hungr 2016); 4) advancements in our 
understanding of fundamental landslide mechanisms and behaviour (Cruden & Hungr 1986; Nichol et al. 
2002; Hungr & Evans 2004; Hungr et al. 2005); and 5) development and refinement of popular landslide 
classification systems (Hungr et al. 2001; Hungr et al. 2014). These contributions, along with Professor 
Hungr’s extensive output as a consultant, lecturer, review board member, scholarly committee member and 
expert witness, have helped shape modern landslide risk management practice around the world. 

Professor Hungr’s work reflected his pragmatic approach to everything. Many of the analytical methods he 
developed were conceived while he was still a full-time consulting engineer struggling to solve urgent real 
world problems with limited knowledge, data and tools at hand. As a result of this experience, he advocated 
for an appropriate balance between analytical sophistication, factual observations and professional judgment 
(Hungr 2016). This approach is perhaps best illustrated with John Burland’s ‘soil mechanics triangle’ 
(Burland 1987), which was regularly used by Professor Hungr as a teaching device (Figure 1). 
 
 

 
 

Figure 1: John Burland’s soil mechanics triangle (a) from Burland (1987), and (b) as taught by Oldrich Hungr 
 
 

The equivalent fluid approach to numerical landslide runout analysis (Hungr 1995) is an example of a 
balanced approach that transparently acknowledges the complexity of earth materials and the challenges 
associated with the prediction of their rapid movement. In the equivalent fluid approach, the landslide mass is 
treated as a material governed by basal resistance relationships that involve a limited number of parameters. 
The parameter values are calibrated, rather than measured, by back-analyzing real landslides, with a focus on 
reproducing large-scale observed behaviour (e.g. total runout distance). Judgment is required to select an 
appropriate resistance relationship, depending on the type of landslide in question and the character of the 
materials along the path. Calibration trends amongst groups of similar landslides are then sought that can be 
used for prediction (e.g. Hungr & Evans 1996; Ayotte & Hungr 2000; Revellino et al. 2004). Note that this 
modelling approach does not preclude the development and potential long-term usefulness of increasingly 
sophisticated numerical models, as long as appropriate weight is kept on factual observations and the ability of 
practitioners to run the models and meaningfully interpret the results. Otherwise, a temptation to adjust the 
facts to fit the idealized model is a potential pitfall (paraphrasing Abraham Maslow: if your only tool is a 
hammer, all of your problems look like nails). 

 
3  LASTING INFLUENCE 
 
Professor Hungr recognized that calibration-based models, while useful for forensic-style studies of individual 
events, are most powerful when applied to groups of events, and he was still actively involved in this line of 
research at the time of his passing. A key challenge is to improve the repeatability of calibration methods, 
which to date have relied heavily on visual interpretation by model users (McDougall 2017). Professor 
Hungr’s last graduate student recently developed two complementary methods to more objectively calibrate 
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runout models (Aaron 2017). The first method uses the Gauss-Marquardt-Levenberg optimization algorithm 
(e.g. Mikosch et al. 2006) to efficiently identify a set of best-fit model parameters. The second method, based 
on Bayesian statistics (e.g. Gregory 2010), uses posterior analysis to explore a wider parameter space and 
quantify the goodness-of-fit associated with every plausible parameter combination. The Bayesian approach is 
less efficient, but provides extra information that is useful for combining multiple back-analysis results and 
selecting parameter values for use in probabilistic forward-analyses. Aaron (2017) used these methods to 
systematically back-analyze a large database of rock avalanche case studies, and the calibration results clearly 
showed that there is a general link between mobility and the character of material found along the path. 

Statistical methods can be useful for prediction but, as noted by Professor Hungr, statistics cannot create 
data (Hungr 2016). Model calibration relies on accurate observations. Professor Hungr was a strong proponent 
of field data collection as part of a balanced analysis approach (Figure 2). 
 
 

 
 

Figure 2: Oldrich Hungr (white circle) in the field at Avalanche Lake in 1990 (photo courtesy of Stephen G. Evans) 
 
 

Following this lead, detailed delineation of landslide inundation areas is currently a priority for my 
research team. So far, databases including approximately 450 debris flows, 230 rock avalanches and 60 
tailings dam failures have been compiled. Remote mapping of as many of these cases as possible is being 
carried out using high spatial and temporal resolution topographic data and satellite imagery, including from 
emerging sources such as Planet. We have also acquired an integrated drone-LiDAR system that can be 
quickly deployed to collect repeat bare-earth data at heavily vegetated sites, which is typical of many debris 
flow fans in southwestern British Columbia. Terrestrial laser scanning, ground truthing and supplementary 
detailed field mapping and event characterization are also being carried out at accessible sites. 

Besides the application to numerical model calibration, another objective of this detailed mapping program 
is to establish new empirical relationships that can be used for screening-level runout prediction, which may 
be more appropriate than numerical modelling in many cases. This ongoing work includes the development of 
a novel approach for estimating debris flow avulsion and runout exceedance probability on fans. 

 
4  CONCLUSIONS 
 
Oldrich Hungr was a key voice in the landslide community. He focused much of his career effort on the 
development of straightforward methods that could be put directly into the hands of practitioners to help 
reduce the losses associated with landslides. His approach struck a balance between analytical sophistication, 
factual observations and professional judgment. He is sadly missed, but his work carries on. 
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1  BACKGROUND 
 
In 2016, a landmark Theme-based Research Scheme (TRS) grant was awarded by the Research Grants 
Council (RGC) of Hong Kong to HKUST (coordinating institution). The project is entitled “Understanding 
Debris Flow Mechanisms and Mitigating Risks for a Sustainable Hong Kong”. The collaborating institutions 
include the University of Hong Kong (HKU), City University of Hong Kong (CityU), the Institute of 
Mountain Hazards of the Chinese Academy of Sciences (IMHE), and the Hong Kong Institution of Engineers 
(HKIE). 

The five-year TRS project aims to investigate and understand the fundamental interactions between debris 
flows and barriers from a mesoscopic to macroscopic approach. The scientific achievements from this project 
will be used to develop new design standards, guidelines, and technology in constructing optimized single and 
multiple barriers in mountainous terrain to protect infrastructure such as residential buildings, railways and 
highways. 

ABSTRACT 
 

Debris flow pose a threat to infrastructure and human lives in densely-populated mountainous 
regions such as Hong Kong. Mitigation of such hazard is often achieved by installing reinforce 
concrete and flexible barriers along the flow path. However, the design of single barriers is 
mainly based on empiricism due to lack of high-quality test data and fundamental understanding 
of debris flow dynamics and debris-barrier interaction. Fundamental understanding of debris flow 
dynamics is also hindered by their poor temporal predictability. Furthermore, debris flow is scale 
dependent and a lack of large scale experimental data hampers the advancement of the debris-
barrier interaction. To overcome these problems, a theme-based research scheme project was 
initiated by the Hong Kong University of Science and Technology (HKUST). The aim of the 
project is to advance the understanding of flow dynamics from micro to macro level, prediction of 
debris flow events and provide recommendation for the debris flow mitigation. More 
scientifically-based design recommendations for both single and multiple barrier systems will be 
the final output of this project as a cost effective and environmental friendly measure. This 
abstract highlights the key components of the aforementioned theme-based research scheme 
project. 

Keywords: Landslide; debris flow; barriers, flexible barriers; instrumentation, numerical 
modelling; physical modelling; vulnerability  
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The mission of the TRS project is twofold. The first is advancement in the scientific knowledge and 
understanding of debris flow dynamics and interaction between debris flows and multiple flexible barriers. 
The second is reduction in environmental impacts and costs of mitigation measures against debris flows for 
the safe and sustainable development of Hong Kong. 

The core components of the project include characterizing debris flows at both particulate and continuum 
levels, understanding the dynamics of debris flows by carrying out field monitoring and flume testing, 
developing new monitoring techniques for using high-resolution image processing and Smart Soil Particles, 
formulating a novel multi-scale and multi-physics computational platform, developing vulnerability models 
for areas potentially affected by debris flows, understanding the interactions between debris flow and multiple 
flexible barriers to develop world-leading guidelines with consideration of ecological restoration, and 
educating the public and practitioners about debris flow mechanisms and mitigation measures for the 
sustainable developments of Hong Kong.  

The above mentioned components can be further refined into three major tasks, namely debris flow 
dynamics, risk assessment and mitigation. Fig. 1 shows the overview of the project strategy including the 
interconnectivity between tasks and sub-tasks. 
 

 
 

Figure 1: Project strategy 
 
 
2  CHARACTERIZING DEBRIS FLOWS 
 
Flow characterization relies on the microscopic properties of the constituted particles. At CityU, landslides are 
characterized by examining the microstructure and interactions among grains (Fig. 2). This task is important 
because particulate dynamics contribute to the macroscopic dynamics of landslides. Micro-characteristics are 
investigated using the world-class facilities and experimental techniques developed at CityU (Sandeep and 
Senetakis, 2018a; 2018b; Kasyap and Senetakis, 2018). Laboratory tests such as monotonic grain-scale inter-
particle loading tests (Fig. 3) have led to the development of novel approaches for characterizing grain 
crushing (Senetakis et al. 2017). Furthermore, the pore fluid among particles significantly governs 
macroscopic flow dynamics. Therefore, the rheology of fluid of debris (slurry) is also another key area 
explored in this project. 

 



47

Second JTC1 Workshop
3-5 December 2018, Hong Kong

Triggering and Propagation of Rapid Flow-like Landslides

 

The mission of the TRS project is twofold. The first is advancement in the scientific knowledge and 
understanding of debris flow dynamics and interaction between debris flows and multiple flexible barriers. 
The second is reduction in environmental impacts and costs of mitigation measures against debris flows for 
the safe and sustainable development of Hong Kong. 

The core components of the project include characterizing debris flows at both particulate and continuum 
levels, understanding the dynamics of debris flows by carrying out field monitoring and flume testing, 
developing new monitoring techniques for using high-resolution image processing and Smart Soil Particles, 
formulating a novel multi-scale and multi-physics computational platform, developing vulnerability models 
for areas potentially affected by debris flows, understanding the interactions between debris flow and multiple 
flexible barriers to develop world-leading guidelines with consideration of ecological restoration, and 
educating the public and practitioners about debris flow mechanisms and mitigation measures for the 
sustainable developments of Hong Kong.  

The above mentioned components can be further refined into three major tasks, namely debris flow 
dynamics, risk assessment and mitigation. Fig. 1 shows the overview of the project strategy including the 
interconnectivity between tasks and sub-tasks. 
 

 
 

Figure 1: Project strategy 
 
 
2  CHARACTERIZING DEBRIS FLOWS 
 
Flow characterization relies on the microscopic properties of the constituted particles. At CityU, landslides are 
characterized by examining the microstructure and interactions among grains (Fig. 2). This task is important 
because particulate dynamics contribute to the macroscopic dynamics of landslides. Micro-characteristics are 
investigated using the world-class facilities and experimental techniques developed at CityU (Sandeep and 
Senetakis, 2018a; 2018b; Kasyap and Senetakis, 2018). Laboratory tests such as monotonic grain-scale inter-
particle loading tests (Fig. 3) have led to the development of novel approaches for characterizing grain 
crushing (Senetakis et al. 2017). Furthermore, the pore fluid among particles significantly governs 
macroscopic flow dynamics. Therefore, the rheology of fluid of debris (slurry) is also another key area 
explored in this project. 

 

 

  
Figure 2: Microstructure features of an individual grain 

(Source: City U) 
Figure 3: Cutting-edge grain-scale loading apparatus 

(Source: City U) 
 
3  UNDERSTANDING THE DYNAMICS OF DEBRIS FLOWS 
 
Monitoring of debris flow occurring in the field provides new insight on their true flow dynamics (Ng et al. 
2019). New instrumentation was installed in Dongchuan Debris Flow Observation and Research Station 
(DDFORS) to capture high-quality data of natural debris flows. The new instrumentation includes moisture 
and temperature sensors and relay stations (Fig. 4). 
 

 
 

Figure 4: Field monitoring (Jiangjia Ravine and instrumentation) 
 

4  NEW MONITORING TECHNIQUES FOR DEBRIS FLOW 
 

This task aims to develop novel monitoring techniques to elucidate debris flow processes using high-
resolution image processes and Smart Soil Particles. High-resolution images are captured using unmanned 
aerial vehicles (UAV) (Fig. 5). By capturing high resolution images from different views, 3D representation 
images can be developed. In addition, Smart Soil Particles (SSP) are used to trace the flowing path of an 
individual particle to investigate how contacts and collisions among particles influence macro-dynamics 
(Fig. 6). 
 

  
Figure 5: Unmanned Aerial Vehicle Figure 6:  Overview of first generation of Smart Soil 

Particle 
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5  NOVEL MULTI-SCALE AND MULTI-PHYSICS COMPUTATIONAL PLATFORM 
 

This task aims at developing a novel multi-scale and multi-physics computational platform to simulate a wide 
variety of debris flows. An innovative, powerful multi-scale, multi-physics computational modeling 
framework has been developed. This model enables engineers to take advantage of modern high-performance 
computing facilities to model challenging geotechnical problems from micro-scale to full-scale problems 
where complicated physical processes are involving (Zhao et al. 2018, Wu et al. 2018a, Liang et al. 2019).  
The research team also investigated the multi-scale modeling of granular media to obtain continuous 
breakthroughs on integrating the effects of complex grain shapes, pore water, grain crushing and soil fabric 
into important engineering settings. Challenging geotechnical engineering problems such as landslide, debris 
flow (Fig. 7) (Li et al. 2018), levee/dike breakage, foundation failures, oilfield borehole collapse (Wu et al. 
2018b) and seabed pipeline drift and failures can be solved through adopting multi-scale modeling. 
 

 
 

Figure 7:  A coupled CFD-DEM simulation of debris flow impacting on a flexible barrier (Li et al. 2018) 
 
6  NOVEL VULNERABILITY MODELS 

 
To ensure the safety of the general public, novel vulnerability models for areas potentially affected by debris 
flows are important (Zhang et al. 2018). Consequence and risk analysis is performed using existing data of 
catastrophic debris flows (Koo et al. 2017a) to conduct catchment-scale numerical simulations and develop 
empirical and semi-empirical vulnerability models from incorporating field data. 
 
7  INTERACTION BETWEEN DEBRIS FLOW AND MULTIPLE FLEXIBLE BARRIERS 

 
Studying debris flow interactions with different structural countermeasures such as rigid barriers (Koo et al. 
2017b; Ng et al. 2017b; Ng et al. 2018b; Lam et al. 2018; Zhou et al. 2018; Choi et al. 2019), deflectors (Choi 
et al. 2016a; 2016b Ng et al. 2017a), and flexible barriers (Ng et al. 2016a, 2016b) using flume and centrifuge 
modelling (Ng et al. 2018a; Song et al. 2017, 2018) are crucial to optimizing designs. A unique flume model 
was developed to evaluate the performance of the new landslide detection system (Fig. 8). The flume model is 
28 m in length, 2 m in width and 1 m in depth. A tank that can hold up to 10 m3 of soil-water mixture occupies 
the first 5 m of the channel, which is inclined at 30°. The second part of the channel is 15 m long and is 
inclined at 20°. The third part of the channel is horizontal and 8 m long. A watertight double-gate system is 
used to retain debris material inside the storage container. The gates are secured using a mechanical arm that 
is controlled by an electric motor. The length of the flume enables the investigation of multiple flexible 
barriers.  
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Figure 8: 28-m flume in Hong Kong  
 
8  LARGE-SCALE PENDULUM FACILITY TO MODEL BOULDER IMPACT 
 
Boulders entrained in debris flow induce the highest impact loads (Ng et al. 2018a). To design barriers against 
boulder impact, a unique large-scale pendulum facility (Ng et al. 2016c; Su et al. 2018a; Su et al. 2018b) was 
developed. A rigid barrier is 3 m in height, 3 m in width, and 1.5 m in thickness (Fig. 9) is installed in front of 
a steel frame. The steel frame is used to suspend a 2000 kg concrete ball with a diameter of 1.16-m. The 
facility can generate impact energy of up to 70 kJ, which is the general energy level observed in the field. The 
facility has been used to study the influence of cushioning layers, such as gabion (Su et al. 2018b), cellular 
glass (Ng et al. 2018c) and ethyl-vinyl acetate (EVA) foam (Lam et al. 2018), on impact load attenuation on 
the rigid barrier.  
 

 
 

Figure 9: Large-scale pendulum impact facility with gabion cushioning layer 
 
9  EDUCATION FOR GENERAL PUBLIC AND PRACTITIONERS 

 
This task aims to deliver the knowledge of mitigating debris flows to both researchers and practitioners. To 
enrich knowledge for students, a new postgraduate course is delivered at HKUST. A newsletter on debris flow 
mechanics and mitigation measures is published to public. Moreover, local invited talks and keynotes were 
delivered to practitioners. More importantly, the project members have been recognized at both local and 
international stages for their contributions, paper and awards, to this project. 
 
10  EXPECTED OUTCOMES 

 
This project is expected to provide a new paradigm for actively mitigating debris flows around the world. 
Many world-class facilities spawned from this project, including a 6-m modernized flume, 28-m large scale 
flume, world’s first centrifuge impact model and the grain-crushing apparatus. These facilities will serve the 
local and global geotechnical community at large for many years to come. The formulation of the world-
leading design guidelines to design multiple flexible barrier systems and the development of a new smart 
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flexible barrier using light weight and corrosion resistant materials, are the main deliverables of the project. 
The research outputs developed under the project tasks, such as the characterization of debris flows at 
particulate and continuum levels, multi-scale and multi-physics computational models for coupled debris 
flow-structure simulations, large-scale flume testing facilities and the monitoring techniques have created a 
multifaceted platform to venture in to achieving the project mission. 
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1  INTRODUCTION 

 
Hungr et al. (2014) define a “debris avalanche” as a “very rapid to extremely rapid shallow flow of partially or 
fully saturated debris on a steep slope, without confinement in an established channel”. Debris avalanches 
represent a global hazard responsible for large numbers of casualties and widespread damage (Schuster and 
Highland, 2007). The propagation of debris avalanches depends on the interplay of complex mechanisms such 
as bed entrainment, lateral spreading and water pressure consolidation. Cascini et al. (2012) and Cuomo et al. 
(2014) highlighted that bed entrainment plays a major role either inside channels or along open slopes as it 
increases the volume and reduces the velocity of debris avalanches, also altering the propagation pattern. 
However, the run-out distance and velocity are also affected by the initial value of pore water pressure and 
how it changes in space and time due to vertical consolidation (Pastor et al., 2009).  

Nowadays, debris-resisting structures are often used as defense measures to retain landslide debris and 
limit the debris mobility (Mizuyama, 2008). The protection measures may include rigid and flexible barriers 
(Wendeler et al., 2007), levees, slit dams (Watanabe et al. 1980), arrays of baffles or erosion control works. 
The main function of these countermeasures is to block, stop or deflect the flow and so protect the 
downstream facilities. In this paper, differently engineered slopes are analysed aiming to provide discuss some 
mitigation options and current modelling potential. 

 
2  MATERIALS AND METHODS 
 
The “GeoFlow_SPH” model proposed by Pastor et al. (2009) was used, which schematises the propagating 
mass as a mixture of a solid skeleton saturated by water. The unknowns are the velocity of the solid skeleton 
and the pore water pressure. The Smoothed Particle Hydrodynamics (SPH) numerical technique discretises the 
propagating mass through a set of moving “particles”, to which the unknowns and their derivatives are linked. 
The model assumes that pore water pressure dissipation takes place along the normal to ground surface; the 
velocity of the solid skeleton and pressure fields are computed as the sum of two components related to two 
separate processes: propagation and consolidation. The governing equations are integrated along the vertical 
axis, and the resulting 2D depth-integrated model presents an excellent balance of accuracy and simplicity. 
The potential of this approach is appreciable for the flow-like landslides, which have small average depths in 
comparison to their lengths and widths. The entrained material is assumed with nil velocity and nil pore-water 
pressure when entrained by the propagating mass. The erosion rate is defined as a time derivative of the 
ground surface elevation when other causes are not in play. Once the entrainment rate has been assigned, the 
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amount of bed entrainment, the cumulative value of the erosion rate over time, or eroded depth, depends on 
both the height and velocity of the propagating mass and the time duration of the flow at each point on the 
landslide path. An empirical law for entrainment rate (Blanc et al., 2011) was used, which assumes the 
entrainment rate as function of soil propagation height, velocity, local slope angle and an empirical coefficient 
(Kr) to be calibrated (Pastor et al. 2007; Blanc et al. 2011; Cascini et al., 2014, 2016; Cuomo et al., 2014, 
2016). 

Several analyses were carried on a schematic open slope, consisting of two planes with inclines to the 
horizon i1 and i2, respectively (Fig. 1a). The failed volume was located at the uppermost edge of the upper 
slope, inside the so-called source area from which the material slips down. Along the flow path two rows of 
rectangular vertical obstacles (baffles) have been positioned (Fig. 1b), or two anti-erosive installations with nil 
erosion imposed inside (Fig. 1c). 

 

   
a) b) c) 

 
Figure 1: (a) Open slope scheme; (b) equipped with baffles; (c) anti-erosive installations 

 
 

3  NUMERICAL RESULTS FOR DIFFERENT CONTROL WORKS 
 
3.1 Baffles  

 
SPH analyses were carried out considering two rows of baffles placed on the upper zone of the slope with the 
aim to understand how these obstacles can change the dynamic of the debris avalanche, considering the 
erosion height and the mobilized volume. Obstacles has a general positive effect against landslide 
propagation. Both upstream and downstream there is a significantly reduction in the erosion height. This is 
because when the flow interacts with the obstacles it diminishes its velocity and so also the erodible capacity 
of the landslide. In Fig. 3 the blue line is the initial longitudinal profile of the slope, in red line the profile after 
the propagation of the debris avalanche, and as green line how the erosion height change all over the slope. 
This is the “local-specific” effect of landslide propagation combined to bed entrainment, since the erosion 
height changes differently in any longitudinal section.  Besides that, the obstacles along a slope has also a 
“global” positive effect, that is to say a reduction in the mobilized volume of the debris avalanche.  

 
3.2 Anti-erosive installations 

 
In this case, the SPH analyses were carried out considering two different installations, one placed on the upper 
zone of the slope, and another in the zone where the erosion is more relevant. The results (Fig.4) are 
represented analyzing the same control variables used for the case of baffles in order to have a similar 
comparison between the two different types of control works. Analyzing the longitudinal profile (Fig.4b), it is 
simple to note an increase of the erosion height just downstream the anti-erosive zones. This is because when 
the flow passes over these zones, as it does not receive the brake-effect of the bed entrainment, it increases its 
velocity. 

To discuss thisissue, the amplification factor Af can be considered, defined as the ratio of the final 
mobilised volume (Vf) and the initial volume (Vi). The amplification factor was plotted step by step for the 
simulation (Fig.5). The most significant achievement of anti-erosive installations is not to reduce the 
maximum value of the erosion height, but to reduce the volume of the landslide and the quantity of material 
that reaches the deposition zone. 
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Figure 2: Erosion heights for (a) engineered slope with baffles; (b) natural slope 
 
 

 
 

Figure 3: Longitudinal erosion profiles for (a) engineered slope with baffles; (b) natural slope 
 

 

 
 

Figure 4: Engineered slope with anti-erosive installation (a) erosion heights; (b) longitudinal erosion profile 
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 Figure 5: Amplification factor 
 

4  CONCLUSIONS 
 
A simple slope scheme was analyzed, consisting in two planes with different inclination angles. Along the 
propagation path two different control works were considered for reducing the effects of debris avalanches. 
Independent on the selected type of intervention, a (local or generalized) reduction of bed entrainment and 
total landslide volume was simulated. This effect corresponds to a reduction of runout distance, and eventually 
to reduced lateral spreading of flowing materials.  
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ABSTRACT 
 

The exceptionally long runout of large landslides has inspired a number of hypotheses formulated 
over the past 130 years to explain the high mobility of these phenomena. To be successful, any 
hypothesis must include, or at least not contradict, the features observed in the morphological and 
sedimentological record of the landslide deposit. In this study, we present a comprehensive 
review of all hypotheses, their historical development, and a simple systematic test against field 
evidence designed to identify the most feasible of the hypotheses.  

 
 
1  INTRODUCTION 

 
Long-runout landslides are characterized by volumes over 106 m3 and runout distances that exceed those 
predicted by simple frictional models. They translate great masses of rock and debris at velocities of typically 
several 10s m/s. Within the few minutes of emplacement duration, the material fragments and produces a wide 
grain size distribution. Typical morphological expressions of those landslide deposits include longitudinal 
ridges and flowbands, (radially aligned) hummocks, and often a coarse, armoring carapace.  

After more than 130 years of study, the emplacement dynamics of long runout mass movements are still 
not fully understood. At least 29 different hypotheses have been put forward since Buss and Heim (1881) first 
speculated about the processes that might govern the observed long-runout. For any of the emplacement 
hypotheses to be feasible, they must address the sedimentological and morphological features that are 
universally observed in the field. In this study, we systematically compare and contrast the various hypotheses 
against field evidence in order to objectively identify the most valid  hypotheses. 

 
2  LONG-RUNOUT LANDSLIDES 
 
2.1  Definitions and database 
 
To compare the apparent mobility of different events, the Fahrböschung angle has been applied, since Heim 
coined the term in 1932. It is the empirical relationship between the drop height (H) and the total runout 
distance (L) of a mass movement. In purely frictional regimes, this H/L ratio is 0.6 (cf. Hsü 1975). Rockfalls, 
and landslides up to ~105 m3, as well as results of small scale experiments (cf. Davies and McSaveney 1999) 
fall on or above the line of H/L=0.6 (Figure 1), whereas those over 106 m3 occur in the long-runout regime 
below the line (Figure 1). The plethora of emplacement hypotheses hence address the excess travel distance 
(Hsü 1975).  

The term 'long-runout landslide' applies to rock avalanches, rockslides, and volcanic debris avalanches and 
is used herein to encompass all three landslide types. 
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Figure 1: The black line represents the relationship H/L=0.6 of the dry, frictional model 
 
 
2.2  Morphological features 
 
Common to all granular mass movements, from small volumes used in laboratory experiments up to 
rockslides of several cubic kilometers in volume, are a set of surface morphological features characterized by 
one or more of the following features: hummocks (hills of various shapes), toma hills (isolated conical 
mounds), ridges, and flowbands (for review see Dufresne et al. 2016). Hummock size typically decrease with 
distance traveled (e.g. Yoshida et al. 2012; Paguican et al. 2014). Furthermore, hummocks and ridges tend to 
align radially to source in open runout conditions (Dufresne and Davies 2009). The development of these 
features can be influenced by topography (e.g. transverse ridges where collision with valley sides occurs) and 
substrate characteristics (e.g. exceptionally long flowbands in landslides over glacial snow and ice). 
 
2.3  Sedimentological Features 
 
Long-runout landslides produce multi-facies deposits (Dunning and Armitage 2011; Weidinger et al. 2014; 
Roverato et al. 2015; Dufresne et al. 2016). They always retain the stratigraphic sequence of the source rock 
(Heim 1932; Johnson 1978; Yarnold and Lombard 1989; Vallance et al. 1995; Capra et al. 2002; 
Abdrakhmatov and Strom 2006; Geertsema et al. 2006; Hewitt et al. 2008; Dufresne et al. 2009; Weidinger et 
al. 2014; Roverato et al. 2015) indicating there is very little turbulence or mixing of lithological units during 
emplacement (Hewitt 1988; Strom 2006). A coarse, armoring carapace of large angular boulders is common 
(Heim 1932; Abele 1974; Prager 2010; Davies and McSaveney 2012), and where this is absent, the deposit 
may display a uniformly fine-grained texture (e.g. Hutchinson 2006). Between carapace and base, a number of 
features can be found at any depth in the body-facies: jigsaw-fractured clasts (Glicken 1996; Prager 2010), 
faults, shear bands (Shreve 1968; Davies and McSaveney 2009; Dufresne and Dunning 2017), large intact 
blocks set in a fine matrix, and block-in-matrix fabrics (Medley 1994; Prager 2010). In some rare cases, 
melting of rock along narrow (shear) zones is preserved (for review see Weidinger et al. 2014). Below the 
body-facies, in contact with underlying substrates is the basal facies. Here, deformation features, such as 
folding and faulting or other disruptions, are found in both, the landslide deposit and the substrates. Mixing of 
landslide and substrate material produces dm-to-m-thick basal mixed zones. The contact to the underlying 
substrates is typically very sharp (erosional), regardless of whether a basal mixed zone exists or whether the 
landslide debris is in direct contact to the sediments below. Substrates may also inject into the landslide debris 
along narrow fault zones or as diapirs, some of which can cut through, breaching the surface of the landslide 
deposit. Structural predisposition can influence the development of sub-facies within the body facies (such as 
the structured facies at the Flims rockslide in Switzerland; e.g. Pollet and Schneider 2004).  
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Figure 1: The black line represents the relationship H/L=0.6 of the dry, frictional model 
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substrates is typically very sharp (erosional), regardless of whether a basal mixed zone exists or whether the 
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along narrow fault zones or as diapirs, some of which can cut through, breaching the surface of the landslide 
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the structured facies at the Flims rockslide in Switzerland; e.g. Pollet and Schneider 2004).  
 

 

2.4  Comparing runout hypotheses with field evidence 
 
The variation in the ideas developed to explain the long-runout of large landslides warrants close examination 
of  published hypotheses. Some have already failed the test of time. In order for a hypothesis to be universally 
valid it needs to be applicable in all types of emplacement settings. Herein, we demonstrate a simple 
systematic approach to „weeding“ through the plethora of hypotheses. Each emplacement hypothesis is tested 
against the field evidence reported above. Some hypothesis can explain certain complexities of landslides in 
specific settings (e.g. those with strong interactions with saturated substrates). Others have proven well 
applicable for numerical modelling and runout predictions without claiming to explain the underlying 
dynamic processes that actually drive these mass movements (e.g. constant basal retarding stress in the runout 
code Volcflow; Kelfoun and Druitt 2005). Of the remaining hypotheses, we begin to exclude those that cannot 
explain or support 50% of the field observations. The remaining ones are discussed in detail, and their 
strengths and shortcomings are analyzed in detail. 
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1  INTRODUCTION 
 
Numerical simulations of geotechnical engineering problems using continuum and discontinuum methods 
have been adopted more frequently, specifically for landslides which exhibit the prefailure mechanism and 
postfailure runout behavior (Zhou et al. 2013; Feng et al. 2016; Hung et al. 2018). Zhou et al. (2013) and 
Hung et al. (2018) showed that a combined continuum and discontinuum methods could be applied to explore 
a coseismic landslide, and was able to reveal the initiation time and kinematic runout process associated with 
the seismic motions. Feng et al. (2016) utilized a coupling of finite difference analysis (FDA) and DEA to 
investigate the characteristics of the seismic signals induced by landslides and showed that the approach could 
lead to reasonable results in terms of the induced seismic patterns. Although the above studies have 
successfully provided insights based on continuum and discontinuum methods, applications of different 
plastic flow rules, such as the associative and nonassociative plastic flow rules, have usually not been 
considered in engineering practice (Melentijevic et al. 2017). 

In this paper, a validated procedure that involved the continuum and discontinuum methods, introduced by 
Hung et al. (2018), is employed to analyze the influence of flow rules. The sliding mass and slope of a 
recently documented coseismic landslide are modeled using quadrilateral elements of elastoplastic behavior 
that obey Mohr-Coulomb criteria with associative and nonassociative plastic flow rules. The study 
investigates the difference of displacements and velocities in the prefailure regime as well as the runout 
behavior in the postfailure regime. 
 
2  PLASTIC FLOW ON MOHR-COULOMB YIELD SURFACE 
 
The flow potential, G, for the Mohr-Coulomb yield surface is selected as the smooth elliptic function in the 
deviatoric stress plane and the hyperbolic function in the meridional stress plane: 
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ABSTRACT 
 

Landslide masses are inhomogeneous and complicated in nature. The failure mechanism, such as 
the initiation time and threshold displacement, derived from classical constitutive models and 
numerical methods could be further discussed to ascertain its applicability. In this paper, a 
validated simulation procedure, including finite element analysis (FEA) and discrete element 
analysis (DEA), is employed to analyze a recent coseismic landslide, in which, the sliding mass 
and slope are expressed using quadrilateral elements of elastoplastic behavior that obey Mohr-
Coulomb criteria with associative and nonassociative plastic flow rules. Based on the results, it is 
found that the flow rules did not change the initiation time but significant altered the coseismic 
deformations during seismic motions. In addition, the difference in the initial velocities obtained 
using different flow rules had a trivial influence on the kinematic runout behavior. The study 
provides insight into earthquake-induced landslide considering different plastic flow rules. 
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where  and  = dilation angle and friction angle measured in the mwp R q  plane, respectively, 
0

c = the 

initial cohesion yield stress,  = the deviatoric polar angle, and e= parameters, referred to as the meridional 
eccentricity that defines the rate at which the hyperbolic function approached the asymptote and describes the 
out of roundedness of the deviatoric section, respectively. 

In Mohr-Coulomb model, if  = , it can be identified that the geomaterial follows an associative plastic 

flow rule. On the other hand, if   , it represents that the geomaterial obeys a nonassociative plastic flow 
rule (Chakraborty 2016; Hibbitt et al. 2018). 
 
3  FEA MODELING 
 
ABAQUS, a commercially available finite element software application, is widely used in solving 
geotechnical engineering problems. Most importantly, it provides robust explicit analysis module, which has 
many advantages in solving complicated nonlinear dynamic conditions. The equation governing the dynamic 
analysis is represented as follows: 

 
( ) ( ) ( ) ( ) ( ) ( )Mu t C t u t K t u t P t              (4) 

 
where M = mass matrix, C = damping matrix, K = stiffness matrix, P = external force matrix, u = nodal 
point displacement. 

To clarify the difference in results between the nonassociative and associative version of Mohr coulomb 
model, two models following different plastic flow rules are presented herein, using a recently reported 
coseismic landslide. The material are specified to obey an associative flow rule ( = ) or nonassociative 
flow rule ( =0). The geomaterial properties and the finite element procedure can be found in Hung et al. 
(2018). 

In dynamic analysis, the boundaries of the finite element model should be modeled as infinite elements to 
eliminate the boundary effects caused by the seismic input (Figure 1). The seismic data obtained from the 
nearest strong station motion was utilized as the input acceleration data and is applied between the bottom of 
the slope and the upper part of the bottom boundary. The analysis contains a total of 25 seconds of seismic 
data, which included the strongest shakings. The simulation process was divided into two steps: geostatic and 
earthquake shaking. In geostatic step, a gravity load was applied to obtain the initial stress state. Then, the 
seismic acceleration was applied to the slope. 

 
 
 
 
 
 
 
 
 
 

Figure 1: Meshes and boundary conditions of the FEA 
 

4  DEA MODELING 
 
The motion of each particle, characterized in DEA, followed by Newton’s second law, while the contact force 
between particles is updated throughout time step using prescribed force-displacement law. Seismic records 
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4  DEA MODELING 
 
The motion of each particle, characterized in DEA, followed by Newton’s second law, while the contact force 
between particles is updated throughout time step using prescribed force-displacement law. Seismic records 

 

 

can be implemented to model boundary, and the calibrated microproperties used in DEA followed Hung et al. 
(2018). 

 
5  FEA RESULTS AND DISCUSSIONS 
 
In the simulation, several monitoring points, encompassing various elevations and depths, were prescribed for 
strategic extraction of displacement of the failing mass (Figure 2). Figures 3 and 4 show the relationship 
between the resultant displacement and time at the monitoring points obtained through the analysis. The 
initiation time was defined as the time when a rapid change of source displacement (RCSD) under seismic 
loading occurs. Figures 3a-b and 4a-b show that the initiation time would remain almost identical to each 
other when considering different plastic flow rules; they appeared at ca. 5.6 s and are comparable to the 
published results that were computed by other methods (Hung et al. 2017; 2018). As shown in Figure 4, the 
lower part of the slope evaluated using the associative flow rule rendered larger displacement than that using 
the nonassociative plastic flow rule. The result implies that the patterns of the failing mass deformation are 
affected by plastic flow rules. The average velocities of the failing mass at the initiation time of landslide 
using nonassociative in the horizontal and vertical directions are 0.033 m/s and -0.011 m/s, respectively. The 
average velocities of the failing mass at the initiation time of landslide using associative in the horizontal and 
vertical directions are 0.136 m/s and 0.008 m/s, respectively. Higher value, approximately 4 times higher in x 
direction, are related with the associative plastic flow rule. The velocity responses of the two plastic flow rules 
are relatively small in y direction. 
 
 
 
 
 
 
 
 

 
Figure 2: Locations of the monitoring points 

 
 
 
 
 
 
 
 
 
 

Figure 3: The relationship between total displacement and time considering various depths 
 
 
 
 

 
 
 
 
 

Figure 4: The relationship between total displacement and time considering various elevations 
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6  DEA RESULTS AND DISCUSSIONS 
 
To consider the plastic flow rules in postfailure behavior, the initial velocities obtained from FEA based on 
different plastic flow rules were applied in the DEA. The average resultant velocities for nonassociative 
plastic flow rule and associative plastic flow rule at the initiation time of landslide were 0.035 m/s and 0.136 
m/s, respectively. Figure 5 presents the change in the average velocity of two different plastic flow rule, 
demonstrating similar trends and magnitudes of velocity. The result shows that plastic flow rule only has 
trivial influence on postfailure behavior. The reason can be explained as follows the fact that the initial 
velocities were significantly small in magnitude. Given that the algorithm used in DEA is not related to plastic 
flow rule, further investigations using other methods, which can deal with the large deformation and plastic 
flow rule, should be conducted to assess the influence of plastic flow rule in the postfailure regime. 

 
 
 
 
 
 
 
 
 
 
 

Figure 5: Average velocity during kinematic runout process 
 
7  CONCLUSIONS 
 
The following conclusions can be drawn from this study: (a) The initiation times obtained using the two 
plastic flow rules appeared to be identical, suggesting that the selected flow rule would likely lead to similar 
initiation time of a coseismic landslide. (b) It is observed that the lower part of the slope would attribute to 
smaller displacements when the nonassociative plastic flow rule was utilized, but such pattern was reversed if 
the associative flow rule was applied. (c) Further investigations of coseismic landslides using different plastic 
flow rules should be conducted to assess the alteration of the displacements observed with the two flow rules. 
 
REFERENCES 
 
Chakraborty, D. 2016. Bearing capacity of strip footings by incorporating a non-associated flow rule in lower 

bound limit analysis. International Journal of Geotechnical Engineering, 10(3): 311-315. 
Feng, Z.Y., Lo, C.M. & Lin, Q.F. 2016. The characteristics of the seismic signals induced by landslides using 

a coupling of discrete element and finite difference methods. Landslides, 14(2): 661-674.  
Hung, C., Lin, G.W., Syu, H.S., Chen, C.W. & Yen, H.Y. 2017. Analysis of the Aso-bridge landslide during 

the 2016 Kumamoto earthquakes in Japan. Bulletin of Engineering Geology and the Environment, doi: 
10.1007/s10064-017-1103-7. 

Hung, C., Liu, C.H., Lin, G.W. & Leshchinsky, B. 2018. The Aso-Bridge coseismic landslide: a numerical 
investigation using finite and discrete element methods. Bulletin of Engineering Geology and the 
Environment, doi: 10.1007/s10064-018-1309-3. 

Hibbitt, Karlsson, & Sorensen. ABAQUS/Explicit: user's manual. Hibbitt, Karlsson and Sorenson 
Incorporated, 2018. 

Melentijevic, S., Serranob, A., Olallab, C. & Galindob, R.A. 2017. Incorporation of non-associative flow rules 
into rock slope stability analysis. International Journal of Rock Mechanics & Mining Sciences, 96: 47-57. 

Zhou, J.W., Cui, P. & Yang X.G. 2013. Dynamic process analysis for the initiation and movement of the 
Donghekou landslide debris flow triggered by the Wenchuan earthquake. Journal of Asian Earth Science, 
76: 70-84. 



65

Second JTC1 Workshop
3-5 December 2018, Hong Kong

Triggering and Propagation of Rapid Flow-like Landslides 

 

6  DEA RESULTS AND DISCUSSIONS 
 
To consider the plastic flow rules in postfailure behavior, the initial velocities obtained from FEA based on 
different plastic flow rules were applied in the DEA. The average resultant velocities for nonassociative 
plastic flow rule and associative plastic flow rule at the initiation time of landslide were 0.035 m/s and 0.136 
m/s, respectively. Figure 5 presents the change in the average velocity of two different plastic flow rule, 
demonstrating similar trends and magnitudes of velocity. The result shows that plastic flow rule only has 
trivial influence on postfailure behavior. The reason can be explained as follows the fact that the initial 
velocities were significantly small in magnitude. Given that the algorithm used in DEA is not related to plastic 
flow rule, further investigations using other methods, which can deal with the large deformation and plastic 
flow rule, should be conducted to assess the influence of plastic flow rule in the postfailure regime. 

 
 
 
 
 
 
 
 
 
 
 

Figure 5: Average velocity during kinematic runout process 
 
7  CONCLUSIONS 
 
The following conclusions can be drawn from this study: (a) The initiation times obtained using the two 
plastic flow rules appeared to be identical, suggesting that the selected flow rule would likely lead to similar 
initiation time of a coseismic landslide. (b) It is observed that the lower part of the slope would attribute to 
smaller displacements when the nonassociative plastic flow rule was utilized, but such pattern was reversed if 
the associative flow rule was applied. (c) Further investigations of coseismic landslides using different plastic 
flow rules should be conducted to assess the alteration of the displacements observed with the two flow rules. 
 
REFERENCES 
 
Chakraborty, D. 2016. Bearing capacity of strip footings by incorporating a non-associated flow rule in lower 

bound limit analysis. International Journal of Geotechnical Engineering, 10(3): 311-315. 
Feng, Z.Y., Lo, C.M. & Lin, Q.F. 2016. The characteristics of the seismic signals induced by landslides using 

a coupling of discrete element and finite difference methods. Landslides, 14(2): 661-674.  
Hung, C., Lin, G.W., Syu, H.S., Chen, C.W. & Yen, H.Y. 2017. Analysis of the Aso-bridge landslide during 

the 2016 Kumamoto earthquakes in Japan. Bulletin of Engineering Geology and the Environment, doi: 
10.1007/s10064-017-1103-7. 

Hung, C., Liu, C.H., Lin, G.W. & Leshchinsky, B. 2018. The Aso-Bridge coseismic landslide: a numerical 
investigation using finite and discrete element methods. Bulletin of Engineering Geology and the 
Environment, doi: 10.1007/s10064-018-1309-3. 

Hibbitt, Karlsson, & Sorensen. ABAQUS/Explicit: user's manual. Hibbitt, Karlsson and Sorenson 
Incorporated, 2018. 

Melentijevic, S., Serranob, A., Olallab, C. & Galindob, R.A. 2017. Incorporation of non-associative flow rules 
into rock slope stability analysis. International Journal of Rock Mechanics & Mining Sciences, 96: 47-57. 

Zhou, J.W., Cui, P. & Yang X.G. 2013. Dynamic process analysis for the initiation and movement of the 
Donghekou landslide debris flow triggered by the Wenchuan earthquake. Journal of Asian Earth Science, 
76: 70-84. 

 

 

 
 

1  INTRODUCTION 
 

Increased landslide frequency is commonly listed as an impact of climate change. This is true for many type of 
rapidly-moving landslides such as for example earth flows, debris flows and flow slides (e.g. Evans and Clague 
1994, Geertsema et al. 2006, Jædicke et al. 2008). However, the relationship between increased precipitation due 
to climate change and rapid flow-like landslide in sensitive clays, or quick clays, is not fully understood.  

Landslides in sensitive clays represent a major hazard in the northern countries of the world. Past and recent 
examples of catastrophic landslides have illustrated the extreme mobility of sensitive clays and their hazardous 
retrogressive potential. In Norway, important changes in annual temperature, precipitation, heavy rainfall events 
and flood frequency are anticipated by the end of the 21st century. The question is how will these changes affect 
the occurrence of landslides in sensitive clays?  

Over the years, the Norwegian Geotechnical Institute (NGI) has assembled a large database of landslides in 
sensitive clays. The database includes over 550 Norwegian landslide events, with essential information on pre-
conditioning and triggering factors for landslide in sensitive clays. A short overview of some of the results from 
the database is presented in this paper to illustrate the influence of weather conditions and human activity on the 
triggering of quick clay landslides in Norway. The aim of the paper is to bring a contribution to "what to expect 
in the future" based on anticipated climate changes.  

 
2  IMPACT OF CLIMATE CHANGE ON HYDROMETEOROLOGICAL FACTORS IN NORWAY 

 
Table 1 summarizes the result of a study by Hanssen-Bauer et al. (2017). By year 2100, temperatures are 
expected to rise by an average of 4.5 ºC, and annual precipitation will increase by about 18%, and there will be 
more frequent intense rainfalls in Norway than before. These expected changes in climate were used in the the 
GeoExtreme project to study the changing geohazard pattern in Norway in the upcoming years (Jaedicke et al. 
2008).  

ABSTRACT 
 

Landslides in sensitive clays represent a major hazard in many northern countries of the world. Past and 
recent examples of catastrophic landslides illustrate the extreme mobility of sensitive clays and their 
hazardous retrogressive potential. This paper uses a new database of landslide in sensitive clays in 
Norway to assess the influence of weather conditions and human activity on the triggering of quick clay 
landslides. The paper is a contribution to "what to expect in the future" with climate change. The data 
suggest that fewer landslides will occur during the dryer summer months in the future, whereas there will 
be an increase in landslide activity in the spring and fall seasons due to an increase in precipitation and 
an increase in heavy, sometimes intense, rainfall events. A peak in landslide occurrence is observed in 
the spring. This peak will likely occur sooner in the year in the future due to higher temperatures, earlier 
arrival of the spring season and changes in the spring flood patterns. Besides the impact of climate 
change, the database in itself speaks clearly to geotechnical engineers and policy-makers: in the last 
decade, 90% of the slope failures link to human activities! Either our knowledge on the behavior of this 
material is insufficient or, we have not learned from earlier landslide events.  
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Table 1: Anticipated changes in temperature, precipitation, heavy rainfall, floods and sea-level rise in Norway 
up to year 2100 based on IPCC scenario RCP8.5 (after Hanssen-Bauer et al. 2017) 

Hydrometeo-
rological factor Anticipated change up to year 2100) 

Temperature Annual  temperature will increase by about 4.5 ºC (interval: 3.3 to 6.4 ºC). 

Precipitation Annual precipitation will increase by about 18 % (interval: 7 to 23 %). This increase is 
forecasted to be higher in the spring and lowest in the summer. 

Intense rainfall Rainfall will be more intense and occur more frequently. Some regions, especially in the 
southeastern part of Norway might experience summer drought.  

Floods Floods induced by rainfall will increase in magnitude and occur more frequently. Floods 
caused by snowmelt will decrease in magnitude and frequency. 

Sea-level Mean sea level will increase by 15 - 55 cm depending on location along the Norwegian coast. 
 

3  WHAT IS QUICK CLAY 
 
In Norway, the classification of a clay material as quick is based on a threshold value for the remoulded shear 
strength (cur). Clays are classified as quick when the remoulded shear strength is less than 0.5 kPa. Quick clay 
occurs within unconsolidated, marine clay deposits in the low-land areas of the country. The distribution of such 
deposits is closely linked to the postglacial and Holocene landscape development. The marine clays accumulated in 
the sea and fjords following the last ice-age and emerged subsequently above sea level, up to 220 m.a.s.l., due to 
the relative fall of sea-level since deglaciation. 

The high sensitivity of Norwegian quick clays is attributed to the leaching by fresh groundwater of the salts 
within the grain structure (Rosenqvist 1953). Fresh water percolating downwards through the marine deposits due 
to surface run-off, or up-wards due to artesian pressures, removes the salt ions and leaves behind a metastable, 
sensitive structure made up of flocculated clay minerals. Upon remoulding, this unstable structure is destroyed and 
the surface water which is liberated give rise to a fluid material. This liquefaction when subjected to loading is one 
of the main agents governing the post-failure behaviour of quick clays. 

 
4  DATABASE ANALYSIS 

 
4.1  Data and limitations  
 
NGI's new database of landslides in sensitive clays contains over 550 landslide events dating back to the 14th 
century. When available, the database includes information about the timing of the events (i.e. date is available for 
342 landslides), information on the triggering mechanism and geotechnical properties of the soils. The landslides 
were selected based on available data found in the literature, historical documents or in geotechnical reports. 
Unfortunately, the spatial and historical coverage of events is limited. Systematic registration of landslide events 
started first in the 1970s, with the majority of registrations in the last 30 years. Earlier events back to the 14th 
century are limited to destructive events with fatalities or loss of property. In this short abstract only a few of the 
exploitable results from the database are summarized. 
 
4.2  Impact of climate on quick clay landslide occurrence 
 
Figure 1 shows the quick clay landslides registered in the database per month and season. There is a clear trend 
showing a higher frequency of landslides in the spring and during the fall. During the spring season in Norway, 
there is a combination of rapid snow melting and rainfall, which lead to floods, increase in water infiltration in the 
ground, increase in pore pressure, and increase in river erosion. Together, these factors contribute in lowering the 
margin of safety of slopes, and in some circumstances, in the triggering of landslides. On the other hand, lower 
landslide activity is clearly seen during the summer months. This period coincides with the driest period of the year 
when the groundwater levels in the soil and in rivers are lowest, and hence the pore pressure regime in the soil and 
the erosion potential is characterized with lower pore pressures than in the fall and the spring. During the fall 
season, there are usually increased rainfall, at times intense rainfalls, and some freeze-thaw cycles, each affecting 
the pore pressure regime and causing higher landslide frequency.  

In Figure 2, the landslide database was filtered to focus exclusively of the triggering of the larger landslides (> 
50,000 m3). The landslide occurrence is described with the "number of landslides per year". Since 1950, the 
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database shows that at least 1.09 large landslide per year have been registered in sensitive clay in Norway. This 
frequency changes from decade to decade. The highest landslide frequency corresponds to the 1950-1960 decade 
with a frequency of 1.70 landslide/year (Figure 2). The lowest landslide frequencies are registered during the period 
1990-2000 and 2000-2010 (0.6 landslide/year). On the other hand, since 2010, the landslide frequency has gone up 
to 1.25 landslide/year. The landslides in the database have occurred at different localities in Norway and it is not 
possible over this short period to link the changes in landslide frequency to climate change.   
 

 
Figure 1: Registered number of quick clay landslides per month since the 14th century in Norway 

 

 
Figure 2: Quick clay landslide frequency per decade in Norway (only larger landslides, i.e. > 50,000 m3) 

 
4.3  Impact of human activity on quick clay landslide occurrence in Norway 
 
Natural slopes that have remained stable for many years in sensitive clay terrain may suddenly fail due to natural 
factors (e.g. erosion), man-made activities (e.g. loading at the top of the slope) or a combination of both. In many 
cases, natural factors such as intense precipitation and/or erosion can undermine the stability of a slope to a point 
where a small external trigger can suddenly destabilize a slope (e.g. blasting for road construction, adding a thin fill, 
small excavation). Therefore, and especially for the older landslides, much uncertainty lies in the cause(s) of failure. 
As an example, the larger amount of landslides registered during the spring when unfavorable groundwater 
conditions exist could also be partly influence by human activity, and vice-versa. In fact, due to the harsh winters in 
Norway, many construction projects wait until the spring before initiating, and several human-induced landslides in 
the spring are known (e.g. the 1959 Sokkelvik landslide). Similarly, most of the Norwegian construction projects 
are on hold during the month of July (summer holidays) and this could partly explain the very low landslide activity 
during the summer, although the drier season is probably a more meaningful factor with respect to landslide 
triggering during the summer. 
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Figure 3: Natural vs man-made landslide triggers per decade since 1950 (only larger landslides, i.e. > 50,000 m3) 

 
The database indicates clearly that the impact of human activities has increased over the years when compared to 

natural factors (Figure 3). This is linked to the history of construction in Norway. Following World War II, the 
Norwegian authorities stimulated the agricultural sector in Norway. This included reshaping and levelling of fertile 
land areas often underlain by marine deposits and quick clays in Norway. Leveling and reshaping of farmland 
continued until the late 1970's and can explain the higher landslide frequency from 1950 and until the late 1970's. In 
the aftermath of the Rissa landslide, a national program for identifying quick clay hazard zone was established in the 
early 1980's. This program led to mitigation of hazard zones and an enhanced public and governmental awareness of 
quick clay landslides, and hence a decrease in large slope failures from the early 80's (Fig. 2). In between 1980 and 
2010, the landslide frequency decreased from nearly 1.5 landslide/year to 0.6 landslide/year. However, during the past 
decade (i.e. 2010-2018), the frequency of large landslides has increased again to the level similar to that of the 1970's. 
So how can this be explained? 

As seen on Figure 3, as many as 90% of the landslides between 2010-2018 were triggered by human activity. This 
is believed to be explained again by historical factors. To cope with the financial crisis of 2008, the Norwegian 
government increased investments in the construction sector considerably during the period 2010-2018. The total 
investments in this sector were 3.5 times higher in Norway that those of 2004 and led to development of e.g. several 
large transportation and infrastructure projects which resulted in an increased opportunities for large slope failures.  

 
5  SUMMARY AND CONCLUSIONS 

 

The data presented in this study show that both climate and human-induced factors affect the timing and occurrence of 
landslides in sensitive clays. Given the anticipated changes in temperature, precipitation, heavy rainfall and flood 
patterns in Norway by the end of 2100 due to climate change (Table 1), the following impact on landslide activity in 
sensitive clay in Norway is expected:  
 Fewer landslides during the summer period due to dryer summer months;  
 Increased landslide activity during spring and fall due to increased rainfall and increased rainfall intensity; 
 The landslide frequency peak seen in the spring today will likely occur sooner in the year due to increased 

temperatures, shorter winter season and changes in the spring flood patterns.   
Besides the impact of climate change, the database in itself speaks clearly to geotechnical engineers and policy-

makers: in the last decade, 90% of the slope failures have been linked to human activities! Either our knowledge on 
the behavior of this material is insufficient or, we have not learned enough from earlier landslide events. 
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1  INTRODUCTION 

 
Nilgiris is a part of Western Ghats and one of the oldest mountain ranges located at the tri-junction of Tamil 
Nadu, Karnataka and Kerala states of India. The Nilgiris district has a long history of landslide events causing 
enormous damages to life and properties. Since the Nilgiris district is located in the tropical zone, it receives 
rainfall during both southwest (June to September) and northeast (October to December) monsoons. The 
average annual rainfall of this district is relatively very high and many landslides gets triggered by these heavy 
intense rainfall. There are many factors namely steep slopes, heavy rainfall, deforestation and unplanned 
urbanization, toe cutting and erosion and in many cases improper design of slopes are mostly responsible for 
various landslides in Nilgiris. Among many factors, rainfall is seen to be the most crucial factor for landslides 
in the region. These rain induced landslides are usually caused by the excess pore pressure and the 
corresponding seepage force due to heavy rainfall. Heavy rain leads to excess pore pressure and subsequent 
decrease in matric suction. This reduces the effective stress in the soil leading followed by decrease in the 
shear strength of the soil mass triggering slope failure and landslides. One of the critical location, landslide at 
Marappalam occurred in 2009 continuous high amount of five day antecedent rainfall followed by a very high 
magnitude of rainfall on the day of the slide. The location of the Nilgiris district map in the Tamil Nadu state 
in India is shown in Figure 1(a) and the location of Marappalam region is shown in Figure 1(b). The 
mentioned landslide damaged part of the Coonoor-Mettupalayam National Highway (NH-67) and also large 
part of the railway track. Figure 1(c) shows the Marappalam 2009 landslide view with the damaged road. Detailed 
geotechnical investigation were carried out in the region and the failure mechanism was identified based on 
the numerical analysis. It was found that, low intensity continuous rain for days and subsequent heavy rains 
were the usual reason for the large landslides in the Nilgiris including the Marappalam 2009. Failure 
mechanism of this Marappalam (2009) landslide is investigated numerically and the mechanism from the 
simulation are found to be conforming with the observed motion. 

ABSTRACT 
 

Rain induced landslides are most common problem worldwide and usually triggered when there is 
continuous and intense rainfall in the area of steep slopes with less permeable fine-grained soils. Nilgiris is 
one such district in the state of Tamil Nadu (TN), India which encounters frequent landslides specially 
during monsoon season (October - November). This paper aimed to discuss the study related to the detailed 
geotechnical investigation carriedout in the Nilgiris slopes. Study revealed that the soil characteristics, 
rainfall intensity and duration playing a crucial role in triggering these landslides in the region. One of the 
critical location is Marappalam, where detailed geotechnical investigation are carried out and the failure 
mechanism was identified based on the numerical analysis. It was found that, continuous low intensity rain 
for days followed by large intensity rain is the main triggering factor for the large landslides in the Nilgiris. 
There is a reduction in matric suction resulting in the development of positive pore pressure. This in turn 
reduces the shear strength of the soil triggering a progressive failure. Based on the study, it is found that, 
low permeable loose and soft soil possibly the main reason for large scale slope failures. Mechanism of the 
2009 Marappalam landslide is investigated using landslide simulation program LS-RAPID. The failure 
mechanism observed in the numerical simulation conform well with the observed motion. 
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Figure 1: (a) Tamilnadu district map in the southern part of India highligtinng the Nilgiris district in red colour; 

(b) Marappalam region in the Nilgisris district showing the rail and road networks; 
(c) Marappalam 2009 landslide, view of the damaged road 

 
2  GEOLOGY, GEOMORPHOLOGY AND HYDROGEOLOGY OF NILGIRIS 
 
Nilgiris is a hilly district spread over a geographical area of around 2550 sq. km in the western part of 
Tamilnadu, India. Important geomorphic units identified in the district are namely Structural hills, Ridges, 
Valley fills, Pediments, Hill top valley and Erosional plains. The Nilgiri plains are about 300 m above MSL 
with many peaks with an average elevation of 1370 m above MSL. There are two types of landforms found 
namely Doddabetta landform and Ootacamund landform (Chandrasekaran et al. 2013). Doddabetta landform 
consist of steep slope and rock escarpments with or without soil cover and Ootacamund land form consist of 
gentle slope with thick soil formation. The soils of Nilgiri district broadly classified into five major types 
namely Lateritic, Red sandy, Red loam, black soil, Alluvial and Colluvial soil. Large part of the district 
covered with Lateritic soil that is formed by process of weathering. The yellowish to reddish brown lateritic 
soil formed due to intensive weathering is overlain on parent rock with a thickness varies from less than one 
meter to thirty meter (Jaiswal, 2011). The rock underlain is mostly charnockite and granetiferous quartzo-
felspathic gneiss belonging to archaean metamorphic rocks (Gupta et al. 2003). Weathered, fissured and 
fractured gneisses and charnockites with recent alluvial and colluvial formations constitute the important 
aquifer systems in the district. The alluvial deposits mostly comprising sand with admixtures of silt and clay 
are confined mainly to the course of major river and streams. The colluvial materials like sands and gravels are 
seen in the valley portions. Ground water depth of these shallow aquifers ranges from 5 to 20 m. Ground water 
found to occurs under phreatic conditions in the weathered mantle and under semi-confined conditions in the 
fractured zones. The thickness of these weathered mantle is varying from less than a meter to as much as 20m.  
 
3  GEOTECHNICAL CHARACTERISATION  
 
Marapalam region is frequently affected by landslides specially during the monsoon season. The 2009 
Landslide occurred due to very high amount of five day antecedent rainfall of more than 300 mm followed by 
a very high magnitude of rainfall of more than 400 mm on November 10, 2009. To understand the exact cause 
and related mechanism, a detailed geotechnical investigation is carried out for the Marappalam site in Nilgiris 
(Senthilkumar et al. 2017). As part of the investigation various insitu geotechnical and geo-physical tests were 
carried out. Standard penetration test (SPT) N value of the top soil up to 3.00 m depth was found to be around 
5 to 15 and the corresponding shear wave velocity based on MASW was seen between 200 to 400 m/s, 
indicating the soil is relatively loose to medium dense. Based on the complete geotechnical laboratory 
investigation, soils were classified as Silt with sand (ML), Sandy silt (ML), and Silty sand (SM) as per USCS 
classification system. The natural moisture content in the residual soil layer was found to be in the range 16- 
20% even in the dry season possibly due to high atmospheric moisture. The soil was found to have fines 
content of 40–80% and the permeability value found to be around 10−4cm/s indicating a low value. The 
Atterberg limits show that, the soil was also having low plasticity. The strength test results on the cylindrical 
cores collected from the bed rock showing medium to high-strength rock. The uniaxial compressive strength 
value found to in the range 100 to 135 MPa. The laboratory value of shear wave velocity of intact rock from 
BH-3 with depth of coring 16.0-17.5m was  found to be around 1150 m/s. The shear wave velocity observed 
from MASW test for the same depth was found to be around 1070 m/s. The weathering profile of Marappalam 
residual soil slope was also investigated as per six-grade weathering classification (Sajinkumar et al. 2011). 
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Based on the formation microfabric characterization, 0 to 3 m depth was governed mostly by clay and silt size 
clusters with voids showing highly porous structure possibly due to high degree of weathering.  
 

Table 1: Soil Properties as found at the Marappalam site 
Description  Values 

Specific gravity 2.64-2.69 
Clay % 6-18 
Silt % 37-60 
Sand 11-54 
Liquid Limit WL (%) 37-48 
Plasticity index (IP) % 12-15 
USCS Soil classification SM/ML (Silty sand/ Sandy silt) 
Natural moisture content (%) 16-19 
Hydraulic conductivity (cm/s) (3.8 x 10-5)- (5.0x10-5) 

 
4  RAIN INFILTRATION AND LANDSLIDE THRESHOLD  
 
To study the behaviour of unsaturated soil slope under rainfall infiltration, stability analysis has been 
performed under transient seepage condition and coupled analysis has been performed to capture the fluid and 
soil interaction (Senthilkumar et al., 2018). The slope has been numerically modelled based on the input 
parameters obtained from field as well as laboratory investigations and analysed for two successive rainfall 
events consist of a long duration low intensity rainfall (first rainfall event) and a short period high intensity 
rainfall (second rainfall event) events. An empirical rainfall threshold relationship is also developed based on 
daily and five days antecedent rainfall with respect to landslide events occurred at Marappalam region in past 
twenty five years. The rainfall threshold equation for Marappalam location is represented by linear 
mathematical equation as given below (Senthilkumar et al., 2018), 
RT = 225 – 2.04 R5ad  
where, RT is the rainfall threshold in mm and R5ad is the five days antecedent rainfall in mm. The threshold 
analysis based on daily and five days antecedent rainfall in conjunction with past landslide events occurred in 
this region revealed that, either very high amount of daily rainfall or a very high amount of persistent rain is 
usually required to trigger landslide. The threshold indicates that, when the daily rainfall crosses 225 mm, 
there is a possibility of landslide occurrence even when, there is no antecedent rainfall. When the five days 
antecedent rainfall (R5ad) exceeds 110 mm, even with a continuous normal rainfall would be capable of 
triggering a landslide in this Marappalam region. 
 
5  LANDSLIDE SIMULATION  
 
Numerical simulation for landslides is carried out using LS-RAPID (Sassa, 2010). Input parameters for the 
numerical analysis is derived from the laboratory tests. Since the soil at sliding surface found to have low 
permeability and was saturated by heavy rainfall before the landslide event, for laboratory investigation, the 
samples were prepared ensuring fully saturated condition (Senthilkumar et al., 2017). Using numerical 
simulation, the complete motion could be simulated for Marappalam 2009 landslide. The initiation of 
landslide first found to occurred at 3.0 s and the movement of the mass starts after initiation with a velocity of 
4.5 m/s. Here the strength reduction were in progress together with shear displacement. At 10.40 s velocity 
increased to 21.3 m/s and a relatively small mass of earth material was started sliding towards the valley due 
to progressive failure. The initial failure zone extended further due to continuous reduction in the shear 
resistance. The slide attained the peak velocity of 68.3 m/s at 20.5 s and the remaining mass also started 
moving toward the valley as shown in Figure 2a. At 31.9 s the velocity of mass attend was 34.00 m/s and 
almost complete mass at the scarp had reached near the valley with no further reduction in the shear strength. 
The deformation continues to take place with this constant shear resistance as shown in the Figure 2b. At 
42.2 s the attend velocity was equal to 13.8 m/s and virtually all the unstable earth mass formed at the head 
scarp had reached into the valley. Finally, at 66.7 s the  movement of the mass came to a complete halt. This 
simulation could capture the complete process of sliding of the Marappalam 2009 slide in the similar line as 
what observed during actual slide. 
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6  CONCLUSIONS 
 
Nilgiris district in the state of Tamil Nadu (TN), India encounters frequent landslides specially during 
monsoon season. This paper discussed the study related to the detailed geotechnical investigation carried out 
in the Nilgiris slopes and corresponding numerical simulation. Study revealed that the soil characteristics, 
rainfall intensity and duration playing a crucial role in triggering these landslides in the region. One of the 
critical location is Marappalam where regular landslides are occurring. A detailed geotechnical investigation 
were carried out in this region and the failure mechanism for 2009 landslide was identified based on the 
numerical analysis. It was found that, continuous low intensity rain for days followed by large intensity rain 
was the main triggering factor for this large landslide in 2009 in the Marappalam. Based on the study, it is 
found that, law plastic loose and soft soil layer could be the main reason behind these large scale slope 
failures. Failure mechanism of the Marappalam (2009) landslide was also investigated using landslide 
simulation program LS-RAPID. The failure mode, travel distance and area of landslide observed from the 
simulation were conforming with the observed motion.  
 
 

 
Figure 2: Results of simulation analysis a) landslide initiation d) landslide motion with deposition of debris in river valley 
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1  INTRODUCTION 
 
The dynamic behavior of sand flows requires analysis in the case of slope failure, along with an analysis of 
slope stability for efficient evaluation of a geo-disaster. The finite element method (FEM) is often used to 
evaluate slope stability and to predict the location of failure and the amount of collapsed soil. Although FEM is 
a powerful, widely used tool, it encounters difficulties in accurately modeling complicated phenomena, such as 
problems of large deformation that involve mesh twisting and distortion. In large deformation problems, 
remeshing processes are needed during the calculation, which increases the complexity of the programming 
software and reduces the calculation precision (Huang et al. 2014). 

In recent years, particle methods have demonstrated unique advantages for such problems. These mesh-free 
methods are based on Lagrangian descriptions and do not have the mesh-system problems that accompany large 
deformations, for example, mesh adaptability and connectivity (Shakibaeinia et al. 2011). Therefore, particle 
methods are suitable for simulating complex phenomena, such as moving boundaries, free surface problems, 
and large deformation problems. The distinct element method (DEM) is also a method used to model solids 
with multiple particles; however, DEM is a discontinuum method. In contrast, particle methods solve continuum 
equations with a discretization model of differential equations. Therefore, particle methods, like FEM, are 
categorized as continuum analysis methods. 

The most recognized particle methods are the smoothed particle hydrodynamics (SPH) and moving particle 
semi-implicit (MPS) methods. The SPH method is a compressible fluid simulation tool first introduced by Lucy 
(1977) to solve astrophysical problems. Multiple researchers have reported on its applications to geomaterial 
deformation. Nonoyama et al (2012) adopted the SPH method for a large-scale slope-excavation experiment. 
Maeda et al (2004) attempted to develop the SPH method for three phase analyses (air, water, and soil). 
Contrastingly, the MPS method is an incompressible fluid numerical method developed by Kosizuka et al 
(1996). The history of the MPS method is shorter than that of the SPH, as the MPS method has been mainly 
used in nuclear and coastal engineering. Therefore, there have been fewer achievements with MPS than SPH in 
the geotechnical field. The MPS method simulates a phenomenon with relatively low computational load by 
using a simple kernel function (Khayyer et al. 2006), thus providing a more accurate result with an acceptable 
increase in calculation time compared to the SPH method. In this study, numerical simulations were conducted 
for models with varied slope shapes using the MPS method, and the modeled dynamic behavior is compared 
herein. 

 
2  MPS METHOD 

 
The MPS method can simulate complex fluid behavior. However, the method is known to cause nonphysical 
numerical high-frequency pressure oscillation. Moreover, the presence of tensile stresses considerably decreases 
the calculation stability of the MPS method. Thus, for these complex problems, an improved calculation model 
that is suitable for fluid dynamics was derived based on the original MPS introduced by Koshizuka et al (1996). 
Therefore, in this study, the geomaterials were modeled as non-Newtonian Bingham fluids. A Bingham fluid 

ABSTRACT 
 

Numerical simulations were conducted to investigate dynamic behavior during slope failure. This 
study implemented the moving particle semi-implicit (MPS) method, a Lagrangian gridless particle 
method suitable for modeling large deformations in geomaterials. The numerical simulation models 
varied with respect to the shape of their surface lines and bottom lines. The resulting dynamic 
behavior exhibited significant differences in particle reaching time and velocity profile, depending 
on the initial shape. In particular, the reaching time was fastest in the convex shaped surface model. 
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behaves as a rigid body when subject to shear stresses below the yield stress, but as a fluid flowing with constant 
viscosity when the applied shear stress exceeds the yield stress. 

The governing (Navier–Stokes) equation is given by  

 
𝐷𝐷𝒖𝒖
𝐷𝐷𝐷𝐷 = −1

𝜌𝜌 ∇𝑃𝑃 + 𝜇𝜇
𝜌𝜌 ∇𝒖𝒖

2 + 𝑭𝑭 (1) 

where 𝒖𝒖 is the velocity vector, t is the time, 𝜌𝜌 is the density, 𝑃𝑃 is the pressure, 𝜇𝜇 is the viscosity, 𝑭𝑭 is the force 
vector, and 𝐷𝐷/𝐷𝐷𝐷𝐷 is the Lagrangian differential equation. In this paper, we refer to the first term on the right-
hand side as the “pressure gradient term,” the second term as the “viscosity term,” and the third term as the 
“force term.” 

The Bingham model is given as  
 𝜏𝜏 = 𝜇𝜇0�̇�𝛾 + 𝜏𝜏𝐵𝐵 (2) 

where 𝜏𝜏 is the shear stress, 𝜇𝜇0 is the plastic viscosity, �̇�𝛾 is the shear strain rate, and 𝜏𝜏𝐵𝐵 is the yield stress. 
The Bingham model is generally plotted such that the vertical and horizontal axes represent the shear stress 

and shear strain rate, respectively. Equation (2) is a discontinuous function at 𝜏𝜏 = 𝜏𝜏𝐵𝐵 , thus decreasing its 
computational stability. Therefore, the approximate model by Papanastasiou et al (1997) was implemented as 

 𝜇𝜇(�̇�𝛾) = 𝜇𝜇0 +
𝜏𝜏𝐵𝐵
|�̇�𝛾| (1 − 𝑒𝑒−𝑚𝑚|�̇�𝛾|) = 𝜇𝜇0 +

𝑐𝑐 + 𝑃𝑃tan𝜙𝜙
|�̇�𝛾| (1 − 𝑒𝑒−𝑚𝑚|�̇�𝛾|) (3) 

 γ̇ = √2𝐼𝐼𝐼𝐼𝐷𝐷  (4) D = 1
2 (∇𝒖𝒖 + ∇𝒖𝒖𝑻𝑻) (5) 

where D is the deformation rate tensor, IID is the second invariant of deformation rate tensor, 𝑚𝑚 is a coefficient, 
𝑐𝑐 is the sand cohesion and 𝜙𝜙 is the sand internal friction angle. The approximation accuracy improves as 𝑚𝑚 
increases; therefore, 𝑚𝑚 = 1000 was used in this work. The Bingham viscosity model was further improved by 
using the physical properties of the geomaterials given by Mohr–Coulomb's failure criterion. 

In this study, an improved calculation model was utilized, in 
which the HSHL-ECS-PDG method (High-order source terms, 
High-order Laplacian terms, Error Compensating parts in the 
Source term, and Particle Density Gradient model for judging 
dirichlet boundary condition) was applied to the pressure Poisson 
equation, and the GC method (Gradient Correction model) was 
applied to the pressure gradient term (Khayyer et al. 2011). 
These methods prevent the nonphysical numerical high-
frequency pressure oscillation. Additionally, we improved the 
viscosity term’s calculation method. In the original MPS method, 
the viscosity term was calculated explicitly, and the time step 
was restricted by the viscosity coefficient. Specifically, the time-
step width decreases excessively for high-viscosity fluids like 
Bingham fluids. Therefore, we improved the MPS calculation 
model by solving the viscosity term with an implicit method. The 
final MPS algorithm is shown in Figure 1. Further details and 
differences between the original and improved MPS methods are 
explained by Nohara et al (2017).  

 
3  NUMERICAL SIMULATIONS OF DIFFERENT 

SLOPE-SHAPE MODELS 
 

3.1  Numerical simulation model 
 

The schematic illustration of each slope model is shown in Figure 2. Model A1 is the base model, where the 
slope angle is 25°, the layer thickness is 20 m, and the length of the top of the slope is 20 m. The surface line of 
the slope is parallel to the foundational bedrock. Models C1 and C2 differ from A1 in the shape of their surface 
lines, with C1 exhibiting a concave shape and C2 featuring a convex shaped surface as compared with model 
A1. In contrast, models C3 and C4 are different from A1 in their bottom line shape, with C3 having a convex 
bottom line and C4 a convex shape in comparison to model A1. The numerical simulation model of case A1 is 
shown in Figure 3. The particle distance is 1.75 m, with two-layers of wall particles that calculate pressure 

 
Figure 1: MPS algorithm 
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located along the outside of the calculation particles, and three-layers of dummy particles, which do not calculate 
pressure, set outside the wall particles. The time-step used was 2.0e-4 s, and the simulation time was 20 s. The 
internal friction was given as 25° and cohesion was 5 kPa for all models. 

 
3.2  Results 

 
Figure 4 shows the simulation results for all models at t = 15 s. The 
variations in simulated particle velocity are represented by different 
colors. Model C1, with its concave initial surface line, showed a failure 
in the upper region as the movement began. In contrast, model C2, 
having a convex surface line shape, failed in the bottom region at the 
beginning of the movement, and had the longest particle-moving 
distance out of all the models at t = 15 s. As the beginning of motion, 
the dynamic behavior of C3 and C4 were nearly the same; however, 
the dynamic behavior showed significant differences as time 
progressed. 

 
3.3  Discussion 

 
Figure 5 depicts the cumulative number of particles that moved more 
than 4 m from the toe of the slope (illustrated in Figure 2 A1) as a 
function of time. Model C2, which had an initially convex surface 
shape, resulted in the shortest time for particles to reach the distance 
of 4 m (hereafter “reaching time”). Additionally, the cumulative 
number of particles, equal to the amount of collapsed soil, was largest 
in model C2. Conversely, in the case of model C1, which had a 
concave surface line, the particles took the longest time to move 4 m 
from the toe of the slope. However, the cumulative number of particles 
increases at the highest rate in model C1. Figure 6 shows the 
histograms of velocity for the particles that moved more than 4 m from 
the toe of the slope at t = 14 s and 17 s. The particle velocity was the 
fastest in model C2 at t = 14 s, whereas at t = 17 s, it was the fastest in 
model C1. The amount of collapsed soil was the largest and the 
reaching time the fastest for particles in model C2, with a convex 
surface line. On the contrary, the particle velocity was fastest in model 
C1, which had a concave surface line. There were no significant 
differences in reaching time between A1, C3 and C4, which differed 
only in bottom line shape. However, the amount of collapsed soil in 
C3, having a convex bottom line, was the largest out of the subset of 
A1, C3 and C4.  

The simulations reveal that the dynamic behavior of a failing slope 
may be strongly affected by the surface line shape. In particular, the 
reaching time was fastest in the case of the convex surface line. 

 
4  CONCLUSION 
 
This study investigated the dynamic behavior of differently 
shaped slope models. Numerical simulations were conducted 
using an improved MPS method with a Bingham model. The 
enhanced MPS method is suitable for large deformation cases, 
and shows improved computational stability in comparison to the 
original MPS. The dynamic behaviors were significantly 
different for each slope shape. Amongst the models, the shape of 
the surface line was found to strongly affect the reaching time.  

Figure 3: Numerical simulation model of A1 
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Figure 4: Numerical simulation results (t = 15 s) 

 

     
Figure 5: Cumulative particle 

numbers as a function of time 
(moving distance greater than 4 m) 

(a) t = 14 s                                           (b) t = 17 s 
Figure 6: Histograms of velocity for particles with moving 

distances greater than 4 m (bins = 50) 
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1  INTRODUCTION 

 
Sensitive clays are found in numerous places in Scandinavia and in Canada. Sensitivity of clay is defined as 
the ratio between the undrained intact shear strength (Su) and the remolded strength (Sur) of the clay, and a 
clay with such a ratio over 30 is defined as highly sensitive. In this material, landslides are common, and most 
of these landslides will have a retrogression distance less than twice the slope height. However, in some case, 
this retrogression can be up to hundreds of meters. Three highly retrogressive landslides are possible: spreads, 
flake slides and flowslides. Flowslides develop when, after a first rotational landslide, there is a succession of 
rotational failures. In general, two conditions are necessary in order to have this succession of rotational 
failures : the height of the backscarp of each failures must be enough to have a potential energy higher than 
the energy required to remold the debris (Tavenas et al. 1983) and the debris consistency must flow as a 
liquid, in order to be able to exit the crater. A remolded shear strength of 1 kPa is the maximum limit proposed 
by Lebuis et al. (1983) for eastern Canada sensitive clays. 

Hazard assessment for this type of landslide involves two parameters: the retrogression distance of the 
back scarp and the propagation distance of the debris. Up to now, these two parameters are evaluated using 
empirical relationships (Norway) or statistical analysis (Quebec). In this paper, we will concentrate on the 
propagation distance evaluation. Will first be briefly presented the different relations used in the hazard 
assessment. New developments on the numerical simulation of the debris propagation, that take into account 
the energy required to remold the sensitive clay, will then be presented, using Rivière Saint-Jean landslide as a 
case history. 

 
2  EMPIRICAL AND STATISTICAL ANALYSIS OF PROPAGATION DISTANCE 
 
The actual evaluation of the potential propagation distance for flowslides is mainly based on an empirical 
approach that consists of a statistical analysis of historical landslides. Two main methodologies have been 
developed in order to estimate the propagation distance, one used in Norway and one used in Quebec (Turmel 
et al. 2018). The Norwegian methodology is based on the relationship between the retrogression distance and 

ABSTRACT 
 

Sensitive clays, mostly found in Eastern Canada and Scandinavia, are renowned for their large 
landslides, such as spread  and multiple retrogressive landslides, also known as sensitive clay 
flowslides. Debris from sensitive clay flowslides has a high mobility, with propagation distances 
that may extent hundreds of meters in relatively flat terrain and non-channelized environment, 
and kilometers in channelized terrains. Sensitive clays are leached glaciomarine clay deposits that 
are relatively stiff but, when remolded, will exhibit a great reduction in shear strength, and will 
flow as a viscous material. Up to now, landslide propagation zonation are mainly done using 
empirical relationships. Some numerical modeling was also done in recent years using back-
calculated rheological parameters, but these studies are of little help in the context of hazard 
mapping. In this paper, after a brief overview of the different empirical relationships used in 
propagation zonation mapping, new advancement in the numerical modeling of sensitive clay 
flowslides will be presented, using one case study. 
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the propagation distance (Strand et al. 2017). In this case, the propagation distance in an open terrain is 
estimated to be 1.5 times the retrogression distance of the landslide, whereas it will be 3 times the 
retrogression distance in channelized terrain (Strand et al. 2017). Quebec methodology is based on the 
relationship between the area of the crater and that of the debris which was determined from statistical 
analysis of flowslide scars (Demers et al. 2014), that the area of the debris is 4 times the area of the crater. In 
open areas, the shape of the debris will be semi-circular in, where in channelized terrain, the debris will cover 
the channel with a thickness equivalent to 20% the height of the crater (Demers et al. 2014, Turmel et al. 
2018), while 1/4th of the debris will flow upstream, with the remaining 3/4th flowing downstream. 

 
3  SENSITIVE CLAY: FROM INTACT TO REMOLDED 
 
As previously mentioned, in order to have a flowslide, the debris must be able to be remolded to a strength 
low enough for the material to flow as a fluid. Laboratory experiments on the remolding of sensitive clays 
were conducted by Flon (1982) and Tavenas et al. (1983) and their results showed that energy required to 
remold the sensitive clay is a function of plasticity index (Ip) and the undrained shear strength of the intact 
clay (Su) (Leroueil et al. 1996). Tavenas et al. (1983) defined a remolding index (Ir, eq. 1), as: 

 
𝐼𝐼𝑟𝑟 = 100 (𝑆𝑆𝑢𝑢−𝑆𝑆𝑢𝑢𝑢𝑢𝑆𝑆𝑢𝑢−𝑆𝑆𝑢𝑢𝑢𝑢

)                        (1) 

 
where Sux is the shear strength after a partial remolding. Figure 1a illustrates the remolding index versus the 
remolding energy normalized by the plasticity index and the undrained shear strength, for the different 
experiments made by Flon (1982). This figure illustrates that, except for the Saint-Thuribe (12 m) sample, all 
the dataset have a similar curve, up to a remolding index of about 50%. The shape of the curves is less 
uniform for higher remolding index. We propose here a new normalization for these data to get a better 
constrain on the data: instead of using the plasticity index for normalization, the difference between the 
sample water content and the plastic limit is used (Fig. 1b). As mentioned by Locat et al. (2008), all these 
curves shows asymptotic shapes, and a remolding index of 100% is hardly achievable with current laboratory 
experiments.  

When remolded, highly sensitive clays show a liquid behavior, with a yield strength. Rheograms for 
sensitive clays show Bingham or Herschel-Bulkley rheology. It was demonstrated by Locat and Demers 
(1988) that the yield strength as well as the viscosity of the remolded sensitive clays are function of the 
liquidity index for the material. 

 
Figure 1: Remolding index versus remolding energy normalized by a) the intact shear strength and the plasticity index 

and by b) the intact shear strength and the difference between natural water content and plastic limit 
 

4  NUMERICAL MODELING OF SENSITIVE CLAY FLOWSLIDE 
 
The software used for the numerical modeling is called OpenFOAM (Open Field and Manipulation), which is 
a set of C++ modules used to build solvers to simulate specific problems in engineering mechanics (Weller et 
al., 1998). The solver used is called multiphaseInterFoam, and is a solver for 2 or more incompressible fluids, 
that tracks the interface Γ between the fluids. This solver uses the Volume of Fluid (VoF) method to resolve 
Navier-Stokes equations over a finite-volume mesh. More information may be found in Turmel et al. (2017a, 
b). For the simulations, the topography before the landslide is imported and the volume occupied by the 
landslide mass is modeled as completely remolded. The software allows using, among other rheologies, 
Bingham or Herschel-Bulkley rheology. 
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The classical simulation, or back-analysis, is done by calibrating the the rheological parameters of the clay, 
in order to obtain the propagation distance of the landslide. This is the method generally used, but since the 
rheological parameters resulting from the simulation are not the actual rheological parameters of the materials, 
this classical simulation is of little help in prospective analysis. Turmel et al. (2017b), introduced an 
innovative technique, which consist of using the rheological properties of the material, as determined in the 
laboratory, in the simulation. In these simulations, the remolding energy required to remold the material is 
taken into account in the simulations. This remolding energy is removed from the total potential energy by the 
use of the Energy Reduction Factor (ERF) that is multiplied to the potential energy in the numerical model. The 
advantage of this technique is that the remolding energy can be estimated using geotechnical parameters, and 
the rheological parameters can be measured in the laboratory. It is believed that this technique will eventually 
be used for prospective analysis of flowslides in sensitive clays. 

 
5  RIVIÈRE SAINT-JEAN LANDSLIDE 
 
Rivière Saint-Jean area is located 640 km North-East of Quebec City, Québec, Canada, on the North Coast of 
the Saint-Lawrence Maritime Estuary. This flowslide, which happened in 1970, has a maximum retrogression 
distance of approximately 210 m, with a width of 190 m. According to archive documents based on witness 
accounts, the debris flowed, over the flat intertidal zone, on a distance of 245 m. The stratigraphy consists of 
two main units. The top unit, approximately 6-7 m thick, consists of sand with trace of silt. This sand unit 
overlies a clay deposit at least 20 m thick. Samples tested from a borehole near the landslide, show plastic 
limit  varying between 14% and 20% when the liquid limit varies between 19% and 30%. Plasticity index are 
found to be between 5% and 12%. For all the samples tested, the natural water content exceeds the liquid 
limit, the liquidity index varying between 1.6 and 3.8, the lower liquidity index values being found at the top 
of the unit. Swedish fall cone tests shows intact undrained shear strength for this deposit between 30 kPa and 
70 kPa, and remolded shear strength between 0.1 and 0.8 kPa. Rheological tests, using the Haake 
Viscotester iQ, with a coaxial cylinder geometry, show a yield strength which varies between 30 and 500 
Pa, with a mean value of 175 Pa. More information on the Rivière Saint-Jean flowslide may be found in 
Turmel et al. (2017b). 

For the first set of simulations, only the clay is considered as fluid, and the presence of a sand layer is here 
neglected. In other words, the geometry of the problem was modified in order to remove the sand layer. This 
was done by assuming that the landslide propagation is mostly controlled by the clay properties rather than by 
the sand layer. Propagation distance was calculated for various rheological parameters in order to estimate the 
equivalent yield strength required to simulate the appropriate propagation distance. Results from this set of 
simulations are presented in Fig. 2a. To reach a propagation distance of 245 m, a yield strength of 3900 Pa is 
necessary, which is notable more than the values from laboratory measurements. 

Two other sets of simulation were done, but using this time the real rheological parameters of the material, 
i.e. 175 Pa as yield strength, and by varying the Erf in order to obtain the correct propagation distance. The 
second simulation set was done with the same geometry than the first set, and for the third set, a sand layer 
was added on top of the clay, to better reflect the stratigraphy. As a frictional rheology is not yet implemented 
in OpenFOAM, the sand was modeled here as a Bingham material, with a yield strength 1 order of magnitude 
higher than the clay. In order to reproduce the correct propagation distance, an ERF of 0.065 is necessary for 
the second set of simulations (without sand), where an ERF of 0.12 is necessary for the third simulation set 
(with sand) (Fig. 2b). This means that, for this landslide, only 7% (12%) of the total potential energy is 
transferred into kinetic energy, the remaining being used as remolding energy. Comparing the two curves on 
Fig. 2b shows that even if the correct behavior of the sand is not modeled here, the presence of a layer that has 
very different properties will have a great influence on the propagation distance of sensitive clay flowslides. It 
is not possible to achieve these results using a 2D model, and 3D models are necessary in these cases. 

 
6  CONCLUDING REMARKS 
 
Numerical modeling carried out here shows that the classical back-analysis of debris propagation requires 
using rheological parameters that are not coherent with the measured parameters of the material involved in 
the landslide. It is believed that this is due to the fact that such back-analysis does not take into account the 
energy required to remold the debris. The introduction of an energy reduction factor, ERF, does allow taking 
into account the transformation process from intact to remolded state of the soil. Furthermore, these 
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simulations show that the presence of a sand layer on the clay layer will have an important influence on the 
propagation modeling. 

 
Figure 2: a) Propagation distance versus the yield strength and b) Propagation distance versus the Energy reduction 

factor for a yield strength of 175 Pa 
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1  INTRODUCTION 
 
Extremely-rapid, flowlike landslides can impact people and property far from their source.  Predicting the 
initiation and runout of these events remains a challenging task.  A landslide risk analysis is often initiated 
when a known landslide is observed to accelerate, which can be a precursor to catastrophic long runout 
failure.  Hungr (2016) suggests the following four steps to assess failure potential: 1) Identification of activity 
signs, 2) quantitative observations of displacement, strain and groundwater characteristics, 3) recognition of 
failure mechanism(s), and 4) identification of driving processes.           

This abstract presents preliminary results regarding an ongoing study of the Schlucher landslide, an 
unstable colluvial soil mass located near Malbun, Liechtenstein.  An overview of this landslide is shown in 
Figure 1.  Displacement rates of 10-20 cm/year have been measured for the last 30 years (1984-2015).  In 
2016 and 2017, the landslide accelerated, and displacements on the order of 10 meters were measured.  To 
assess the current driving mechanisms and potential future behaviour, a detailed surface and subsurface 
investigation program of the landslide was conducted.  This investigation included four boreholes, laboratory 
and in-situ testing, and in situ monitoring including high-resolution GPS measurements of surface 
displacements.  The borehole and GPS locations are shown on Figure 1B.  Additionally, a timelapse camera 
was installed to monitor snowmelt in the catchment where the landslide is located (hereafter referred to as the 
‘Schlucher Catchment’).   

We interpret this data within the Hungr (2016) framework, briefly described above.  To understand failure 
mechanisms and driving processes, measured pore-pressures and displacements are correlated with snow-
melt, the latter of which was assessed using the degree-day method.  Based on this understanding, we present 
a preliminary assessment of the possibility that the Schlucher Landslide will transition into an extremely-
rapid, flowlike landslide.  The forecast of potential future behavior presented here is the subject of ongoing 
work, and may be revised in the future as further information is integrated into the assessment. 
 

ABSTRACT 
 

Predicting the triggering and propagation of rapid, flowlike landslides is a crucial but challenging 
task for landslide risk assessment.  This work summarizes the preliminary results of such an 
assessment of a landslide located near Malbun, Liechtenstein.  This landslide has accelerated 
dramatically in recent years, accumulating over 10 meters of displacement.  A surface and 
subsurface investigation has been undertaken to understand driving mechanisms, and to 
qualitatively assess catastrophic failure potential.  We model snowmelt depth through time, and 
correlate it with measured pore pressures and displacements during a displacement phase that 
lasted from March to May, 2018.  This analysis shows that snowmelt infiltration is a likely trigger 
for landslide movement.  Additionally, preliminary analyses show that three brittle failure 
mechanisms could potentially result in catastrophic failure.  One of these, macroscopic 
brittleness, is poorly understood at present but must be considered at similar sites.       
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Figure 1: A) Schlucher catchment showing snow covering the Schlucher landslide (outlined in red).  B) zoom in 

of the Schlucher landslide showing GPS and Borehole locations 
 
2  BACKGROUND 
 
The Schlucher landslide was documented for the first time on an aerial image in 1974.  In the same catchment, 
relatively frequent debris flows have been documented since 1944, as well as at least one small debris slide in 
1981.  Mitigation work to control the surface drainage of the landslide was undertaken from 1983 to 1985.  
The Schlucher Landslide is composed of a heterogenous transported soil, and the lithology of the landslide 
alternates between material derived from clay schist, sandy siltstone and Hauptdolomite.  A thin, organic layer 
observed in one borehole suggests that the landslide material may be composed of the deposits of multiple 
mass movements, although there is only limited evidence to support this interpretation.  The material sampled 
from the boreholes ranged from clayey sand to clayey gravel.  The percentage of fines ranged from 17.1% to 
46.7%, and, based on Atterberg limit tests and the USCS classification system, is classified as low plastic silt 
or low plastic clay.  The volume of the landslide is approximately 200,000 m3.    

 
3  METHODS 

 
To better understand failure mechanisms and driving processes, we simulate the snowmelt depth (in 
centimeters) in the catchment during an observed acceleration period that occurred from March to May, 2018.  
During this period, the measured cumulative displacements at the GPS stations was 2 m.  Snowmelt depth was 
estimated using the degree-day method, which relates temperature to melt depth using a degree-day factor and 
the percentage of the total area covered by snow (Rango & Martinec, 1995).  The degree-day factor is known 
to be subject to seasonal variability (Rango & Martinec, 1995), so a time-varying degree-day factor was input 
in to the analysis.  A time-lapse camera, which photographed the catchment every 4 hours, was used to 
estimate snow cover in the catchment, and temperatures were interpolated from nearby weather stations.  
Snowmelt depth was estimated in three different zones, delineated based on elevation.  Pore pressure sensors 
were installed in 3 of the 4 boreholes shown on Figure 1B.  Additionally, repeat inclinometer and time domain 
reflectometry surveys were conducted in all 4 boreholes, which revealed two rupture surfaces at 7 and 15 m 
below ground surface.    

To give a preliminary assessment of the potential for catastrophic failure, the likelihood of various strength 
loss mechanisms were assessed.  As described in Hungr (2007) and Hungr (2017), extremely-rapid landslides 
occur when there is a large deficit of available shear strength as compared to the driving shear stress.  Based 
on the site investigation data and interpretation, we qualitatively assess the potential for the following strength 
loss mechanisms: 1) static liquefaction, assessed based on SPT N values, and grain size distributions 
(McRoberts & Sladen, 1992; Fell et al., 2007), 2) sliding surface liquefaction, assessed based on the 
mineralogy of the deposit (Sassa & Wang, 2005; Hungr, 2017), 3) macroscopic brittleness and 4) loss of 
cohesion, both assessed based on previous displacement history (Fletcher et al., 2002; Hungr, 2007), and 5) 
shearing of clay from peak to residual strength, assessed based on grain size distribution and Atterberg tests 
(Hungr, 2007).    
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4  RESULTS 
 
Figure 2 shows the hourly 3D GPS velocities correlated with estimated snowmelt, which has been offset by 25 
days.  The 3D velocities have been smoothed using a lowpass Butterworth filter.  Figure 3 shows snowmelt 
depth and water level as a function of time.  In Figure 3, water level is plotted in meters above/below the 
lowest shear surface in the relevant borehole, with the elevation of the shear surface(s) determined from the 
inclinometer data.   

The strength loss mechanisms reviewed, as well as the potential for them to occur at the site, are 
summarized in Table 1.  Table 1 does not contain mechanisms that could enhance mobility after catastrophic 
failure has occurred.  As shown in Table 1, the potential for an extremely-rapid, flowlike landslide to occur 
was assessed based on three categories: likely, possible and unlikely.  Three mechanisms that could result in 
catastrophic failure at site were assessed as possible.  These include static liquefaction of the debris, sliding 
surface liquefaction and macroscopic brittleness.  Static liquefaction of the fine grained portion of the debris 
could occur if the natural water content of this component is increased to within approximately 85% of the 
liquid limit, or if loose layers were missed during the site investigation.  Sliding surface liquefaction could 
occur if the grains can be crushed at the stress levels present in the Schlucher landslide.  This depends strongly 
on mineralogy, which at present is poorly constrained.  Macroscopic brittleness could occur if future 
displacements dilate the debris, increasing the density to a value loose of the critical state density.   
 

 
Figure 2: Estimated snowmelt (offset by 25 days) and cumulative 3D landslide displacements since 

March 28/2018. The offset snowmelt values show a non-linear relation with the first velocity 
peak, however there is a linear relation with the second velocity peak 

 

 
Figure 3: Estimated snowmelt depth plotted with pore pressure.  The high value for KB2 could be a result 

of changing the depth level of the pore-pressure monitor.  In KB3, the water level did not reach that of 
the screened interval until approximately April 23rd 

 
5  DISCUSSION AND CONCLUSIONS 
 
The output of the degree-day method was correlated with measured displacements and pore-pressures.  The 
results suggest that the acceleration period of the landslide noted between April 13 and June 03 was the result 
of snowmelt infiltration raising pore-water pressures within the landslide.  By comparing Figure 2 and Figure 
3, it can be seen that landslide displacements initiated while measured water levels were below the level of the 
sliding plane(s).  When considering a time lag of 25 days, the first acceleration period does not match the 
recharge function but the second acceleration period coincides well with the simulated recharge from 
snowmelt (Figure 2). This indicates that during the first recharge period the heterogeneous landslide body re-
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saturates and during the second recharge period the landslide velocity increases linearly with the amount of 
recharge. 

Key uncertainties of the present analysis include the spacing and accuracy of the SPT tests in the boreholes 
(which may have missed loose layers), the mineralogy of the material located in shear zones, as well as the 
geometry of the rupture surface.  Additionally, significant epistemic uncertainty exists in the assessment of 
macroscopic brittleness potential.  This mechanism has been hypothesized for a number of cases that 
accumulated significant, ductile displacements before failing catastrophically (Fletcher et al., 2002; Jibson, 
2006; Nicol et al., 2013; Aaron et al., 2017).  More in depth research is required to better understand this 
mechanism.     
 

Table 1: Potential for the reviewed source zone strength loss mechanisms to occur at the 
Schlucher Landslide.  Potential is assessed based on relative likelihood 

Mechanism Likely Possible Unlikely 
Static liquefaction of the debris  x  

Liquefaction of quick clay   x 
Sliding surface liquefaction  x  

Macroscopic brittleness  x  
Loss of cohesion   x 

Peak to residual strength drop   x 
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1  INTRODUCTION 

 
Landslides in Malaysia have a long history of occurrence; this problem exists throughout most of Malaysia, 
posing serious threats to settlements and the structures that support transportation. Occasionally, they also result 
in loss of life. These landslides have caused substantial damage to highways, waterways, properties and 
livestock (Pradhan & Lee, 2010). Rainfall has always been a main cause of the landslides that occur in Malaysia. 
Triggering by rainfall can be defined as a decrease in shear strength due to an increase in pore water pressure 
on the potential failure surface which finally results in a slope failure (Jeong et al., 2017). Most of the rainfall-
induced landslides in residual soils consist of relatively shallow slip failure above the groundwater table 
(Wesley, 2011). Rainfall and subsequent movement of groundwater greatly affect the slope stability and cause 
a change in the moisture content of the soil. The mechanism leading to rainfall-induced slope failures has been 
summarized in general terms as follows: during rainfall, the pore pressure and seepage forces increase, which 
causes the slope failure (Orense, 2004). Due to increases in pore pressure, the effective stress of soil decreases, 
resulting in a reduction in shear strength, and in worst cases, a slope failure occurs. Before a rainstorm, a slope 
is generally in a stable condition; however, after a rain event, shear stress is increased, and the shear strength of 
the soil is reduced due to an increase in moisture content, which may trigger a slope failure. Landslides may be 
small or large; some move slowly, and some move rapidly and cause a lot of problems. The type of landslide is 
influenced by a number of factors, such as land cover, morphology, lithology, and the frequency and magnitude 
of rainfall (Reichenbach et al., 2004). A short duration of intense rainfall can trigger a shallow slope failure such 
that debris flows; however, moderate rainfall intensity of longer duration can cause deep landslides (Jemec & 
Komac, 2012). The variations in the pore pressure during a rain event are highly influenced by hydraulic 
conductivity, topography, the degree of weathering and fracturing of the soil. An increase in pore pressure may 
be directly related to rainfall infiltration and percolation and can also result in the development of a perched 
groundwater table (Hakro & Harahap, 2015; Reichenbach et al., 2004). During an intense rainfall, the dissipation 
of pore pressure is very rapid in soils having greater permeability. Higher rainfall intensity causes slope failures 

ABSTRACT 
 

Soil suction is an important parameter in describing the moisture condition of unsaturated soil slopes. 
The suction changes in soil are crucial for the evaluation of slope stability. Physical-based modelling 
was carried out to investigate the matric suction in a coarse mining sand slope. The variation in 
matric suction due to heavy rainfall conditions was investigated, and its effect was studied on 
different angles of slope. The maximum change in matric suction occurred near the ground surface, 
and the magnitude of matric suction change decreased with depth. The amount of decrease in matric 
suction after a rainfall was observed to be a function of the initial matric suction just prior to the 
rainfall. The effect of matric suction on the slope stability was also investigated. The results 
confirmed the hypothesis that pore water pressure and water content in a loose soil slope change 
rapidly and that water infiltration into cracks in the slope has a great impact on landslide 
development. 
 
Keywords: Soil suction, physical-based modelling, heavy rainfall, different angle slopes, landslide 
development 
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in these cases and antecedent moisture has little influence on landslide occurrence (Reichenbach et al., 2004). 
The two methods of analyzing rainfall-induced landslides use either statistical data or physical mechanisms. 
The first method is based on the statistical relations established between rainfall characteristics and landslide 
events. The method of using statistical data involves formulating the relationship between landslide 
displacements (or occurrence probability) and rainfall factors with an intention to forecast landslides. The other 
method involves the use of physical mechanisms in the rainfall infiltration process (e.g., rainfall-induced 
landslides). The mechanisms of rainfall-triggered landslides are very complex, as they often involve many 
factors, including erosion, soil softening, seepage, stress redistribution and various failure modes. It is a big 
challenge to precisely rebuild or investigate the effect of rainfall on slope instability because of the uncertainty 
of materials present in natural slopes. A laboratory model test is still considered the most reliable method for 
studying the effect of a rainfall-triggered landslide because soil properties and boundary conditions can be 
controlled and the pore water pressures and stresses inside the slopes can be monitored. The research on rainfall-
induced slope instability has important implications for better understanding and predicting rainfall-induced 
landslides (Tsai & Chiang, 2013; Igwe et al., 2014). For the purpose of understanding the changes involved in 
different slope angles during heavy rain events, a physical modelling test was carried out in the laboratory to 
investigate the effect of heavy rainfall on the slope gradient and the initial matric suction conditions on the slope 
failure and to measure the moisture content changes inside the slope.  
 
2  METHODOLOGY AND EQUIPMENT 
  
2.1 Model Design 
 
The rainfall-induced landslide model tests were conducted at the geotechnical laboratory, Universiti Sains 
Malaysia. The test facility and general arrangement of the slope model box are illustrated in Figure 1. The 
physical model is divided into three main systems; the first consists of model boxes (1m x 1m x 1m), and the 
second is a water control system (at the groundwater level). The water level control system consisted of a water 
storage tank, a valve to draw the water from the slope model boxes to the GWL boxes, and another valve 
equipped with a plastic tube to draw water to the water storage tank and a water pump. The water pump was 
used to pump the water from the outlet to the inlet and to circulate the water movement to maintain the 
groundwater level. The ground level water could be elevated or lowered to any level through the use of the 
water pump. Finally, the third system is a rainfall simulator, including a large tank of water equipped with 
another water pump. The side walls of the model boxes consisted of 10 mm-thick acrylic windows to enable 
visual observations of the deformations and movement along the failure surface.  
 

 

 
Figure 1: General arrangement of a physical model 

 
2.2 Test instruments and equipment 
 
The rainfall simulator equipment in the experiment consisted of a tensiometer and a volumetric water content 
monitoring system. The different systems and their purposes are described below: 
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 Rainfall simulating: A rainfall simulation system with a drip emitter was used in the experiments. It 
consisted of three parts: a water supply system, a rainfall system, and a flow meter; 100 units of drip 
were generated with the system for a rainfall intensity of 40 mm/hr.  
 

 Monitoring of soil matric suction: A tensiometer and a data acquisition system were used. The sensors 
were 20 cm in length and 4 mm in diameter. The sensors could measure both negative and positive pore 
water pressure, and the measuring range was from −85 to 100 kPa.  

 
 Monitoring of volumetric water content: A TDR (Decagon type EC-5) and a data acquisition system 

were employed in the experiments. The measurements range from 0% to 100% VWC with an accuracy 
of ±12% VWC, based on soil-specific calibrations. The resolution of the measurements is 0.1% VWC, 
with a temperature range of −40°C to +50°C. An ellipsoidal cylinder envelope encases the EC-5 volume 
sensor.  

 
2.3 Experimental design  
 
Five physical model scenarios were established in this research. The test configuration used 2 mm of mining 
sand with soil slope inclines of 30°, 35˚, 40˚, 50˚ and 60˚ (Figure 2). The objective of the models was to 
determine a triggering point where the groundwater would preferentially collect within the slope due to a change 
in the hydraulic gradient. 
 

 

 
Figure 2: Location of sensors and the angle of inclination 

 
3  RESULTS 
 
The experimental results showed that the soil slope failure usually happened in the shallow layer of the slope. 
Three types of failures were recognized: overall sliding failure, partial sliding failure and flow slide failure. The 
soil slope failure types are related to the slope gradient, rainfall intensity and so on. These types of slope failures 
are described in more detail as follows. 
 
1. Impact of rainfall intensity on a landslide: 

Rainfall intensity has a major impact on the slope seepage characteristics of the slope failure. It can be seen 
that high-intensity rainfall makes the wetting front move faster.  

 
2. Impact of slope angle on a landslide: 

As the rain falls vertically, water infiltrates perpendicular to the slope. Then a lateral infiltration process 
happens inside the slope. As a result, the rainfall intensity can be divided into two parts: perpendicular and 
parallel to the slope. It was found that the rainfall intensity in the perpendicular direction to the slope increased 
when the slope gradient decreased. Thus, the pore water pressure increased rapidly, and the rainwater more 
easily entered the deeper region of the slope. This also explains why the wetting front moves down faster as 
the slope gradient decreases.  
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3. Impact of initial suction on a landslide: 
The main purpose of suction monitoring is to investigate the wetting front during the infiltration process. The 
suction decreases during the infiltration process and then stabilizes when the infiltration reaches a steady state 
condition. It was found that the soil at the slope toe (near the runoff out flow) experienced more water 
infiltration than the soil at the other end (slope top). Therefore, it appears that the steeper the slope angle, the 
more inclined the wetting front is to the slope surface. For a slope with a steeper angle, the tensiometer at the 
top of the slope model provides the highest suction reading. This indicates that the water infiltration is less at 
the top of the slope compared with the toe of the slope. 

 
4  CONCLUSIONS 
 
Based on a series of controlled experiments on loose soil slopes, it can be concluded that water infiltration 
causes the deformation of the slope and induces cracks at the trailing edge of the slope. The rainfall infiltration 
into the cracks of the slope has a greater impact on the flow process and slope failure, which rapidly increases 
the moisture content and the pore water pressure at the trailing edge of the slope. In the experiments, overall 
sliding failure, partial sliding failure and flow slide failure occurrences were observed, which are closely related 
to the slope gradient, the rainfall intensity and the initial matric suction condition.  
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1  INTRODUCTION 
 
The most common natural landslide triggers for landslides include intense rainfall, rapid snowmelt, water-
level change, volcanic eruption and earthquake shaking. Some examples with geological conditions that lead 
to susceptibility to landsliding caused by these triggers have been described by Turner and Schuster (1996). 

In addition to rainfall as the main triggering factor, increase in the occurrence of landslides has been 
associated with a combination of factors and several attributes such as geological, topographic, morphometric, 
climatic and anthropogenesis nature that directly or indirectly contribute to the phenomena of slope instability. 
Landslides are often triggered in areas with past landslide history and monitoring of the landslides using 
community-based approaches are proven to be highly effective. In most areas, development activities seem to 
be responsible for reactivation of dormant landslides. Hence, communities living in areas with landslide 
history should be warned in due time through constant monitoring and early warning of potential reactivation. 
In addition, slow moving slides on hill slopes need constant monitoring as many of developing countries in 
Asia cannot afford to undertake mitigation measures or to resettle people to safer areas after identification of 
the potential threat. 

Several major studies have revealed a close relationship between rainfall intensity and activation of 
landslides. The rapid infiltration of rainfall, causing soil saturation and a temporary rise in pore-water pressure 
is generally believed to be the mechanism by which most shallow landslides are generated during intense 
rainfall e.g. during storms. With the advent of improved instrumentation and electronic monitoring devices, 
transient elevated pore pressures have been measured in hillside soils and shallow bedrock during rainstorms 
associated with abundant shallow landsliding. Loose or weak soils are especially prone to landslides triggered 
by intense rainfall.  
 
 
 

ABSTRACT 
 

The frequency and intensity of landslides in Asia have increased significantly over the past years 
causing extensive damages to life and property in the affected regions. A key triggering factor for 
many of the landslides has been extreme precipitation events. Rainfall threshold values vary from 
region to region due to differences in existing soil characteristics and climatological patterns in 
different areas. Therefore, a complete study of the rainfall patterns in landslide prone areas and 
their records of landslides are warranted. This will help predict reasonable threshold values of 
rainfall and use them as a tool for landslide forecasting. The Norwegian Geotechnical Institute 
(NGI), in cooperation with various mandated national institutions from Bangladesh, Bhutan, 
India, Vietnam and Sri Lanka, has installed cost effective instrumentation for landslide early 
warning systems (EWS) in order to monitor triggering conditions of rainfall-induced landslides. 
Although the appropriate implementation and operation of a landslide EWS is a complex task, the 
operation of the installed instruments has proved to be highly effective in limiting the damages to 
lives and properties especially in the densely populated areas of Bangladesh where scores of lives 
have been saved. This paper describes the cost effective method for early warning of rainfall-
induced landslides in the above countries where instrumentation is performed for monitoring 
triggering conditions of rainfall-induced landslides. 
 

 

 

 

 

 

Experiences from cost-effective instrumentation for early warning 
systems installed in some hot-spot areas in South and South East 

Asian Countries 

Rajinder Bhasin, Jose Cepeda, Suzanne Lacasse  
Norwegian Geotechnical Institute 



90

Second JTC1 Workshop
3-5 December 2018, Hong Kong

Triggering and Propagation of Rapid Flow-like Landslides

2  DESIGN AND IMPLEMENTATION OF COST EFFECTIVE EARLY WARNING SYSTEMS 
 
Hundreds of people are killed each year by landslides and debris flows in the Asian Region. These recurring 
events are therefore a serious threat to life, welfare and local economy of the communities residing in the hilly 
regions, which are prone to landslides. 

The appropriate implementation and operation of a landslide EWS is a complex task and only few 
examples can be found worldwide. Probably the earliest landslide EWS was developed in the San Francisco 
Bay region (USA) in the mid-1980s and consisted of a real-time network of rain gauges, precipitation 
forecasts, and relations between rainfall and landslide initiation to define the alert level (Keefer et al., 1987). 
The relation between rainfall and landslide occurrence, or in more general terms, the understanding when, 
why, and how large landslides occur is an important basis for an early warning system (EWS). A EWS 
comprises of four main activities: monitoring, analysis of data and forecasting, warning and response. A block 
diagram of a typical EWS is shown in Fig. 1. 
 

 
Figure 1: Block diagram of a typical EWS (Di Biaggio and Kjekstad, 2007) 

 
2.1  Regional and global precipitation thresholds 
 
Depending on the available classes of meteorological events, thresholds can be estimated as follows, (see Fig. 
2) according to Cepeda and Devoli (2008): 
• Only occurrences of landslides: the threshold is a lower bound to the meteorological events. See Figure 

2a. Examples:Crosta (1998) and Guzzetti et al. (2007). 
• Only non-occurrences of landslides: the threshold is an upper bound to the meteorological events. See 

Figure 2b.  
• Both, occurrence and non-occurrences of landslides: in this case, the threshold is a boundary separating 

the two classes. See Figure 2c.  
From Figure 2, it can be noted that a threshold may not classify correctly all the meteorological events. 

Events with observed landslides (“+” in Figure 2) and located below the threshold are missed events, while 
events with no landslides (“-” in Figure 2) and above the threshold are false alarms. One of the main 
challenges in the estimation of thresholds is to achieve an optimum performance such that both missed events 
and false alarms are minimized as much as practical operational conditions allow (i.e., in the framework of an 
early-warning system). 
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Figure 2: Types of thresholds based on the available classes of meteorological events: (a) Only landslide occurrences 

available; (b) only non-occurrences available; (c) both occurrences and non-occurrences are available. For simplicity, a 
threshold based only on two meteorological elements (ME) is shown. The proportion of “landslide” events in relation to 
“no landslides” events is usually very small and does not correspond to the proportion shown in (c), which is presented 

for illustration purposes only. Adapted from Cepeda and Devoli (2008) 
 
 

 
Fig. 3a: A rainfall warning system 

 
Fig. 3b: Instrument enclosure 

 
Fig. 3c: logging and alarm unit 

 
Fig. 3d: EWS set-up in Chittagong 

 
 
3  INSTALLED INSTRUMENTATION FOR EARLY WARNING IN ASIA 
 
The NGI installed instruments for early warning of rainfall-induced landslides comprises of the following 
components: 
• A tipping bucket rain gauge 
• An instrument enclosure with solar panel comprising: 
• Omni Text – TDP4 GSM logging and alarm unit 
• Solar charge controller 
• Battery 
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Figures 3A-D show the various components of the installed rainfall warning system in Bangladesh. The 
whole system costs around USD 1500. The EWS instrument has the capacity to send alarm messages (via 
SMS) to up to 10 registered mobile users whose numbers have been programmed in the system. If the rainfall 
threshold values, (previously set up in the system) are exceeded, the early warnings are sent automatically. In 
addition, the users can also request status messages, change users and change all other programmable options 
such as threshold values. Details concerning the system are described in an NGI report (NGI, 2016). In 
Bangladesh, the fatalities due to landslides in Cox's Bazar, Chittagong and Teknaf area have been significantly 
reduced after the installation of automatic rain gauges at the sites (Ali and Khan 2014, The Daily Star 2015, 
Prothom Alo Bangladesh, 2015). Recently, Cepeda (2018) has carried out a preliminary assessment of rainfall 
thresholds in the Badulla district of Sri Lanka. According to the results, the following generalized threshold 
has been calibrated for this district: 
 

Rain24h =138.5 – 0.2357 A20d 

 
where: A20d is the antecedent and cumulative 20-day rainfall in mm; Rain24h is the triggering 24-hour 
rainfall, in mm. 

This threshold can be used as a component of an early-warning system as follows: 
1. Calculate 20-day precipitation before today using observations from a station. 
2. Estimate threshold value using the above equation for Rain24h threshold.  
3. Estimate forecast for the next 24 h, Rain24h and compare with R24h threshold. 
4. If R24h << R24h threshold, no warning is issued. 
5. If R24h < R24h threshold , issue of a warning level depending on how far the forecasted value is from 

the threshold value. 
6. If R24h >= R24h threshold , a warning level must be issued, but the acute level of the response 

depends on how far the forecast is from the threshold value. 
7. The number and position of the warning levels, both below and above the threshold can be set based 

on a back-analysis of historical landslides in the region.  
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1  INTRODUCTION 
 
Some of the most devastating rainfall-induced landslides have occurred as debris flow slides from engineered 
slopes; such failures are often rapid, and fluid-like and the debris can run-out over long distances with little 
warning (Bishop, 1973; Chen et al., 2004; Wang et al., 2014). Fill slopes are common across many of New 
Zealand’s cities, including Wellington (Fig 1a, b), and have been constructed at various scales, using different 
engineering practices through time. A number of debris flows originating in fill have occurred over the past 11 
years in the Wellington Region which indicates that some fills slopes may be susceptible to long-runout 
failures under certain conditions. During June 2013, a large fill-slope failure occurred in the Wellington City 
suburb of Kingston (Fig 1b). While it is still unclear exactly what caused the failure, the surface ponding of 
water and fluidized nature of the event indicate the landslide mass was highly saturated, strongly suggesting 
that increased pore-water pressure conditions were responsible for the failure. 

In many cases these debris flow-slides are believed to occur through liquefaction where a soil mass rapidly 
losses a large proportion of shear resistance due to the generation of high pore-water pressure (e.g. Bishop, 
1973; Wang and Sassa 2002). Slope liquefaction can be triggered by static factors (e.g. rainfall and snowmelt), 
dynamic factors (earthquake shaking) (Wang & Sassa, 2003) or through rapid sliding along a shear zone 
which causes grain crushing, contraction and a subsequent rapid rise in pore-water pressure (e.g. Okada et al., 
2000; Sassa et al., 1996). Other studies, however, indicate that a slide to flow failure mechanism may occur in 
certain circumstances as result of transient increase in pore-water pressure resulting from seepage flow 
restriction or soil layering (e.g. Take et al., 2004). In these conditions increasing pore pressure initiates creep 
(slow displacement) to rapid failure which can occur in both loosely compacted and dense fills.  

A combination of field monitoring and specialist laboratory testing has shown how landslide failure 
mechanisms can be examined by plotting in 1/v – t space (where v is velocity) (Petley et al., 2005a). These 

ABSTRACT 
 

Catastrophic debris flow slides from fill slopes and the hazards they pose are well documented in 
the international literature.  We use a novel, dynamic back-pressured shear box to conduct rapid 
shear and specialist pore-pressure inflation tests that replicate rainfall-induced failure conditions 
in fill slopes with different consolidation histories and particle-size characteristics. During each 
test, excess pore-water pressures and deformation characteristics were monitored to determine 
their failure mechanisms. We show that failure mechanisms in the fill slopes under study are 
strongly influenced by the consolidation history and particle-size characteristics of the shear-zone 
materials. In over-consolidated and fine-grained (< 0.4 mm) fills where cohesion is present, 
brittle failure was observed. In these materials, failures can develop rapidly but require much 
higher pore-water pressures to initiate. Conversely, normally consolidated fill slopes constructed 
from coarser material (0.4 - 2 mm) are prone to ductile failure which is typically less rapid but 
can initiate at much lower pore-water pressure. Although liquefaction was not observed, excess 
pore-water pressure can be generated during rapid shearing, indicating that liquefaction could 
occur after a landslide has initiated in conditions where excess pore-water pressure is unable to 
dissipate from the shear zone. The results provide new insight into the failure types that may be 
anticipated from different fill slopes, the hazards they may pose and potential mitigation measures 
that could be implemented. 
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studies have demonstrated brittle failure yields a negative linear trend to failure which generally results in 
rapid acceleration and catastrophic landsliding (e.g. Fukuzono, 1990). Conversely, ductile failures are 
characterized by an exponentially decreasing acceleration to a constant strain rate which when analyzed in 
1/v – t space produces a distinctive asymptotic trend (Petley et al., 2005b).  

In this study we undertook a series of rapid shear and specialist pore-pressure inflation tests using a 
Dynamic Back Pressured Shearbox (DBPSB) to determine how the particle-size characteristics, and 
consolidation history may impact the failure mechanisms of Wellington fill slopes during rainstorms.  

 

 
Figure 1: Wellington study site (b) Debris flow slide site in relation to Wellington historical landslides predominantly 

occurring natural slopes recorded by Wellington City Council (c) Block sampling site 
 
2  METHODS  
 
A suite of conventional and specialist geotechnical tests were undertaken to characterize in-situ fills with 
samples collected from the headscarp of the 2013 Priscilla Crescent landslide using a Dynamic Back Pressure 
shear box (Fig 2a). The DBPSB is an advanced direct-shear apparatus designed to allow measurement and 
control of pore pressure and the dynamic application of normal and shear stresses (Brain et al. 2015). We 
tested intact 100 x 100 x 20 mm remolded fill samples with varying particle size characteristics (Table 1).   

 

 
 

Figure 2: Specialist testing using the DBPSB (a) Schematic diagram of the DBPSB test (b) Applied stress conditions 
during pore-pressure inflation (PPI) testing (c) measured sample response during PPI testing 
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Each sample was flushed with carbon dioxide gas in the shearbox, then flooded with de-aired water to 
ensure 100% saturation. Samples were then consolidated to a normal effective stress of 150 kPa. We 
undertook a series of multistage drained shear tests at three normal stresses to define the failure envelope and 
undertook repeated reversals at each normal stress to measure progressive strength change. Three rapid 
displacement-rate controlled shear tests were then conducted on each soil type (RSPS1, RSPS2, RSPS3) to 
investigate their pore-water pressure response to shearing. Samples were then sheared over a pre-determined 
distance (7.5 mm) at a constant rate (1.5mm/min). A repeat shear reversal was then conducted on each sample 
over the same distance and at the same rate. 

To simulate representative field conditions, we performed a series of pore-pressure inflation (PPI) tests on 
both normally consolidated (NC) and over-consolidated (OC) samples (Table 1) Each sample was subject to 
an initial shear stress of c.70% of the undrained strength. Total normal and total shear stress were held 
constant whilst the normal effective stress was reduced by increasing pore pressure until the samples failed 
(Table 1, Fig 2 b, c). During each phase of pore pressure increase we monitored the shear strain by measuring 
the horizontal (shear) displacement of the shear box. 

 
Table 1: Summary of specialist pore-pressure inflation tests  

Sample 
Reference 

Particle 
size 

(mm) 

Max Normal 
stress applied 

(kPa) 

Constant  
Normal stress 

(kPa) 

Constant 
shear stress 

(kPa) 

Pore pressure 
reinflation rate         

(kPa / hr) 
PSI NC 0 - 0.4 150 150 42 5 
PS2 NC 0 - 0.2 150 150 63 5 
PS3 NC 0.4 - 0.2 150 150 70 5 
PS2 OC 0 - 0.2 600 150 63 5 

 
3  RESULTS & DISCUSSION 
 
During rapid shear all three samples contracted and generated excess pore-water pressure (Fig. 3a). Finer 
material (PS1 NC) generated the highest pore-water pressure at the fastest rate, and sustained it for the 
longest. The coarse material (PD3 NC) generated the lowest pore-water pressure response at the slowest rate, 
and drained the fastest (Fig. 3b). All three samples generated much higher water pressures during a second 
rapid shear stage and drained more rapidly (Fig 3b).  

Static liquefaction was not observed during any of the PPI experiments as each sample progressively 
deformed to failure with increasing water pressure (reducing mean effective stress). Once deformation began 
(0.001 mm / min), samples experienced varying pre-failure deformation behavior, before undergoing final 
acceleration to failure (0.01 mm/min) (Fig 3b). Pre-failure deformation was more pronounced in coarse, 
normally consolidated samples (PS2 NC, PS3 NC) which accelerated exponentially Fig 3c) and produced an 
asymptotic trend in 1/v-t space to failure (Fig3d).  Conversely, less pronounced pre-failure deformation was 
observed in fine (PS1 NC) and over-consolidated (PS2 OC) samples which accelerated hyperbolically (Fig 3c) 
and produced a negative linear trend in 1/v-t space to failure (Fig 3d).   

 

 
 

Figure 3: DBPSB results (a) Vertical displacement against time during rapid shear tests (b) Pore water pressure against 
time during rapid shear test (c) Displacement rate (V) against normalized time during PPI testing (d) 1/displacement rate 

(1/v) against time during PPI testing 
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The results indicate that a slide to flow failure mechanism occurred in each experiment although the failure 
mechanism varied with sample particle size and consolidation history.  Rapid, brittle failures may occur in the 
over-consolidated and fine-grained fills whilst slower ductile failures occurred in coarse and loosely 
compacted fills. The generation of excess water pressures during rapid shear tests suggests that liquefaction 
may occur at higher displacement rates if pore pressure remains high after failure initiation. 
 
4  CONCLUSIONS 
 
A suite of DBPSB experiments demonstrated how the stress history and material composition of fill slopes 
influenced shear-surface formation and subsequent landslide behavior. These results indicated that:  
 Non-cohesive and normally-consolidated material displayed ductile failure behavior and whilst more 

susceptible to rainfall-induced failure, displayed steady-state, less rapid failure behavior.  
 Fine-grained (cohesive), or over-consolidated materials exhibited a brittle style of deformation where 

strain localized and developed a discrete shear surface. While these materials were less susceptible to 
failure, they were prone to more rapid failure behavior when pore-water pressures were sufficiently 
elevated in the slope.  

 While liquefaction of the shear zone was not observed during pore-pressure reinflation, excess pore-
water pressure was generated during rapid shear indicating that liquefaction sliding could occur in 
certain conditions once a landslide had been triggered. Such post-failure liquefaction would require 
pore-water pressure to be sufficiently elevated and sustained within a shear zone that did not have 
adequate drainage. 

The new insights this study provided could improve the ability to identify slopes susceptible to debris flow 
slides and develop management practices to mitigate their future hazard. 
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1  INTRODUCTION 
 
Debris flows are very complex phenomena, characterized by velocities ranging from very rapid (higher than 3 
m/min) to extremely rapid (higher than 5 m/s), often involve significant entrainment of soil and occur 
periodically along gullies and first or second order drainage channels (Hungr et al., 2014). These phenomena 
can cause losses of human lives and significant socio-economic disasters. In weathered gneiss, debris flows 
present a failure surface generally located at the contact between residual soils and less weathered soil layers. 
Due to the heterogeneity of these soils and the difficulty of undisturbed sample taking, the geotechnical 
characterization is very complex, and as consequence experimental studies on naturally weathered rocks are 
limited (Gullà et al., 2006). On these weathered soils, a preliminary analysis of triggering and propagation 
phases could be carried out through a back-analysis of debris flows. The paper proposes a methodology for the 
back-analysis of real debris flows based on the combined use of two physically based models (TRIGRS, SPH). 
TRIGRS was used for the analysis of the triggering phase and allowed estimating the mobilized triggering 
volumes; SPH, using TRIGRS results, allowed the analysis of the propagation phase. The proposed 
methodology has been applied to a debris flow occurred in Calabria (southern Italy) and the obtained results 
show a good agreement with the real case in terms of both triggering phase and propagation zones. 
 
2  THE STUDY AREA AND THE PROPOSED METHODOLOGY 
 
The study area is located in the Favazzina hamlet (Reggio Calabria, Italy). About 60% of the study area is 
covered by residual, colluvial and detrital soils (gneiss of Class VI according to GCO 1988 and Gioffrè et al. 
2016) periodically involved by several debris flows. In particular, on May 2001 a debris flow, initiated by two 
translational landslides, hit the SNAM station of the methane pipeline, the state road SR 18 and the railway 
causing the derailment of the intercity train Turin - Reggio Calabria (Borrelli et al. 2012) (Figure 1). 

The methodology proposed for the back analysis of the 2001 debris flow needs a preliminary identification 
of landslide geometry and rainfall data. It can be divided into 3 stages; each one considers as input data the 
output of the previous one (Figure 2). In particular, the aim of the first stage is the creation of a database that 
consists of: rainfall, topographical and geomorphological data; mechanical and hydraulic properties of 
weathered gneiss, pore water pressure regime and rheological model of the soil-water mixture. 

Stage II is aimed to back-analyse the debris flow triggering zones by a physically based model TRIGRS 
that couples an infiltration model (Iverson, 2000; Baum et al., 2002) with an infinite slope stability model 
(Taylor, 1948). In this stage, several parametric analyses should be carried out varying TRIGRS input 
parameters in the range identified in the stage I. Triggering areas and mobilized initial volumes are the results 

ABSTRACT 
 
The paper presents a methodology for the analysis of debris flows through the combined use of two 
physically based models (TRIGRS, SPH) for the study of triggering and propagation phases, 
respectively. In particular, TRIGRS, used to analyse the triggering phase, allowed the identification 
of triggering areas and the estimation of mobilized volumes. These volumes were used as input data 
of the SPH model for the back analysis of the propagation phase in terms of both main pathway and 
depositional area. The implementation of both models required the use of geotechnical data 
obtained from in situ surveys and laboratory tests. The methodology, applied to a landslide event 
occurred in the province of Reggio Calabria, showed that the results obtained combining these 
models are coherent with the back-analysis of the real event, in terms of both triggering areas and 
propagation zones. 
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of stage II. These results are the input data of stage III that uses the SPH model (Pastor et al., 2009) for 
analysing the propagation phase and the depositional area. The input data for SPH analyses are: triggering 
volumes identified in the stage II, rheological parameters and the Digital Elevation Model (DEM) of the study 
area. 
 

 
Figure 1: 2001 Debris flow 

 
 
 

 
Figure 2: Flow chart of the proposed methodology 

 
The back analysis is verified using three dimensionless indices (Ix) defined for triggering and propagation 

phases and for debris fan, as follows: 

               (1) 

              (2) 

               (3) 

where ATL are the landslide source areas according to the landslide inventory (observed source areas), AUTL are 
the areas computed as unstable located within the ATL, ATR is the run-out area according to the landslide 
inventory, ASR is the numerically computed run-out area located within the ATR, ATDF is the debris fan mapped 
in the landslide inventory and ASDF is the numerically computed debris fan located within the ATDF. 
 
3  ANALYSES AND RESULTS 
 
3.1 Stage I 
The 2001 debris flow had a slip surface located at 1.5 m of depth and occurred on gneiss of Class VI. 
According to USCS, these soils were classified as silty sand (SM) and inorganic silt of medium 
compressibility with sand (ML). The main physical properties of the studied soils are showed in Table 1. 
 

Table 1: Physical properties of soils of Class VI 
γ (kN/m3) γsat (kN/m3) γd (kN/m3) e n S (%) 

15-20 19-22 12.5-16 0.65-1.15 0.40-0.55 43-99 
 

Direct shear test results showed a cohesion value (c') of 0 kPa and shear strength angle values (φ') ranging 
from 38° to 44° (Antronico et al. 2006). Several authors (Schilirò et al. 2015) investigated soils similar for 
genesis and stress history to those of Favazzina that showed values of c' ranging from 0 kPa to 5 kPa and φ' 
between 30° and 40°. 

Referring to hydraulic properties, specific data for the study area were not available from scientific 
literature. To this purpose, the values of saturated conductivity (Ksat) ranging from 1.27E-06 m/s to 6.60E-05 
m/s and saturated volumetric water content θs ranging from 0.38 to 0.4, obtained by Cascini et al. (2006) and 
Schilirò et al. (2015) for gneiss similar for genesis and stress history with those studied, have been used. 
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Viscometer laboratory tests, performed by Moraci et al. (2017) on soil-water mixtures using the soil 
sampled in the studied area, allowed to identify the Bingham rheological parameters, τ0 (yield stress) and μb 
(Bingham viscosity), for different values of solid concentration by volume Cv. 

Referring to rainfall data, the only available information can be gathered by the Scilla rain gauge that 
recorded a peak value of 20 mm of rainfall on 12 May 2001. 

 
3.2 Stage II 
The input data of TRIGRS, identified in stage I, were: rainfall data, digital elevation model (DEM), soil cover 
thickness, hydraulic and mechanical properties of soils (Table 2). 
 

Table 2: TRIGRS input data 
γ (kN/m3) c' (kPa) ϕ' (°) Thickness (m) Ksat (m/s) D0 (m2/s) θsat 

20 0 - 5 30 - 40 1.5 1.75e-05 7.92e-05 0.4 
 

Regarding pore water pressure regime, due to the lack of data, the water table was assumed at the ground 
surface in the upper part of the slope and at the contact between class VI and less weathered gneiss in the 
remaining part of the study area. 

Several analyses have been performed and the best fitting between the source areas triggered in 2001 and 
the numerical analyses (Itrig = 90.3%) was achieved considering an average value of cohesion (cꞌ=2.5 kPa) and 
the minimum value of shear strength angle (φꞌ=30°) (Figure 3a). The computed triggering volumes of the 
translational landslide source areas are 900 m3 and 1125 m3. 
 
3.3 Stage III 
In stage III, the SPH model used the following input data: triggering volumes identified in stage II, DEM, 
rheological parameters and erosion rate, considering the “growth rate” Es (Hungr 1995) (Table 3). 
 

Table 3: SPH input data 
Cv (%) τ0 (Pa) μb (Pa.s) Es (m-1) 
55 - 60 357 - 690 87 - 198 0.001 – 0.002 

 
Stage III consisted of an iterative analysis of rheological parameters and erosion coefficient. Particularly, 

previous studies (Gioffrè et al. 2016) demonstrated that the Bingham model provided the best propagation 
analysis of the debris flow occurred in 2001. Once the model was selected, viscometer laboratory tests have 
been performed to derive the Bingham model parameters (τ0 and μb) as a function of the solid concentration by 
volume (Cv) in the range reported in table 3 according to the classification proposed by Pierson and Costa 
(1987). Es has been considered to vary in a range from 0.001 m-1 to 0.002 m-1. The numerical simulations have 
been compared with the main pathway and depositional area of the debris flow occurred in 2001. Particularly, 
considering the area above the AA’ section, the simulation well fits the real phenomenon (Iprop=100%), 
whereas considering the area below the AA’ section the value of Idep is equal to about 60%. The last result 
could be due to the fact that the DEM does not consider the presence of obstacles located in the area which 
certainly helped to divert the debris fan.  

These results have been obtained considering Cv=55% and Es=0.00135 m-1 (Figure 3b). 
 

 
Figure 3: Comparison between the 2001 debris flow and numerical results. a) TRIGRS analysis, b) SPH simulation 
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4  CONCLUSIONS 
 
The paper deals with a methodology for the back-analysis of debris flow through a combined use of two 
physically based models. The first stage, database creation, is aimed to identify the input data to be used for 
the implementation of numerical models in stage II and III. Particularly, stage II analysed the triggering phase 
by TRIGRS, and its validation was performed through Itrig. The highest value of Itrig (90.3%) was obtained 
considering a cohesion value of 2.5 kPa and shear strength angle equal to 30°. In addition, TRIGRS provided 
two triggering volumes that were used as input data in stage III, in which the propagation phase was analysed 
using the SPH model. In this case the validation was carried out by means Iprop and Idep, and the highest value 
of Iprop (100%) and Idep (about 60%) were obtained considering Cv = 55% and Es = 0.00135 m-1. The obtained 
results show a good performance of the proposed methodology in the analysis of both the triggering zones and 
the debris flow main pathway. Referring to debris fan, Idep equal to 60% is due to the lack in the topographical 
model of natural and manmade obstacles in the depositional area. For this reason, further analyses will be 
performed using a digital surface model (DSM) with 1m x 1m resolution. The provided results are considered 
preliminary because using the data actually available. More advanced results could be achieved through a 
better geotechnical characterization of weathered rocks of class VI involved in debris flows. 
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1  INTRODUCTION AND BACKGROUND 
 
The Wenchuan Mw 7.9 Earthquake is by far the largest event in the last 100 years in China in terms of the 
number and volume of landslides (Fan et al. 2018a). From shallow soil slides to extremely large rock avalanches, 
the earthquake triggered over 200,000 landslides (Xu et al. 2014). These landslides events illustrate the need to 
better understand the seismic response of soil slopes, which serve as a key point for the mitigation of earthquake-
induced hazards. Previous research indicates that the granular material will possess fluid-like behavior when 
sufficient vibrational energy is provided to it (Denies et al. 2014; Taslagyan et al. 2016, Zhang et al. 2018a). An 
important characteristic of the granular soil material is that the interactions between grains are dissipative 
because of kinetic friction and inelastic particle collisions (Jaeger et al. 1996; Zhang et al. 2016). Clearly, the 
mechanism of vibrational fluidization of granular material is an important feature that needs to be visualized 
and characterized in order to understand the initiation of earthquake-induced landslides. 

Taslagyan et al. (2016) used experimental approach to evaluate the relationship between shear stress and 
vertical displacement during vibration when the granular material was shearing under the residual stage that 
both shear strength and vertical displacement dropped to a certain value when vibration was applied. However, 
the characteristics of the strain localization with respect to fluidization in the experimental test were difficult to 
identify. The numerical approach can be used to reveal the behavior of fluidization and the correlative by 
observing the micromechanical motion of individual particles during vibration based on measuring the variation 
of volumetric strain. In the current study, only dry granular material is considered. As referring to Richards et 
al. (1990), plasticization would take place when a horizontal acceleration was larger than a specified value such 
that the granular soil material would possess fluid-like behavior within a bounded range of directions. Here, the 
dynamic direct shear tests are conducted which the granular material is shearing under a cyclic vibration in one 

Vibrational fluidization of granular material: an experimental and 
numerical approach 

Yifei Cui 
Department of Civil and Environmental Engineering, Hong Kong University of Science and Technology, 

Clear Water Bay, Kowloon, Hong Kong  

Zhihua Zhang 

School of Transportation, Wuhan University of Technology, Wuhan, Hubei, China, 430063 

Dave Chan 
Department of Civil and Environmental Engineering,University of Alberta, Edmonton, AB T6G 2W2, Canada 

ABSTRACT 
 

The 2008 Mw 7.9 Wenchuan Earthquake in Sichuan, China triggered nearly 200,000 landslides 
originally. These landslides events illustrate the need to better understand the seismic response of 
soil slopes, which serve as a key point for the mitigation of earthquake-induced hazards. 
Fluidization of soil particle is observed when sufficient energy is applied during vibration. This 
behavior is important because it is closely related to the initial failure of the slope with loosely 
deposited granular soil during an earthquake. However,  the behavior of fluidization of granular 
material cannot be easily characterized using traditional direct shear test. In this paper, a numerical 
dynamic direct shear model is proposed based on the discrete element method. Vibration is applied 
when the material is shearing at the residual state. Comparison has been made of the peak, residual 
and vibro-residual shear strength between laboratory test and numerical simulations. During 
vibration, fluidization occurs with the characteristics that the shear stress, volumetric strain, and 
the vertical displacement drop to certain values. Strain localization is located near the shear zone 
and has been relieved during vibration. Densification of the material at the shear zone increases the 
shearing resistance of the material after vibration. 
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dimension. Therefore a more specific circumstance, i.e., “shear vibrational fluidization” of dry granular material 
is defined. The acceleration for glass beads to initial fluidization is determined as 0.23 g (Zhang et al. 2018a). 

The discrete element method (DEM) was first proposed by Cundall and Strack (1979) and has been a 
considerable application in solving many geotechnical engineering problems. (Cui et al. 2017; Zhang et al. 
2018b). In this paper, the numerical direct shear tests are conducted by using the DEM with the granular material 
of glass beads which are the same as that in the experimental tests. The aim is to improve the understanding of 
the behavior of fluidization of dry granular materials when vibration is applied. The behaviors of the strain 
localization and fluidization determined by the volumetric strain distributions in the sample during the vibration 
process are then discussed. 
 
2  LABORATORY AND NUMERICAL MODEL  

 
The experimental apparatus was modified from a traditional direct shear test machine (Fig. 1a). An 
electromagnets actuator was installed between the proving ring and the shear box to generate the horizontal 
vibration with a frequency of 60Hz (Taslagyan et al. 2016). Glass beads with diameters of 0.55 mm and density 
of 2550 kg/m3 were tested on the modified direct shear apparatus under the normal stress of 23 kPa to present 
overburden pressure of 1m-depth of soil in field condition, together with a shear rate of 0.61 mm/min. The 
testing procedures followed ASTM D3080/D3080M (ASTM 2011). Vibration was applied after the material 
reached the residual state.  

The DEM 3D model is proposed to be geometrically same as the experimental apparatus which contains the 
same width and height. However, due to the 0.55-mm diameters of granular elements used in the model, the 
thickness of the model cannot be the same as in the experimental model, which would dramatically decrease the 
calculation efficiency (Fan et al. 2018b). Therefore, considering to simulate the 3D effect, the thickness of the 
model was determined to be 4 mm (Fig. 1b) which contained 14 particles along the thickness direction. Two 
more additional rigid walls were generated which were attached to the edge of the upper and lower box that 
during the shearing process, the particles can stay in the shear box.  

Particles were then generated in the shear box with the gravitational deposition method. The granular 
elements were allowed to free fall in the storage container, and the ratio of average unbalanced force to the 
average contact forces was measured until it was converted less than 1% difference. And a constant normal 
stress was then performed by control the top wall element to compact the particles using a servomechanism. 
The lower box was then shearing to the right with a constant velocity of 0.61 mm/min. When the horizontal 
strain reached a certain value, the upper box would be vibrate with the same acceleration and amplitude as those 
in the experimental test.  Shear stress and vertical displacement were measured during the shear process. 

 

 
Fig. 1: (a) The vibrational direct shear apparatus, from Taslagyan et al. (2015) (b) DEM 3D numerical model setup 

 
The DEM micro properties is first calibrated against the macro-parameters following the procedure provided 

by Potyondy and Cundall (2004). The Young’s modulus calibration is focused on the initial slope of the shear 
stress-horizontal strain curve. The particle friction coefficient calibration is focused on the peak and residual 
shear strength (Cui et al. 2018). The damping coefficient is calibrated using a falling test (Zhou and Sun, 2013). 

 
3  NUMERICAL RESULTS AND DISCUSSION 

 
Comparison has been made between the numerical and experimental results of the shear stress and vertical 
displacement versus horizontal strain, as shown in Fig. 2. The numerical and experimental results have the same 
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peak shear strength and residual strength (Fig. 2a). When vibration is applied, the shear stress drops down in 
both numerical and experimental tests. Meanwhile, the residual strength recovers to a value higher than the 
residual strength before vibration. This is probably attributed to granular materials can be densified during the 
vibration. However, the residual strength of DEM simulation after vibration is still less compared with the 
experimental result due to the finite thickness (4 mm) of the present model which restrain the particle 
arrangement in the third direction. As shown in Fig. 2(b), the vertical displacements increase as the horizontal 
strain increase in both numerical and experimental tests. When vibration starts, the vertical displacements of the 
numerical and experimental results drop down which means the sample is shearing in a contractive state. 
However, the vertical displacement in the numerical result is still higher than those of experimental result even 
though the general trends of them are consistent, which may also due to the finite thickness of the 3D model. 

 

  
Fig. 2: Comparison of (a) shear strength, and (b) vertical displacement versus horizontal strain 

between DEM and laboratory results 

 
Fig. 3: (a) Distribution of the determined three zones based on the volumetric strain before vibration, (b) Variation of 

volumetric strain in three different zones versus horizontal strain during the entire shearing process 
 

The contraction or dilation behavior of the material can be determined based on the variation of the 
volumetric strain. Three distinct zones are first defined before vibration based on the calculated volumetric 
strains in the sample, shown in Fig. 3(a). Before vibration, as shown in Fig. 3 (b), zone B is shearing before 
critical state as the volumetric strain increasing which shows shear dilation. And zone C is shearing at the critical 
state since there is no change in volume due to shearing, the granular elements in zone A located far away from 
the shear band undergo very little shearing during vibration, the volumetric strain decrease both in the three 
zones indicating the material is being densified in the whole model due to the particle repacking and 
arrangement. After vibration, the volumetric strain in zone B and C increase because shear vibrational 
fluidization has densified the material. And the volumetric strain in zone A change little since the material has 
not sheared significantly.  

Therefore, strain localization is found in zone C before vibration and it is somewhat relieved during vibration. 
After vibration, material in zone C returns to the critical state due to additional shearing and geometric 
constraints. 

 
4  CONCLUSIONS 

 
In the current study, the dynamic direct shear test was conducted using a discrete element model based on the 
modified apparatus used in the experimental tests. Comparison has been made of the peak, residual and vibro-
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residual shear strength between the numerical and experimental results. Measurement spheres are used in the 
model to identify the location of strain localization and fluidization zone based on the measured volumetric 
strain during the entire shearing process, which gives a better understanding of the seismic response of soil 
slopes and the subsequent initiation of slope failure. Based on the numerical simulation results, the following 
conclusions can be drawn: 

(1) The peak, residual, vibro-residual shear strength, and the vertical displacement of the numerical results 
are almost consistent with those in the experimental approach.  Three distinct zones, zones A, B, and C are 
identified based on the observed changes in volumetric strain before vibration. The granular elements in zone 
A undergo very little shearing during the entire shearing process. The material in zones B is shearing before 
critical state that the strain localization is not found. Materials in zone C is shearing at the critical state, and the 
strain localization before vibration only occurs in zone C. 

(2) During vibration, several characteristics of the shear stress, volumetric strain, and vertical displacement 
are the behaviors of the material fluidization. During vibration, materials in the shear box are being densified 
with the decrease of the volumetric strain which leads to increase the shear resistance after vibration. 
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1  INTRODUCTION 

 
Recently, due to climate change, localized heavy rainfall frequently occurs and rainfall patterns are changing. 
Especially, landslides occur in urban areas, resulting in loss of lives and property (Kim et al. 2012; Jeong et al. 
2015). The occurrence of  rainfall-induced landslides is increasing internationally (Borga et al. 2002; Lee et al. 
2009; Liao et al. 2011; Kim et al. 2012), and the scale of landslides is also increasing (Song et al. 2013; Kim 
et al. 2017). In general, steep slope landslide monitoring is planned to perform precise measurement by 
installing inclinometers, water level meter, and surface extensometers on representative slope section. 
However, in the case of landslide measurement, mountainous area other than artificial slopes have been 
classified as ungauged areas since the target area is usually wide and equipment entry, installation and 
maintenance are difficult. In order to overcome these disadvantages, several studies on the landslide 
monitoring based on wireless sensor network (WSN) technology are being conducted (Ramesh 2014; Zhang et 
al. 2017). WSN-based measurement systems can monitor regional areas by relatively low cost, but it is 
pointed out that long-term monitoring cannot be performed due to power problems. Recently, research on the 
development of sensor and routing protocol technology with low power consumption and long lifetime has 
been conducted (Nasseri et al. 2017). In this study, the applicability of the latest WSN technology to landslide 
monitoring and the design and application method through test-bed based test measurement were proposed. 

 
2  WIRELESS SENSOR NETWORK SYSTEM 
 
WSN is a network that analyzes various data related to the physical state measured by sensors and wirelessly 
transmits them. WSN generally includes sensor node, gateway of base station and client as shown in Figure 1 
(Jeong et al. 2018). 
 
2.1  Sensor node  
 
The wireless sensor node transforms the analog data collected from the sensor into digital data with 
engineering meaning and transmit the data to the gateway. In this study, a wireless sensor network chipset 
conforming to IEEE 802.15.4e standard is applied. The sensor node consists of a microcontroller that receives 
analog signals, a wireless transceiver, a power supply, and a power management module. The sensor node can 
form a network through the self-organizing function with any node located close inside of the monitoring area. 

ABSTRACT 
 

In this study, the applicability and practicality of landslide monitoring using wireless sensor 
network (WSN) were analyzed. A WSN system consists of a sensor node that uses the IEEE 
802.14e standard to collect and transmit data, and a gateway that collects data and sends data to 
the monitoring server. The sensor network topology adopted a highly flexible and reliable mesh 
type, and three test beds were built at each location in the Seoul area. Soil moisture sensors, 
tension meters, inclinometers, and rain gauges were installed on each test bed and sensor node to 
monitor the landslide. Sensitivity assessments for landslide, forest density and topography 
analysis were performed for the deployment of sensor nodes. As a result, measurements of 
volumetric water content, and matric suction were similar to soil water characteristic curves 
estimated from laboratory tests. As such, WSN monitoring system can be applicable to landslide 
monitoring. 
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Figure 1: WSN architecture for landslide monitoring (Jeong et al. 2018) 
 

2.2  Gateway  
 
The gateway that collects the measurement data of the sensor node and transmits the processed data to the 
final server uses the wireless communication module for data transmission. In general, LTE, Bluetooth and 
Zigbee are the wireless communication modules installed in the sensor. In this study, LTE module was 
applied. For LTE security, when the IP of the gateway is changed, it is communicated with the data server. 
For LTE security, when the IP of the gateway is changed, it is communicated with the data server. Finally, it is 
possible to control the data collection of each sensor node by connecting to the gateway. 
 
3  LANDSLIDE MONITORING 
 
3.1  Test-beds 
 
Three sites in the Seoul area were planned as test beds for monitoring urban landslides as shown in Figure 2. 
TB-1, TB-2, and TB-3 were finally selected for three representative watersheds with high possibility of 
landslides in consideration of past landslide and landslide occurrence history. 
 
3.2  Landslide monitoring in the test-beds 
 
The rainfall-induced landslide is known to be related to the temporal groundwater called wetting front due to 
rainfall infiltration near the ground surface, the groundwater level in the area where the groundwater is 
concentrated, and the occurrence of landslide due to rainfall infiltration is closely related to the antecedent 
rainfall, cumulative rainfall and time rainfall (Jeong et al. 2014; Kim et al. 2017; Hong et al. 2018). Therefore, 
in order to predict the rainfall-induced landslide, it is important to know the change of matric suction and 
water content of soil due to rainfall infiltration along with cumulative rainfall. In addition, it is important to 
measure the surface displacements in order to directly identify landslides. In this study, rainfall gauges, 
tensiometers (matric suction measurements), soil moisture sensors, and inclinometers (displacement 
measurements) were selected as instruments. One base station was installed in each test bed, and ten sensor 
nodes were connected to the base station. For each sensor node, one inclinometer, one tensiometer, and two 
soil moisture sensors were installed. One rainfall gauge was installed on each test site. Figure 3 shows the 
outline of the installation of each sensor node. 
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Figure 2: Map of three test-beds in Seoul, South Korea 
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Figure 3: Outline of the installation of sensor node 
 
3.3 Monitoring results 
 
Measurements were carried out from the beginning of the dry season to the wet season, and it was confirmed 
that the water content increased suddenly as rainfall penetrated into the ground as shown in Figure 4. Figure 5 
shows the maximum and minimum matric suction of each test-beds measured during the dry season and the 
wet season. In rainy season, the matric suction was measured to be about 0.2 ~ 7 kPa, which was in the range 
of values measured in unsaturated or saturated soil. The maximum matric suction was measured at the dry 
period of 45 ~ 50 kPa, which is the general range of the silty sand layer as the upper soil layer of the test-beds 
of this study. In TB-1, however, the matric suction was about 20 kPa during dry season, which was analyzed 
by the effect of perched water on the TB-1 developed rainwater permeable layer. In fact, boring and 
excavation conducted at TB-1 revealed groundwater levels of around 2 m. Also, as shown in Figure 6, in-situ 
soil water characteristic curve (SWCC) was estimated by measuring the matric suction and the water content 
which are temporally and spatially identical, and then the SWCC of the site was compared with the SWCC of 
soil estimated from the laboratory test. The monitoring result in the field has a good agreement with the 
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laboratory test result. However, the volumetric water content is slightly lower than that of the laboratory test 
result when the matric suction is more than 10 kPa. That’s because the result of the field measurement can be 
distinguished as the wetting path and the laboratory test were measured in the drying path. 

 

 
Figure 4: Field measured volumetric water contents of soil 
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Figure 5: Distributions of field measured volumetric water content and matric suction 
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Figure 6: Soil water characteristic curve obtained by WSN and the laboratory test 

 
4  CONCLUSIONS 
 
In this study, test-beds based study was conducted to confirm the applicability of WSN to landslides 
monitoring. WSN system was constructed to detect landslide characteristics, and data were collected from the 
soil moisture sensors and tensiometers installed at each sensor node, and the responses of the ground by 
rainfall were analyzed. The results of the study are summarized as follows: 

(1) The WSN measurement system for landslide monitoring uses a self-configuring mesh topology and a 
time synchronization mesh protocol of the dust network so that each sensor node can operate at low power in 
consideration of communication environment. As a result, an efficient and flexible deployment and a good 
network connection were satisfied. 

(2) The analysis of the measured data at three test beds TB-1, TB-2 and TB-3 showed that the response of 
the ground due to rainfall was similar to that measured at laboratory tests. In addition, the volumetric water 
content increased from 0 ~ 0.15 to 0.2 ~ 0.45 as the rainfall changed from the dry season to the wet season. 
The measurement results showed that the matric suction decreased from 0.2 to 7 kPa at 30 ~ 50 kPa. 

(3) In this study, we obtained relatively good quality data from the WSN system and confirmed that it is 
possible to apply the WSN for landslide monitoring in the field. 
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1  INTRODUCTION  

 
1.1  Overview 
 
The 2010 Mount Meager landslide is one of the largest cases worldwide since 1945 and many researchers have 
studied it from different aspects (e.g. Guthrie et al., 2012; Manfredi, 2012; Allstadt, 2013; Moretti et al., 2015; 
McDougall, 2016). As an extremely rapid, flow-like rock slide-debris flow, the behavior of the Mount Meager 
landslide is remarkably complex. The trial-and-error back analysis using numerical models is an important tool 
in learning the flow mechanisms. 

The main objective of this study is to compare and contrast the simulation performance of these two models, 
and to gain insight into the landslide runout mechanism. Meanwhile, as LaharFlow was developed for studying 
lahars and has not been used in modelling rapid, high concentration flows, the back-analysis work with 
LaharFlow will help suggest model parameter ranges for future similar events. The author hypothesizes that 
both models are capable of simulating the bulk landslide behavior, even though they have different formulation 
and input parameter types. 

 
1.2  DAN3D and LaharFlow model 

 
DAN-3D a 3D extension of the 2D model DAN-W (Hungr, 1995). In both DAN-W and DAN-3D, the complex 
and heterogeneous landslide material is regarded as a hypothetical “equivalent fluid”, governed by a simple 
rheology (McDougall & Hungr, 2004). The whole slide mass is discretized into a collection of bell-shaped 
“smooth particles”. The governing equations considering mass and momentum balance are applied to the 
reference centre for each particle. The Voellmy rheological model is applied to describe the basal resistance in 
this study. The basal shear stress is composed of a frictional term and a turbulence term: 
 

ABSTRACT 
 

A volcanogenic rock slide-debris flow occurred on 6 August 2010 at Mount Meager in 
British Columbia, Canada. The back-analysis method is applied to study this landslide case 
with two different continuum dynamic models, DAN-3D and LaharFlow, between which 
LaharFlow is used to simulate a rapid and dense flow for the first time. The performance 
of the two models is compared and contrasted in detail, and the indicated information about 
the landslide process is discussed. By comparing the test results with a measured trimline, 
the flow velocity and timing observations, the best-fit result given by DAN-3D Voellmy 
rheological model includes a friction coefficient of 0.05 and a turbulence coefficient of 500 
m/s2. LaharFlow gives the best-fit rheological parameter combination with a Chézy 
coefficient of 0.02, a granular friction minimum slope of 0.1 and a granular friction 
maximum slope of 0.5. The DAN-3D model is more transformable to different types of 
landslides. In LaharFlow, the rheological model designed to fit the characteristics of lahars 
limits its performance in modelling dense flows, but LaharFlow has more flexible settings 
for source input and to simulate erosions. Pre-existing sediments along the path may be 
entrained by the landslide and lower the basal resistance.  

 

 

 

 

 

 

 

Back analysis of the 2010 Mount Meager landslide using 
DAN-3D and LaharFlow model 

Y. Jin 
University of Bristol, Bristol 
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τ = σ𝑓𝑓 + 𝜌𝜌𝜌𝜌𝑣𝑣2/𝜉𝜉 (1) 
 

where 𝜏𝜏 is the basal shear stress, 𝜎𝜎 is the basal normal stress, 𝑓𝑓 is a friction coefficient to be calibrated, 𝜌𝜌 is 
the bulk density, 𝜌𝜌 is the gravitational acceleration, 𝑣𝑣 is the depth-averaged velocity, and 𝜉𝜉 is a turbulence 
coefficient to be calibrated. 

The LaharFlow dynamic model is based on three conservation principles which are the conservation of mass, 
momentum and transported solid material (Woodhouse et al., 2017). During simulation, the flow material is 
regarded as a continuous fluid and the flow domain is divided into a number of cells according to the domain 
resolution. The shallow-layer model differential equations based on conservation laws are solved for each cell 
to get information of flow height, flow velocity and deposition depth. In LaharFlow model, Chézy drag and 
Coulomb drag are parameterized into a generalized Voellmy rheology model: 
 
ℱ = 𝐶𝐶𝑑𝑑|�̅�𝐮|2(1 − 𝑓𝑓(𝑐𝑐)) + 𝜇𝜇𝜌𝜌ℎ𝑓𝑓(𝑐𝑐) (2) 
 
where 𝑓𝑓(𝑐𝑐)  is a switching function with c as the function switch solid concentration, 𝐶𝐶𝑑𝑑  is the Chézy 
coefficient, �̅�𝐮 is the depth-averaged flow velocity, 𝜇𝜇 is a function of the Pouliquen minimum and maximum 
friction angles (tan𝜃𝜃1 and tan𝜃𝜃2) (Pouliquen, 1999), g is the gravitational acceleration and h is the flow height. 
 
2  MAIN TEXT 
 
Three input gird files (a pre-event sliding surface topography file, a source topography file and an erosion map 
file) required for DAN-3D modelling are provided by Richard Guthrie of Stantec engineering. The input initial 
failure volume is set to be 61050800 m3. By referencing previous studies (Table 1), the Voellmy rheology 
(equation 1) is chosen as the material type and the input friction coefficient is set to range from 0.01 to 0.09, 
with an incremental step of 0.02. While the range of turbulence coefficient is from 200 to 700 m/s2, with a 100 
m/s2 increment. Keeping other input parameters as constants, the results of the 5 × 6 trail runs are to be 
compared with the real observations for the best parameter combination to be identified. 
 

Table 1: Back-analysed ranges of values for Voellmy rheology parameters in the 2010 Mount Meager landslide 
simulation with DAN-3D and the best-fit values obtained in previous studies (Manfredi, 2012; McDougall, 2016) 

 Tested range Best-fit values 

 
Friction coefficient 

f (-) 
Turbulence coefficient 

ξ (m/s2) 
f (-) ξ (m/s2) 

Manfredi (2012) 0.010-0.11 500-1500 0.025 - 
McDougall (2016) 0.025-0.10 250-1000 0.05 500 

 
In LaharFlow modelling, the failed source material is input manually as an extra block of mass with the same 

volume as the source in DAN-3D and a solid concentration of 0.67. Three rheology parameters are calibrated, 
their names and test values are shown in Table 2.  

 
Table 2: The input parameter matrix for LaharFlow modelling 

(𝐶𝐶𝑑𝑑- Chézy coefficient; tan𝜃𝜃1- granular friction minimum slope; tan𝜃𝜃2- granular friction maximum slope) 
test ID run01 run02 run03 run04 run05 run06 run07 run08 

𝐶𝐶𝑑𝑑 0.04 0.04 0.02 0.02 0.04 0.04 0.02 0.02 
tan𝜃𝜃1 0.1 0.1 0.1 0.1 0.2 0.2 0.2 0.2 
tan𝜃𝜃2 0.25 0.5 0.25 0.5 0.25 0.5 0.25 0.5 

 
To assess and compared the modelling results of DAN-3D and LaharFlow, the maps of maximum landslide 

flow height, maximum velocity and flow depth are plotted against a contoured map. A same trimline layer 
digitized from satellite images is also added on top of the plots for runout extent calibration.    

In DAN-3D simulation, the debris flow runout distance decreases with an increase in friction coefficient, 
while the flow velocity is dropped by a higher friction coefficient or raised by a higher turbulence coefficient. 
In LaharFlow modelling, A decrease in 𝐶𝐶𝑑𝑑 increases the velocity while a greater value of either tan𝜃𝜃1or tan𝜃𝜃2 
makes the velocity lower and also shrinks the runout extent. The Coulomb drag described by the friction angles 
is playing a dominant role in the basal resistance. Table 3 has summarized the best-fit parameter combinations 
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for the two models after the visual calibration process. 
 

Table 3: Back-analysed best-fit parameter values for the 2010 Mount Meager landslide, 
in DAN-3D and LaharFlow modelling 

Model Rheology f (-) ξ (m/s2) 𝐶𝐶𝑑𝑑 tan𝜃𝜃1 tan𝜃𝜃2 
DAN-3D Voellmy 0.05 500 - - - 

LaharFlow 
generalized 

Voellmy 
- - 0.02 0.1 0.5 

 
The DAN-3D result shows a model uncertainty that source material “jumps” upslope and flow over the ridge, 

but this phenomenon is avoided in LaharFlow by adjusting the shape of input source. Certain errors involve in 
the landslide trimline traced from satellite images which could only be fixed by field survey. Assuming the 
trimline to be correct, the modelling results show that both DAN-3D and LaharFlow simulate the landslide event 
reasonably well, and the simulated scenarios (Figure 1 and Figure 2) have very similar timings. LaharFlow gives 
higher simulated velocities along the path before bifurcation and this is closer to the observations (Guthrie et 
al., 2012; Allstadt, 2013; Moretti et al., 2015). The velocity drop in DAN-3D may indicate an unmodeled 
basal resistance mechanism, probably due to the role of pre-existing sediments. Therefore, the erosion along the 
path is worth exploring in further study, and LaharFlow has its advantage in doing this task more easily. The 
deposition range from LaharFlow is a bit far from realistic, which may be limited by its intrinsic rheology model. 
In this study, the test runs are too few for LaharFlow modelling so the parameter ranges for rock slide-debris 
flow type of failure cannot be suggested. 

 

 
Figure 1: The landslide scenarios simulated using DAN-3D with the best-fit 

Voellmy rheological parameters (f = 0.05 and ξ = 500 m/s2) 
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Figure 2: The landslide scenarios simulated using LaharFlow with the best-fit parameters 
(𝐶𝐶𝑑𝑑= 0.02, tan𝜃𝜃1= 0.1 and tan𝜃𝜃2= 0.5) 

 
3  CONCLUSIONS 
 
Both DAN-3D and LaharFlow models have simulated the 2010 Mount Meager landslide behaviour reasonably 
well, in terms of deposition range, velocity distribution and flow timing. The inconsistence between simulation 
results and observations may indicate the entrainment of saturated grains along the path. DAN-3D is a more 
flexible model upon various types of landslides. The settings for input source and the erosions are easier to 
manipulate in LaharFlow, but the model embedded rheology model limiting its performance in rapid dense flow 
simulations and the roles of many of its parameters are still waiting to be explored. 
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1  INTRODUCTION 

In Korea, due to the industrial structure centered on heavy industry, mineral resources are very important. 
However, most of them are imported from abroad because of lack of mineral resources and low self-
sufficiency rate. In particular, metals such as iron ore, copper, and zinc, which depend on imports for most of 
the demand, are sensitive to price fluctuations in the international resource market. One of the ways to reduce 
the economic instability can be resource development cooperation with North Korea. North Korea is known to 
have relatively rich mineral resources compared to South Korea. In addition, North Korea is very close to 
South Korea in comparison with other countries, so it has advantages in terms of transportation of mineral 
resources. Mining development cooperation can also contribute to revitalizing North Korea's economy. 

Of the various kinds of minerals, zinc (Zn) is expected to have a great effect on the cooperation of mineral 
resource development. Zn is one of the most important metals in Korea, and is known to be buried in North 
Korea in a large scale. In particular, the Gumdeok mine, which is one the largest Zn mine in North Korea, has 
great potential. However, the Gumdeok mine has been flooded by heavy rainfalls and typhoons in 2007 and 
2012, and nearby facilities have been damaged by landslides. Therefore, measures should be taken against 
floods and landslides. 

The purpose of this study is to evaluate the risk of landslides around the Gumdeok mine for mine 
development cooperation in the future and to find the place where landslide can occur. The risk of landslides 
was assessed through spatial analysis using satellite images and geographic information system (GIS) data. 
First, through the high-resolution satellite images, we found an area where a landslide occurred near the 
Gumdeok mine in North Korea and produced an inventory map of landslides. The frequency ratio analysis 
was performed to assess the relationship between the inventory map and the landslide inducing factors and 
evaluate the landslide risk. In addition, we found the landslide risky area by using multiple flow analysis. 

ABSTRACT 

The purpose of this study is to identify landslide hazard around Gumdeok zinc mine in North 
Korea. Since it is impossible to conduct site survey in North Korea, the analysis was carried out 
using satellite images and GIS data. A landslide inventory map was produced from high 
resolution satellite image. Then, elevation, slope, aspect, curvature, distance from water were 
used as landslide factors for frequency ratio model in producing landslide hazard map. Lastly, 
landslide risky areas affected by the flow of soil were identified by applying multiple flow 
analysis. Overall accuracy of predicting landslide risk from frequency ratio model was about 
75%. Because North Korea is not systematically equipped with roads and railway networks 
compared to South Korea, damage caused by landslides can lead to massive disruption in the 
transportation of mining products. Therefore, it is essential to prevent any damages caused by 
landslides through reinforced construction. This study is expected to be used for as a basic data 
for constructing infrastructure for mineral resource development cooperation.  

Landslide risk assessment using frequency ratio model and flow 
analysis in Gumdeok mine, North Korea 

S.M. Kim, Y. Koo, M. Oh, H.D. Park
Seoul National University, Seoul 
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2  MATERIALS 
 
2.1  Study area  
 
The Gumdeok mine is an underground mine located at an altitude of 630 ~ 1700 m above sea level, with a 
total area of over 100 km2. The ore deposits are composed of sedimentary metamorphic rocks and intrusive 
rocks penetrate them. The strata generally have a north-south strike with a slope of 60 to 80 degrees to the 
east. Of the more than 50 kinds of minerals found in the Gumdeok mine, industrially valuable minerals are 
zeolite, galena, and brassite. The reserves are estimated to be about 300 million tons based on the ore amount, 
and the grade of 5.09%.  

In the Gumdeok mine, inundation occurred due to rainfall in 2007 and 2012, resulting in production 
disruption. The floods destroyed the sedimentation basin, causing the production to stop in the concentrator. In 
addition, the water has risen up to the end of the mine pit and caused severe damage to the hauling line. 
Landslides caused by floods destroyed railway stations and railways. 

 
2.2  Data  
 
We used the World Imagery data from ESRI ArcGIS software as a base map to build an inventory map for 
occurred landslides near the Gumdeok mine. After finding the landslide area through the satellite image data, 
the correlation between these landslides and the landslide inducing factors was analyzed. The altitude data 
were obtained from the ASTER Global DEM (Digital Elevation Model) data and the factors such as slope 
angle, elevation, curvature and aspect were extracted from the corresponding DEM data. The distance from 
the water system is calculated from the water information provided through the Open Street Map. All five of 
these raster data were converted to have a spatial resolution of 30 m. The data for the five factors used in the 
analysis are shown in Figure. 1.  

 

 
 

Figure 1: Landslide factors (a) Elevation, (b) Aspect, (c) Distance from water, (d) Slope, (e) Curvature 
 
 
3  METHODS 
 
3.1  Landslide inventory map construction  
 
In the process of assessing the risk of landslides, it is necessary first to find areas where landslides have 
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occurred in the past and to construct a landslide inventory map. Previous studies have used aerial imagery and 
satellite imagery to investigate areas where landslides have occurred and to investigate them in person. There 
have been some studies on constructing inventory map using satellite imagery such as ASTER stereo images 
and multispectral images (Alkevli et al, 2011), SPOT-5 images (Moine et al., 2010) and Landsat TM and 
ETM + multispectral images (Sato et al., 2009). In North Korea, it is difficult to conduct aerial imagery and 
directly investigate through field visits. Therefore, the satellite image of resolution 0.5m provided by 
DigitalGlobe was analyzed in this study. Then, regions where landslides have appeared in the past were 
extracted.  
 
3.2  Frequency ratio model for landslide susceptibility 
 
Frequency ratio model was used to identify the relationship between landslide location and factors (Lee and 
Pradhan, 2007). Using the frequency ratio model, frequency ratios for the class or type of each factor were 
calculated by dividing the landslide occurrence ratio by the area ratio. If the frequency ratio is 1, it means that 
the ratio of the category to the total area and landslide area is the same. If the value is greater than 1, it means 
that the relationship between the category and landslide occurrence is large. When the frequency ratio of each 
factor is calculated, the landslide index (LSI) can be calculated by adding the value of each frequency ratio. 

 
3.3  GIS-based flow analysis for landslide risky area 
 
When a landslide occurs, the landslide flows down from the point where landslides occur and damages 
various facilities around. Therefore, it is important to understand in which direction the soils move down. 
Therefore, in this study, we conducted a flow analysis to find out which of the major infrastructure facilities 
such as residential area, industrial area, roads and railways around the mine would be affected by landslides. 
In this study, a multiple flow algorithm (Freeman, 1991) was applied to model the diffusion of soil in various 
directions. The single-flow algorithm computes that the fluid flows in one direction with the greatest slope, 
while the multi-flow algorithm computes that the flows into all grids that are lower than the center grid. 
 
4  RESULTS 
 
The risk map of the landslide obtained from frequency ratio model is shown in Figure 2a. This area is within 
the top 20% when the landslide risk is expressed as a percentage. The slope of the west side of the mine seems 
to have a great risk of landslide. It also can be seen that the surrounding area of the Ryongyang mine, which is 
North Korea's representative magnesite mine has a high risk of landslide. In addition, the risk of landslides 
increases with the proximity of water areas. 

Assuming that the landslide occurred in the top 5% of the landslide risk, the flow of sediment from this 
area was analyzed in Figure 2b. Based on this result, the hazardous areas affected by landslide were analyzed 
for residential areas, industrial areas, roads, and railways around the mines. In residential areas around mine, 
landslides are more likely to occur on the northwestern slope, and the soil is likely to affect the central and 
western regions of the residential area. In industrial areas, the risk of landslides is high because the area is 
surrounded by steep slopes, and the soil is likely to flow down from the north and west slopes. Because North 
Korea is not systematically equipped with roads and railway networks compared to South Korea, damage 
caused by landslides can lead to massive disruption in the transportation of mining products. In particular, 
railways in this region are the only means of transporting Zn from the Gumdeok mine to the smelter. 
Therefore, it is essential to prevent any disruption to railway transportation caused by landslides through 
reinforcement work in areas where the possibility of landslide damage is high.  
 
5  CONCLUSIONS 
 
In this study, we analyzed the risk of landslides near the Gumdeok mine using high resolution satellite 
imagery and frequency ratio model. In addition, when landslides occur in areas with high landslide risk, we 
predicted areas where damage could be caused by the flow of soil. Although the industrial and residential area 
near Gumdeok mine are relatively safe, there is a possibility that some areas will be damaged by the landslide. 
Therefore, it is necessary to carry out the reinforcement work for the landslide risky area. This study has a 
limitation of low accuracy due to the inaccessibility to North Korea. Although high-resolution satellite images 
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have been used for this study, it is necessary to improve and validate the accuracy of landslide risk assessment 
through a field investigation in the future. In addition, five factors were used in this study because of the limit 
of data acquisition. If more data such as soil map and geological map can be obtained, it is expected that the 
accuracy of results can be improved. Although the accuracy of the analysis is limited because of scarce data, 
this study is of great value as a useful basic resource for landslide analysis in North Korea. In the future, it will 
be possible to improve the accuracy of the research results by acquiring detailed and precise data of the region 
through active cooperation with North Korea. 
 
 

 
 

Figure 2: (a) Landslide hazard map and (b) multiple flow accumulation of soil flowed from landslide risky area 
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1  INTRODUCTION 
 
Methods for predicting run-out distances are generally divided into three different approaches: empirical-
statistical, physical scale and dynamical modeling approaches (Chen, Lee, 2004). One of the dynamical 
approaches is Voellmy (1955) rheological approach used by many researchers (Hungr, 1995, Bartelt, 1999, 
Rickenman, 2006, Sosio et al, 2008.). RAMMS software is based on Voellmy principle, firstly designed for 
snow avalanche modelling (Bartelt, 2015; Christen et al., 2007; 2010a; 2010b), nevertheless it is also suitable 
for modelling of other processes such as rock avalanches and debris flows (Schraml, 2015; Sosio, 2007; 
Frank, 2016). An accurate prediction of runout distances, flow velocities and impact pressures in natural 
three-dimensional terrain is the reason for development of improved dynamics models of debris flow 
(Christen et al., 2010b). 

During the extreme rainfall period in May 2014, western Serbia were the most affected region with a lot of 
floods, flash floods and massive landslides. The 72h rainfall maximum over 200mm was recorded at the 
nearby Loznica Main Meteorological Station. The case study shown in this paper represents the largest debris 
flow ever observed in Serbia – Selanac (about 1.5 km long and more than 350 m wide), activated during this 
event. 
 
2  CASE STUDY 
 
Selanac debris flow was triggered on May 15, 2014 and flowed continuously for the next 2 days (personal 
communication with habitants from the village of Selanac). The debris flow stretched 1.5 km with a width of 
more than 350 m. A large amount of material (estimated at 455000 m3) started to flow between two existing 
gullies. The source area is estimated at  227300 m2 , with the main scarp height at 30 m as its deepest part 
(Fig. 1). The zone of the main scarp is composed of weathered material (limestone, sandstone and diabase), 
with heterogeneous fragments ranging from some cm3 to some m3 in volume. A lot of material was 
transported from the bottom of the slope to the Selanačka river (1.5 km), forming a landslide dam. In the 
middle part of the debris flow the material was very wet, with a lot of clay component between boulders. In 
the deposition zone a lot of heterogeneous fragments ranging in size from a few cm to huge blocks over 2 m in 
diameter were registered. The very high heterogeneity of the entire debris flow material mass prevented 
regular geotechnical drilling and sampling efforts. 
 

ABSTRACT 
 

This paper will introduce a results of numerical modeling of Selanac debris flow in the 
Municipality of Ljubovija, Serbia, which was triggered during an extreme rainfall in Balkans in 
May 2014. The model was created using RAMMS sotware, based on Voellmy-Salm rheology 
principle. Input data included pre event DEM (5x5 m resolution) and Pleiades satelite data (June 
2014). These data were compared with latest DEM 10x10 cm resolution as a result of UAV scaning 
- from April 2017. RAMMS software provides the opportunity to simulate maximum values of flow 
height, velocity,  pressure, erosion in different parts of the process. After calibration of two main 
parameters friction μ and turbulent parameter ξ, final models are  presented and profiles in different 
times. 

 

 

 

 

 

 

Numerical modelling in RAMMS ‐ Selanac debris flow 

J. Krušić & B. Abolmasov & M. Marjanović & D. Djurić 
University of Belgrade, Faculty of Mining and Geology, Belegrade 
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3  RAMMS MODELLING 
 
RAMMS Debris Flow software is specially designed for the numerical modelling of debris flow processes 
from initiation to run‐out over three‐dimensional terrain. For debris flow simulation, RAMMS actually uses a 
one‐phase approach (similar to snow avalanches, Voellmy‐Fluid). The Voellmy‐Fluid model assumes no 
shear deformation. The flow body moves as a plug with the same mean velocity (u) everywhere over the flow 
depth (H); a simplified representation of the total resistance S [Pa] is as follows:  

 
Sf= μgHcosφ+ρgu2/ξ                                                                                                                                          (1) 

 
where ρ is the density, g the gravitational acceleration, φ the slope angle, H the flow depth, and u the flow 
velocity. The Voellmy model accounts for the resistance of the solid phase (μ is sometimes expressed as the 
tangent of the internal shear angle) and a viscous or turbulent fluid phase (ξ was introduced by Voellmy using 
hydrodynamic arguments). The friction coefficients are responsible for the behavior of the flow. On the other 
hand, the resistance of the viscous or turbulent fluid phase (the term including ξ) prevails for a quicker moving 
flow (Bartelt et al., 2013). 
 
3.1 Input parameters 
 
Main steps in RAMMS modelling include 1) Topography data defined by DEM, 2) Defining release area 3) 
calibration of resistance parameters (Christen, 2010a). DEM is the main information data for modeling in 
RAMMS. In this case, we used pre-event DEM (5x5 m resolution). Also for precise defining of volumetric 
characteristic of the process, pre-event DEM was compared with post event DEM from the April 2017 (Fig.1). 
 

 
Figure 1: a) Calculation of deference in topography before and after the activation of the debris flow, 

b) Pleiades image after the event and position of defined release area 
 
Calibration of resistance parameters μ - Coulomb frictional parameter and ξ viscous-turbulent parameter 

are the main step in calibration, also the most difficult to verify without good field observation. Also, the 
evaluation of model accuracy was made only on a comparison of run out zone surface, height and volume, 
estimated on the field and in comparison with UAV scanning  and ERT investigation.  
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4  RESULTS AND DISCUSSION 
 
Calibration of resistance parameters was done by changing separately each parameter on the way that while 
changing one parameter, the other parameters stay constant. The dimensions and depth of initial block area 
were changed 2 or 3 times. As is shown on Fig.1 the deepest part in source area is about 27 m (in average 
≈15m).  After the testing, best chosen fit parameters are 0.11 for μ and 500 m/s2 for ξ (Fig.2). 
 

 
 

Figure 2: Results of flow height in the time for the best fitted parameters 
 

Validation of final models were made only on run out distance data observed on field and in comparison of 
deposition height of two epoch DEM. Also, deposition height were compared with ERT geophysical results.  

In our earlier research, with input DEM of 30x30m resolution, different results for the friction parameter 
are obtained. This we could explain with not so precise input models. In November 2015, ERT geophysical 
method was applied, to get data about geometry of debris flow process. In comparison with these simulation, 
and UAV scanning results from 2017, deposition zone with height in average 15 m gave acceptable accuracy 
(Fig.3). Estimated flow volume is 169584.0 m3 with large amount of overflow material, since a lot of material 
were transported further along the Selanačka river.  

 
5  CONCLUSION 
 
Selanac debris flow is one of the largest and most complicated processes triggered in Serbia during extreme 
rainfall period in May 2014, so it requires more results, including laboratory tests. For the first result of 
comparison with field investigation, these models gave acceptable results. 
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Figure 3: The longitudinal profile throw flow path to the deposition zone 
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1  INTRODUCTION 
 
Debris-resisting rigid barriers are commonly used as passive defense measures to counter landslide hazards 
which have proven to be major threats in mountainous regions. The conventional design methods of 
reinforced concrete barriers (including traffic barriers) as stipulated by the codes of practices often involve 
representing the impact action by a pre-determined/prescribed equivalent static force (American Association 
of State Highway and Transportation Officials 2012; ASTRA 2008; British Standard Institute 2008; Japan 
Road Association 2000; Standards Australia 2004). Such design approach ignores the inertial effects and often 
results in over-conservatism. For instance, the amount of displacement of a barrier increases linearly with the 
increase in barrier height in a force-based design methodology where a design force is applied at the top of the 
barrier. In reality, the increase in barrier height may not result in a larger reaction force due to the increase in 
the inertial resistance. 

In view of the limitations of the force-based approach, analytical solutions have been developed by the 
authors using a displacement-based approach. The proposed solutions take into account the inertial resistance 
of a barriers due to its self-weight and also the energy loss caused by the impact. Laboratory impact tests have 
also been carried out the verify the accuracy of the proposed solutions. 
 
2  ANALYTICAL SOLUTIONS 
 
Analytical solutions for predicting the rotational and displacement demand of a rigid rectangular barrier when 
subjected to a boulder impact as shown in Fig. 1 have been developed based on principles of energy and 
momentum. The solutions take the form of closed-form expressions, as shown by Eqs. (1) to (3) which are 
able to predict rise in centre of gravity ( C.G. ), angle of rotation ( ) and horizontal displacement ( ). Details 

of derivations have been shown by Lam et al. (2018a). 
 

ABSTRACT 
 

Debris-resisting rigid barriers that are commonly used as defense measures in hilly areas are 
conventionally designed based on a pre-defined equivalent static force as stipulated by the codes 
of practices. The inertial resistance of the barriers is neglected in this approach and it often results 
in overconservative design. Analytical solutions developed based on a displacement-based 
approach are proposed in this paper for estimating the displacement and rotational demand of a 
free-standing rigid barrier when subjected to boulder impact. The proposed solutions have been 
made more versatile by considering different barrier geometries (including rectangular and L-
shaped barriers) as well as the impact height. Impact experiments have been carried out to 
validate the solutions. It is shown from both the analytical solutions and the experimental results 
that a taller barrier results in a smaller displacement and rotational demand as compared to a 
shorter barrier. This is on the contrary of the design philosophy of the force-based approach 
which ignores the increase in inertial resistance arising from the increase in barrier height. 
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Figure 1: Rotation of a rigid rectangular barrier under 
boulder impact 

Figure 2: Rotation of a rigid L-shaped barrier under boulder 
impact 
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where   is a dimensionless factor as defined by Eq. (4): 
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The rotational inertia I  of a rectangular barrier is defined by Eq. (5). 
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All parameters in the equations are as defined in Figure 1, except for the total mass of barrier ( M ), 

distance between the point of rotation and point of impact ( R ) and coefficient of restitution ( COR ). 
The closed-form expressions presented above may be modified to account for barriers of different 

geometries, for example an L-shaped barrier as shown in Figure 2, by including the impact height of the 
boulder ( ih ) to be an input parameter. Eqs. (1), (2) and (4) are now replaced by Eqs. (6) to (8) whilst Eq. (3) 

remains the same. The derivations of these modified equations can be found in Lam et al. (2018b). 
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The rotational inertia of a barrier is directly dependent on its geometry. The expression for calculating I  

of an L-shaped barriers is shown by Eq. (9). 
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3  EXPERIMENTAL VALIDATION 
 
In order to validate the proposed analytical solutions, impact experiments have been carried out on rectangular 
concrete blocks (Plate 1) of three different heights as well as an L-shaped concrete block (Plate 2). The three 
rectangular blocks had same base dimensions of 0.2 m × 0.4 m but varying heights of 0.4, 0.8 and 1.2 m. The 
L-shaped block had a base slab component measured 0.6 m in length, 0.4 m in width and 0.2 m in thickness, 
and a stem wall component measured 0.2 m in thickness, 0.4 m in width and 0.6 m in height. A spherical 
impactor made of cast iron weighing 5 kg was raised to the 0.5 m and 1.0 m before it was released to strike the 
top of the concrete blocks. An addition release height of 1.5 m was carried out for the L-shaped block. 
Horizontal displacement of each specimen was measured using a laser transducer, whilst the parameter COR  
was inferred from the images recorded by a high-speed camera. 

With all the input parameters known, the equations presented in Section 2 were employed to calculate the 
rotation-induced horizontal displacement of the concrete blocks for each impact scenario, and the results are 
compared with the measured displacement values. Figures 3 and 4 show the comparison for the rectangular 
blocks and L-shaped block respectively. It can be seen that the predicted displacement values match 
reasonably well with the experimental results. 
 
 

 
 

 
 

Plate 1: Impact test setup for rectangular block Plate 2: Impact test setup for L-shaped block 
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Figure 3: Results comparison (rectangular block) Figure 4: Results comparison (L-shaped block) 
 
 
4  CONCLUSIONS 
 
The proposed analytical solutions have been shown to provide accurate estimates of a barrier’s overturning 
displacement when subjected to the impact of a solid object such as a boulder. It is shown that a taller barrier 
is less likely to overturn in the event of an impact as compared to a shorter barrier. This is due to the larger 
inertial resistance of a taller (thus heavier) barrier which is ignored in the conventional force-based approach. 
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1  INTRODUCTION 

 
Landslide risk has always been a major concern in cities located in mountainous region. Reinforced concrete 
rigid barriers are commonly used as a protection measure in hilly area to resist landslide debris and rockfalls. 
These barriers are conventionally designed using the limiting force equilibrium approach (JRA 2000; Kwan 
2012). The current practice in Hong Kong generally adopts simplified Hertz Equation with an empirical 
reduction factor 0.1 to establish boulder impact load (Kwan, 2012). However, this approach often result in 
gross over conservatism in the design because important phenomena such as inertia effects and the 
consequential reduction in the amount of energy transferred to the resisting structure have been neglected. 

A displacement-based model in the form of a closed-form expression was developed, taking into account 
the inertial resistance of the barrier. This model was modified from the Flexural Stiffness Method promulgated 
in many design codes and literatures (Hungr et al. 1984; CAGHP 2018). A large-scale horizontal pendulum 
impact test was carried out to validate the reliability of the newly developed displacement-based model. The 
barrier’s flexural response as predicted by the model was then compared with the results measured from the 
experiments. 
 
 
2  DISPLACEMENT-BASED ANALYTICAL MODEL 
 
The model takes the form of a closed form expression, as shown by Equation (1). 
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ABSTRACT 
 

Conventional force-based design approach often results in overdesign of reinforced concrete 
structures subject to impact actions as inertial resistance of the structure is ignored. A 
displacement-based model is proposed in this paper for estimating the bending response of rigid 
barriers under boulder impact. The model is in the form of a closed-form expression which allows 
the flexural deflection of a barrier to be calculated for a given impact scenario. A large-scale 
horizontal pendulum impact test was carried out to validate the model. The impact test involved 
the use of two impactors with mass of 280 kg and 435 kg, impacting onto a 1.5 m high reinforced 
concrete barrier. It has been shown that both the maximum wall deflection and tensile 
reinforcement strain predicted by the proposed model are in good agreement with the values 
recorded from the experiment. 
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where  = maximum barrier deflection, m = impactor’s mass, 0v = impact velocity, crk = cracked flexural 

stiffness of barrier,  = ratio of target’s generalised mass to impactor’s mass, COR = Newton’s coefficient of 
restitution. 

The maximum barrier deflection can be predicted with the use of Equation (1), provided that the barrier is 
responding within its elastic limit. The parameters m  and 0v  are readily available in a given impact scenario. 

Parameters   can be calculated with known masses of the wall and the impactor. m  is taken as a quarter of 
the total self-weight of the wall as derived from principles of structural dynamics (Ali et al. 2014; Yang et al. 
2012). Chau et al. (1998) reported that the value of COR is typically around 0.2 to 0.3 for rockfall impact on 
concrete surface. Once the barrier deflection is determined, the tensile reinforcement strain, which is critical to 
the structural design of the barrier, can then be estimated. 
 
3  EXPERIMENTAL VALIDATION 
 
The reinforced concrete barrier specimen as shown in Plate 1 had a stem which is 1.5 m high, 3 m wide and 
0.23 m thick. The concrete characteristic strength is 40 MPa (actual strength = 47 MPa from concrete cylinder 
tests). Its base slab measured 1.23 m in length and 0.5 m in thickness, and was fixed to the ground firmly to 
eliminate any possible overturning and sliding motions. The specimen was reinforced by 20 mm diameter 
steel bar at 200 mm spacing with characteristic strength of 500 MPa (actual strength = 543 MPa from steel bar 
tensile test). 
 
 

 
 

Plate 1: Photograph of reinforced concrete barrier specimen 
 
 

A drawing and a photograph of the test setup are shown in Figure 1 and Plate 2 respectively. As shown in 
Figure 1, a protective steel plate with dimensions of 500 mm x 500 mm x 32 mm was attached onto the wall at 
the expected point of impact to prevent accumulating localised damage on the concrete surface. The steel plate 
was removed at a later stage of the experiment to simulate bare wall impact. Two “torpedo shaped” impactors 
weighing 280 kg and 435 kg were employed, and each of them was positioned to strike the wall at its 
centreline and at 250 mm measured from the upper (free) edge. The following release heights were chosen in 
order that the same amount of impact energy was delivered by the two impactors: 

 
 Impactor with mass 280 kg: 0.2 m, 0.5 m, 0.9 m, 1.4 m 
 Impactor with mass 435 kg: 0.129 m, 0.322 m, 0.579 m 

 
Instrumentations employed in the experiment included: strain gauges installed at the base of each 

reinforcing bar, laser transducers behind the wall (to measure wall displacement at different locations), an 
accelerometer attached to the impactor object (to measure contact force), and a high speed camera at the side 
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(to capture the motion of the impactors in order that the velocity of the impactor objects immediately before 
and after the impact can be inferred). The input of COR was inferred from images recorded by a high speed 
camera in the impact experiment. 
 
 

 
 

 
 

Figure 1: Overview of test setup (drawing) Plate 2: Overview of test setup (photograph) 
 
 

The values of deflection predicted for each test were compared with the measured deflection time-history. 
A sample taken from the test involving 0.322 m release height is shown in Figure 2. In addition to that, the 
maximum tensile reinforcement strain has also been estimated by the model, with the comparison of results 
shown in Figure 3. The model has been shown to provide accurate estimations (slightly on the conservative 
side) across multiple tests employing different mass of impactor and impact velocity. 
 
 

 
 

Figure 2: Comparison of deflection measured from experiment and estimated by proposed model 
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Figure 3: Comparison of maximum reinforcement tensile strain measured from experiment 
and estimated by the proposed model 

 
 
4  CONCLUSIONS 
 
A displacement-based model was developed for the prediction of flexural response of a rigid barrier subject to 
boulder impact. It takes into account the inertial resistance of the barrier. Large-scale pendulum impact tests 
were carried out to validate the reliability of the newly developed model. The barrier’s flexural response 
predicted by the model was in a good agreement with the experimental results.  
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1  INTRODUCTION 

 
Debris flow is a typical two-phase flow which consists of fluid phase and solid phase. As a result, debris-flow 
impact force can break into dynamic pressure from the slurry (fluid phase) and collision from large boulders 
(solid phase). Field measurement at Mt. Yakedake identified the slurry dynamic pressure up to 10 kN/m2 and 
the collision from large boulders could reach up to 102-103 kN/m2 (Suwa and Okuda, 1993). This means for 
debris flow impact from solid phase collision could be 10 to 100 times more than the slurry impact. Due to the 
complex nature of debris-flow composition and its mobility, it is yet feasible to derive debris-flow impact 
model solely from theoretical consideration. Empirical models with experimental calibration are the most 
commonly accepted way to establish the debris-flow impact force. Miniaturized flume experiments have been 
conducted to investigate debris flow impaction (Hubl and Holzinger, 2003; Ishikawa et al., 2008; Cui et al., 
2015). Recognizing scale effect as the major disadvantage of the miniaturized test, some researchers also 
carried out full-scale field experiments. Field measurement had been taken during debris flow events and these 
measured impact force had been adopted to calibrate parameters in the debris-flow impact models (Huebl and 
Jaeger, 2004; Wendeler et al., 2007; Hu et al., 2012). However, among those studies, no methodology has 
been proposed to isolate the slurry and particle impact. As a result, current studies have not been able to study 
the impact force induced by the two phase of debris flow separately. 

This study proposed a method which could isolate slurry and particle impact from debris-flow impact 
signal base on Empirical Mode Decomposition (EMD). Miniaturized flume test with different work conditions 
have been carried out and impact signals of each work conditions were recorded. The characteristics of 
different impact signals were identified using Time-frequency analysis. The impact signals from solid and 
fluid were isolated from the original signal based on their characteristics. In the end, this method was verified 
using field measurement. 
 

ABSTRACT 
 

Impact of debris flow consists of two distinctive phases due to its physical composition. One is 
the dynamic impact from fluid phase and the other is collision from the solid phase. At present, 
there is no effective way to differentiate these two phases of impact. An Empirical Mode 
Decomposition (EMD) based signal process method was proposed in this paper to extract fluid 
and solid impact force of debris flow from the mixed signal. Miniaturized flume tests have been 
carried out with 14 work conditions and the impact signals were captured by a digital logger. 
From the experiment, frequencies of fluid phase and solid phase impact signals were identified in 
the range of 0.05Hz-2Hz and 300Hz-600Hz respectively. The impact signals from solid and 
liquid phase were reconstructed using the proposed method. This proposed method provided an 
alternative approach to study the debris flow impact force in term of slurry and large particles 
separately.  
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2  METHOD AND RESULTS 
 
2.1  Experiment and Signal Process 
 
Impact signal is a typical non-stationary and nonlinear signal, which normally has large fluctuation and 
background noise. This study chose EMD (Huang, 1998) as the tools to process the impact signal. It 
decomposes non-stationary and nonlinear signal into a set of orthogonal components called Intrinsic Mode 
Function (IMF). Each IMF carried its own amplitude and frequency. 

Key of this method is to identify the frequency range of impact signal from different phases, which means 
to find threshold frequency for fluid and solid phase impact. Flume test was designed to determine such 
frequencies with different work conditions. In the experiment, impact signals from clean water, slurry, and dry 
granular flow were selected as the baseline for all other working conditions. The impact signals from these 3 
conditions were treated as signature signals. The frequency ranges of signature signals were identified using 
their energy-frequency distribution and those frequencies were treated as the threshold value to group the 
IMFs for signal reconstruction.  

Using EMD to process the signal from water, slurry and granular flow, it is found that Granular flow (S3), 
which represents the solid phase impact, had 90% of energy concentrated at high-frequency region (300-
600Hz). The high frequency meant that the impaction was in the form of pulsed collision which caused by 
numerous glass particles hit the sensor. On the other hand, for clean water (S1) and slurry (S9), which 
represents the fluid phase impact, the energy was allocated in the low-frequency region which was lower than 
0.7 Hz and 2Hz. Low-frequency impact signal represented a long-lasting pressure exerted on the sensor. This 
was caused by continuous impact from fluid phase. We defined 0.05Hz-2Hz as the fluid phase frequency and 
300Hz to 600 Hz as the solid phase frequency.  

 

 
 

Fig.1: Frequency-Energy distribution of impact signals. Left: for water, slurry and glass ball; 
Right: for all debris flow sample in the experiment 

 
 

2.2  Signal Isolation 
 
After identifying the source of each IMF from the original impact signal, we can reconstruct the two signals 
which represent the impact from solid phase ‘x(t)solid’ and liquid phase ‘x(t)fluid’ respectively. As shown in 
Equation (1), the fluid impact signal was reconstructed by adding IMFs within the frequency range of 0.05-
2Hz while the particle impact signal was constructed using IMFs within the frequency range of 300-600Hz. 
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where a, b are the start and end iteration of IMFs within the fluid frequency range and m, n are the start and 
end iteration of IMFs within the solid frequency range. The scheme of signal processing and reconstruction 
scheme shown in Fig.2. 
 

 
Fig. 2: Debris flow signal isolation 

 
This method is applied to signal captured from field measurement for further verification, Hu (2012) 

provided the measurement of debris flow impact from an event at Jiangjia Vally, Yunnan China. The 
comparison is shown in Fig 3. The calculated impact force of fluid phase was 43.35 from Hu (2012) and 44.3 
by using our method.  

 

 
Fig. 3: (A) Original recorded debris flow event; (B) Processed signal from Hu (2012); 

(C) Processed signal with our method. 
(Fluid impact in red and particle impact in blue) 
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3  CONCLUSIONS 
 
An EMD based method is proposed to isolate the solid and fluid phase impact signal from debris flow impact. 
Signal frequency range of IMFs for fluid phase was between 0.05 to 2 Hz and the frequency range for solid 
phase was between 300 to 600Hz. IMFs fall under these frequency ranges can be reconstructed as fluid phase 
impact signal and solid phase impact signal. However, there are factors which could affect these thresholds of 
frequency range such as the type of sensor, the ratio of sensor size against the size of particles in the debris 
flow, the rigidity and the natural frequency of the mounting block and the vibration of the flume during the 
impact process. Therefore, when a different digital system is used to capture debris flow impact signal, it is 
recommended to identify the threshold frequency value for solid and fluid impact.  
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1  INTRODUCTION 

 
Traditionally, numerical approaches to gravity flows have been used to simplify the geometry by considering a 
three-dimensional topography, a two-dimensional system of equations for the flow itself. For most phenomena, 
the longitudinal and transversal directions are much larger than the flow thickness. The conservation equations 
are then integrated over the flow depth, yielding a single mean velocity for every point on the topography. This 
has proven to yield excellent results for the prediction of the flow path, and of the runout (Pirulli et al. 2017). 
However, the main hypothesis of a user-defined velocity profile substantially fails when the flow interacts with 
non-trivial geometries, such as those given by an obstacle, or a steep jump. There is, therefore, still no consensus 
over the correct way to numerically model the interaction with obstacles (Leonardi et al. 2016). 

The development of numerical models has only recently shown some attempt at moving beyond the depth-
integration paradigm. The emergence of new Navier-Stokes solvers, such as Smoothed Particle Hydrodynamics 
(SPH), the Material Point Method (Mast et al. 2014), and the Lattice-Boltzmann Method (LBM) has opened the 
possibility to simulate phenomena without recurring to integrated equations. In this work, we explore an 
application of LBM by reproducing in a numerical environment a debris flow triggered and measured in an 
experimental site in South Korea. The possibility to use the method for the assessment of countermeasures (Choi 
et al. 2014) is explored, by simulating the effects of two arrays of baffles on the flow path. 
 
2  EXPERIMENTAL SITE DESCRIPTION 
 
The reference debris flow was artificially generated on an experimental site located about 30 km south-west of 
Gangneung, South Korea, as shown in Fig.1(a). The topography of the initial section of the gully is given in 
Fig.1(b). The total length of the studied channel is 824 m, but only the first 250 m is analyzed here. On the 
uppermost point in the valley, a concrete structure for the initiation of a debris flow has been built, with 
dimensions of  12.6 × 12.0 × 6.4 m3, see Fig. 1(c). The concrete container is able to store up to 614 m3 of 
sediment and water in two separate sections. The water can percolate through the soil section, therefore 
saturating the material, which then reaches an average density of 2.21 kg/m3. Then, the opening of a steel gate 
in the direction of the gully triggers the debris flow. 

ABSTRACT 
 

In this work, we explore the applicability of a novel approach to the full-scale simulation of debris 
flows, the Lattice-Boltzmann Method (LBM). The main novelty lies in eliminating the need for depth-
integrating the conservation equations, which is still a dominant approach in the field. A full 3D 
model, both for the topography and for the flow itself is therefore developed and employed. The 3D 
nature of the model allows to accurately reproduce structural countermeasures. An artificial debris 
flow, generated in real-scale at an experimental site in Korea, provides the basis for a cross-
comparison of results. The effects of two arrays of baffles were also tested in the experiment. The 
flow scale is intermediate between the large natural flows that are usually reported in the literature 
and a typical experimental apparatus. It is therefore an ideal candidate for an explorative application 
of the numerical method. 
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Figure 1: Description of the experimental facilities (a) Location of the site and satellite image, 
with position of the sensors. (b) Topography of the simulated area, with position and 

picture of (c) the initiation facility, and (d-e) the two array of baffles 
 
High-strength geo-textile was installed immediately downstream from the soil and water container in order 

to prevent excessive erosion in the initial part. At about 150 m from the initiation facility, two arrays of baffles 
had been installed, see Fig.1(d-e). At the same location, a load cell was installed, mounted on a separate beam 
element. Several cameras and sensors were placed in the channel, and yield an estimation of the flow depth and 
the flow surface speed at various chainages. The highly controlled environment, together with the relatively low 
volume of the flow makes it an ideal candidate for validating the LBM code. 
 
3  NUMERICAL METHOD 
 
LBM is a relatively new approach to fluid dynamics. In this method, the single independent variable is a 
distribution function 𝑓𝑓(𝒙𝒙, 𝑡𝑡, 𝒄𝒄) which expresses the probability to find at a given time 𝑡𝑡 and position 𝒙𝒙, a fluid 
molecule with microscopic velocity 𝒄𝒄. Through the use of a regular lattice for the spatial discretization, and the 
selection of a limited set of allowed velocities 𝑐𝑐𝑖𝑖 , the evolution of the distribution function can be tracked 
computationally. Familiar quantities, such as the macroscopic speed 𝒖𝒖 and the fluid density 𝜌𝜌, can be recovered 
from the distribution function as 
 
𝜌𝜌 = ∑𝑓𝑓𝑖𝑖;     𝒖𝒖 = ∑𝑓𝑓𝑖𝑖𝒄𝒄𝑖𝑖/𝜌𝜌          (1) 
 

The evolution of the distribution function is controlled by a solution of the Boltzmann equation. The full 
formulation can be found in Leonardi et al. (2014). It is, however, important to remark that, albeit the peculiar 
mechanism, a realization of LBM is always equivalent to a solution of the Navier-Stokes equations. One of the 
major advantages of LBM, in addition to speed and computational simplicity, is that the code performance does 
not suffer much when implementing complex or irregular boundary conditions, making it an ideal candidate for 
the simulation of debris flows, and of structural countermeasures. 

 

 
Figure 2: Illustration of the flow as obtained in the simulation, at different time stages. 

Note the location of the container and baffles 
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Debris flows can be simulated using visco-plastic rheological laws, such as the Bingham plasticity (𝜏𝜏 = 𝜏𝜏0 +
𝜈𝜈0�̇�𝛾), which is defined by a yield stress 𝜏𝜏0 and a plastic viscosity 𝜈𝜈0. In alternative, frictional laws are also 
commonly adopted, often including some forms of turbulent dissipation, like the so-called Voellmy rheology, 
𝜏𝜏 = tan 𝜙𝜙 𝑝𝑝 + 𝜌𝜌𝜌𝜌2�̇�𝛾2 , with 𝜙𝜙  the angle of friction, and 𝜌𝜌  the particle diameter. Additionally, a simpler 
Newtonian rheology is available, with a turbulence model based on the Smagorinsky approach (Leonardi et al. 
2018). In LBM, these constitutive models can be implemented directly without recurring to the integration of 
an assumed velocity profile, but rather by locally computing at every fluid node the pressure 𝑝𝑝 and the shear 
rate �̇�𝛾. 

The simulation setup aims at reproducing as close as possible the geometry of the experimental site. An 
example of simulation is given in Fig. 2. The Digital Elevation Model (DEM) of the terrain shown in Fig.1(b) 
is used to implement the topographical boundary for the flow. The 5 m-spaced grid spacing DEM is resampled 
to obtain a regular 0.1 m × 0.1 m  grid.  The fluid mass is inserted in a box that replicates the storage container, 
and is instantly released when the computation begins.  
 
4  BACK ANALYSIS 
 
For each rheological model described in the previous section, a preliminary study has been carried out to find 
the set of parameters that best fits the experimental recording. The most meaningful results obtained for each 
model are summarized in Table 1. The reference comparison values are the flow height and flow speed before 
and after the baffles (chainage 147.9m and 166.7m, respectively), where experimental measurements were 
available. 
 

Table 1: Summary of the calibration of numerical parameters for different rheological models 
 Speed before 

baffles 
 [m/s] 

Speed after 
baffles 
 [m/s] 

Flow depth 
before baffles 

 [m/s] 

Flow depth 
after baffles 

 [m/s] 

Max baffle 
force (row 

1) [kN] 

Max baffle 
force (row 

2) [kN] 
Experimental 6.92 7.02 1.9 0.8 >27 >27 
C1: Turbulent 
(𝜈𝜈 = 50 Pa ∙ s) 

7.90 7.92 1.48 1.12 39.73 52.75 

C2: Turbulent 
( 𝜈𝜈 = 60 Pa ∙ s) 

6.43 5.85 1.05 1.10 34.47 46.09 

C3: Voellmy  
( 𝜌𝜌 = 0.04 m, 𝜙𝜙 = 0°) 

7.93 7.28 1.46 1.16 72.97 90.28 

C4: Voellmy  
( 𝜌𝜌 = 0.01 m, 𝜙𝜙 = 6°) 

8.08 7.64 1.40 1.20 90.28 61.55 

C5:Voellmy  
( 𝜌𝜌 = 0.01 m, 𝜙𝜙 = 10°) 

9.00 7.05 1.22 1.21 81.80 82.88 

C6: Bingham 
( 𝜏𝜏0 = 1500Pa, 𝜈𝜈0 = 60 Pa ∙ s) 

8.81 5.82 1.10 1.21 179.71 60.63 

 
The best fit is obtained with a Voellmy rheology, with no friction (Case 3: 𝜌𝜌 = 0.04 m, 𝜙𝜙 = 0°).  For this 

case, the complete speed- and height profiles are also provided in Fig. 3, together with the available experimental 
measurement over the simulated channel portion. Additionally, for this case the force on the three cubic baffles 
are also reported on panel (c). The element supporting the load cell failed during the experiment. The failure 
load was estimated to be impact load of about 27 kN, indicating that values higher than this were probably 
exerted to the baffles, a hypothesis substantiated by the numerical findings. Overall, the Voellmy rheology 
seems to give a very good comparison with the experimental data. 

On the other hand, the Bingham rheology correctly reproduces the flow in the first section of the channel. It 
exhibits premature stoppage of the material directly downstream of the baffles. This was not observed during 
the experiment, where the material flowed much further, beyond the instrumented section. A secondary effect 
of the yield stress in the Bingham rheology is the high force registered on the baffles, probably due to the 
difficulty of the visco-plastic fluid to pass through the narrow spaces between the baffles, which caused them 
to substantially dam the channel on that section (Choi et al. 2017). For all these reasons, the Voellmy rheology 
seems better suited to the analysis of the study case than the Bingham model. 
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Figure 3: Cross comparison between experimental measurements and simulation data. (a) Flow speed at various 

chainages. The two drops at ~170m correspond to the location of the baffle arrays. The green and red markers correspond 
to the tests with/without baffles, respectively. (b) Flow height. Note the hydraulic jump that forms before the baffles. 

Legend same as left panel. (c) Force measured on each element the second row of baffles, as function of time after first 
impact. The dotted red line is the minimum estimate provided by the failure of the load cell 

 
5  CONCLUSIONS 
 
The understanding of debris flow mechanism and the design principles for effective countermeasures could be 
greatly improved by the development of a reliable numerical tool. In this work, we outlined the preliminary 
results of applying LBM, a 3D fluid solver, to back-calculate a large-scale experimental debris flow. The results 
are promising both for what concerns the estimation of the flow features (flow height and speed) and for the 
estimation of the forces exerted on two arrays of baffles. Overall, a low-friction voellmy rheology reproduces 
the trend observed in the experiments with good precision. However, further studies are necessary to calibrate 
the numerical parameters, as the model cannot profit from the experience on integrated models which is 
dominantly available in the literature. 
 
ACKNOWLEDGEMENTS 
 
Computational resources were provided by HPC@POLITO, a project of Academic Computing within the 
Department of Control and Computer Engineering at Politecnico di Torino. 
 
REFERENCES 
 
Choi, C.E., Ng, C.W.W., Song, D., Kwan, J.H.S., Shiu, H.Y.K., Ho, K.K.S. & Koo, R.C.H. 2014. Flume 

investigation of landslide debris – resisting baffles. Canadian Geotechnical Journal, 553, 540–553. 
Choi, S.-K., Lee, J.-M. & Kwon, T.-H. 2017. Effect of slit-type barrier on characteristics of water-dominant 

debris flows: small scale physical modeling. Landslides, No. July 2016. 
Leonardi, A., Wittel, F.K., Mendoza, M. & Herrmann, H.J. 2014. Coupled DEM-LBM method for the free-

surface simulation of heterogeneous suspensions. Computational Particle Mechanics 1, 3–13. 
Leonardi, A., Wittel, F.K., Mendoza, M., Vetter, R. & Herrmann, H.J. 2016. Particle-Fluid-Structure Interaction 

for Debris Flow Impact on Flexible Barriers. Computer-Aided Civil and Infrastructure Engineering, 31(5), 
323–333. 

Leonardi, A., Pokrajac, D., Roman, F. & Zanello, F. 2018. Surface and subsurface contributions to the build-up 
of forces on bed particles. Journal of Fluid Mechanics, 851, 558–572.  

Mast, C.M., Arduino, P., Mackenzie-Helnwein, P. & Miller, G.R. 2014. Simulating granular column collapse 
using the Material Point Method. Acta Geotechnica, 10(1), 101–116. 

Pirulli, M., Barbero, M., Marchelli, M. & Scavia, C. 2017. The failure of the Stava Valley tailings dams 
(Northern Italy): numerical analysis of the flow dynamics and rheological properties. Geoenvironmental 
Disasters, 4(1), 3. 



139

Second JTC1 Workshop
3-5 December 2018, Hong Kong

Triggering and Propagation of Rapid Flow-like Landslides

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1  INTRODUCTION 
 
Debris flows are common in mountainous regions of Western Canada, and numerical models of debris flow 
runout are commonly used in this region to inform debris flow risk management decisions.  The typical pattern 
is for a debris flow hazard, risk, and mitigation assessment to be triggered following a debris flow event that 
awakens authorities to the reality of the debris flow threat to their community.  A specialist consultant is engaged 
to complete a forensic assessment of the debris flow, followed by an assessment of the potential frequency and 
magnitude of future debris flows, and creation of hazard maps showing potential runout extent and impact 
intensities.  The hazard maps inform land-use planning and become the focal point of risk assessments that 
estimate the loss potential, and mitigation assessments that seek feasible options for reducing debris flow risk.   

Numerical runout model results are often a critical link in this chain of assessment.  Typically, the rheological 
parameters of the numerical model are calibrated based on debris flow runout, deposit depth, and discharge 
estimated during the forensic assessment.  The calibrated models are then run using a variety of volume and 
avulsion scenarios that are defined in the hazard assessment. Hazard maps are created by combining and 
interpreting the numerical runout model results. 

Experienced practitioners are fully aware that “all debris flow runout models are wrong”, but are left asking, 
“which are most useful?”  Most models can provide useful insights on debris flow behavior and potential risk 
reduction options in the hands of an experienced user.  One strategy of experienced practitioners is to use 
multiple models and compare results, considering the strengths, limitations, and intended uses of the numerical 
code.   

This paper presents a comparison of results obtained from two runout models, FLO-2D and DAN3D, which 
are used frequently by the authors in debris flow risk management projects.  The models were used to simulate 
a debris flow that occurred at Bear Creek, Seton Portage, British Columbia, Canada in July 2016.  This debris 
flow was highly mobile and ran out beyond the truncated fan edge to a developed area and destroyed a house 
(Figure 1).  This paper compares the model results, in terms of flow path, runout distance, deposit thickness, 
and impact intensity to the runout characteristics that were assessed during a field-based investigation by the 

ABSTRACT 
 

Numerical runout models are often a critical link in the chain of debris flow hazard assessment, 
risk assessment, and risk management, and are a primary basis for hazard maps that inform land-
use planning and mitigation requirements.  No model provides a perfect replication of debris flow 
behavior, therefore experienced practitioners sometimes base decisions on the results of multiple 
models. This paper presents a comparison of results obtained from FLO-2D and DAN3D models 
of a fine-grained debris flow on Bear Creek in British Columbia, Canada.  The calibrated DAN3D 
model reasonably reproduced the flow width and impact intensity at a building that was damaged 
during a 2016 debris flow, while overpredicting the runout distance.  The calibrated FLO-2D model 
reasonably reproduced the runout distance of the 2016 debris flow, but the flow divided into 
multiple avulsion paths that were inconsistent with the documented event.  Neither model was able 
to be calibrated to perfectly replicate the 2016 debris flow.  This highlights the importance of using 
judgement to interpret model results, particularly when model results will be used to create hazard 
maps or inform land use decisions. 
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authors, and comments on causes of model differences and applicability of the models for simulating this type 
of debris flow. 
 

 
Figure 1:  Bear Creek fan, Seton Portage, British Columbia, showing approximate extent of 2016 debris flow deposit. 

The yellow circle shows the location of a house that was impacted by the flow.  Base topography provided by BC 
Ministry of Forests, Lands, Natural Resource Operations, collected October 2017 

 
2  BEAR CREEK DEBRIS FLOW, JULY 2016 
 
Bear Creek is located in the Coast Mountains of Southwestern British Columbia.  Rural development associated 
with the community of Seton Portage is located on the distal portion of Bear Creek fan, and beyond a portion 
of the fan that is truncated by Portage River (Figure 1).  Debris flows are common in the Coast Mountains due 
to high relief and abundant precipitation, and due to the typical bedrock geology, most debris flows are 
composed of coarse debris (cobbles and boulders in a gravel matrix) and form a steep fan surface (often in the 
range of 10 to 20 degrees).  Bear Creek fan is unusual for the region because it is composed of relatively fine-
grained debris (gravel and cobbles in a sand to clay matrix).  The 2016 debris flow was highly mobile for the 
region, and this was attributed to the high clay content of the debris (7% to 10%). 

Bear Creek watershed is otherwise typical of debris-flow watersheds in the region.  The watershed is small 
(~2.3 km2 watershed area) and steep (~57% average channel gradient) with more than 1800 m of relief.  Bear 
Creek is ephemeral with flow occurring typically during spring and early summer, and during summer 
thunderstorms.  Bear Creek fan forms a classic half cone, centered at the fan apex.  The length of the fan is 
800 m to 1000 m.  The upper fan of Bear Creek (48% channel gradient) is deeply incised (up to 10 m) which 
concentrates flows in the narrow channel encouraging further erosion and debris entrainment from the channel.  
Confinement is mostly lost by the mid fan.  The distal fan has been truncated over approximately half of its 
length by Portage River.  Residential development is distributed evenly around all areas of the distal fan and 
beyond the truncated fan edge. 

The July 30, 2016 debris flow on Bear Creek occurred due to an intense afternoon thunderstorm.  A near-by 
weather station reported a maximum 15 mm/hr rainfall intensity and 27 mm total rainfall in 24 hours. The debris 
flow had an approximate deposit area of 98,000 m2, and deposit thickness ranging from 0.5 to 1.5 m, both 
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estimated by field investigation.  These estimates were combined to yield a total sediment deposition volume of 
about 60,000 m3.  The total runout length from the fan apex to the distal end of the deposit was 1100 m.  
Discharge of the event was estimated to range from 60 to 140 m3/s based on the flow depths and velocities 
estimated at several channel cross-sections.  The debris flow velocity at the fan apex was estimated to be 
approximately 5 to 6 m/s. 

 
3  MODEL CALIBRATION 
 
Two numerical modelling software packages were compared as part of this study: FLO-2D (O’Brien and Julien 
1988, FLO-2D 2007) and DAN3D (McDougall and Hungr, 2004, 2005). FLO-2D begins the simulation with 
an inflow hydrograph, while DAN3D begins with an initial volume located at a release area above the fan apex, 
and can consider entrainment along the flow path.  Both models consider the debris flow to be a homogeneous, 
single-phase, equivalent fluid over a static bed that is defined by a digital elevation model of the fan surface. 
FLO-2D uses a Eulerian reference frame, whereas DAN3D uses a Lagrangian frame.  

In this study, the models were compared using the Bingham rheological model. The Voellmy model was 
attempted with DAN3D, but the Bingham model provided results that more closely matched the documented 
event. The Bingham model is governed by two parameters: 1) a yield stress coefficient (y), which determines 
the stress at which the material behaviour transitions from a rigid material to a viscous material; and 2) a 
viscosity coefficient () which tends to limit the maximum velocity. In DAN3D, these parameters remain 
constant through the model run.  FLO-2D uses a general quadratic rheology that varies with the sediment 
concentration and is analogous to the Bingham rheological model.  Flow behavior in FLO-2D is also controlled 
by the terrain roughness (Manning’s n).  

The model calibrations were performed using different constraints that were selected independently during 
modelling, which contributed to different outcomes for the calibrations. Table 1 compares the model inputs that 
were used for calibration, and Table 2 summarizes the calibrated rheological parameters. The FLO-2D model 
was calibrated to match the deposit area of the documented event as closely as possible, while the DAN3D 
model was calibrated to match the documented spread of the flow, and provide a reasonable estimate of impact 
intensity at the edge of the development (i.e. the yellow circle shown on Figure 1). 

 
Table 1: Summary of the model setup for DAN3D and FLO-2D 

DAN3D parameters  FLO-2D parameters 
Debris flow volume About 60,000 m3  Debris flow volume About 60,000 m3 
Source zone volume 1,000 m3  Peak discharge 60 m3/s 
Grid size 5 m  Grid size 3 m 
Material unit weight 20 kN/m3 (overall)  Material unit weight 26.5 kN/m3 (sediment) 
Internal Friction angle 35°  Roughness (n) 0.075 
   Sediment concentration 50% 

 
Table 2: Summary of the calibrated rheological parameters for DAN3D and FLO-2D 

 DAN3D FLO-2D 
Yield stress (kPa) 4.0 2.5 
Viscosity (Pa s) 1.0 1.0 

 
4  RESULTS COMPARISON AND DISCUSSION 
 
The results of the model comparison are summarized in Table 3 and shown in Figure 2.  

 
Table 3: Comparison between the 2016 debris flow and the DAN3D and FLO-2D model results 

Comparison criteria 2016 debris 
flow  

DAN3D results FLO-2D results 
Value Difference Value Difference 

Deposit area (m3) 98,000 186,900 +91% 92,500 -6% 
Runout distance from fan apex (m) 1090 1260 +16% 1080 -1% 
Max. deposit thickness at end of runout (m) 1.5 2.2 +47% 3.0 +100% 
Peak Impact Intensity (m3/s2) 10-100 50-70 Within range 6.8 Low 
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The calibrated DAN3D model provides a reasonable estimate of the maximum width of the flow across the 
fan, and provides an estimate of the impact intensity that is in the estimated range based on building damage, 
The trade-off is the runout distance is overpredicted.  

FLO-2D was calibrated to provide deposit area and runout distance results that are reasonably consistent 
with the documented event, but the deposit thicknesses and flow behaviour are not consistent with the 
documented event. In addition, although the main flow path matches the 2016 event reasonably well, FLO-2D 
predicts multiple avulsions near the fan apex that did not occur in 2016.  Although inconsistent with the 
documented event, the modelled avulsions do indicate channel areas susceptible to avulsion.    

   

 
Figure 2:  Comparison of the documented and calibrated event delineations 

 
5  CONCLUSIONS 
 
Neither software package was able to perfectly replicate the Bear Creek 2016 debris flow, and creating hazard 
maps from either set of model results would require interpretation and judgement-based decisions. The 
differences in the calibrated models indicate differences in the models themselves, as well as differences in the 
objectives that different practitioners will chose to base their calibrations on.   This highlights the importance of 
using judgement to interpret model results, particularly when model results will be used to create hazard maps 
or inform land use decisions. 
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1  INTRODUCTION 
 
Mudflow is a concentrated suspension composed of soil and water and it is considered a serious geological 
hazard, because it may reach long distances and high velocities, becoming a very rapid flow-like movement. 
Mudflows are one of the most significant types of mass movements due to sudden occurrence and change of 
behavior, from solid-like to fluid-like (Iverson 2015), Right after the slope rupture, the soil may change from 
solid to plastic, as the mass gradually becomes deformed. When the water content increases (equal or higher 
than the liquid limit (LL)) the mass starts to move very quickly and the behavior changes completely, turning 
into a liquid-like mass (Lee and Widjaja 2013).  

One alternative to comprehend the flow movement is using models in small scale. In this method, the 
boundary conditions are controlled, thus it is possible to isolate the analyzed variable, and, consequently, 
understand the influence in the flow dynamics. 

So, this paper presents a simplified calculation to estimate the run-out distance using a small-scale model.  
 
2  EXPERIMENTAL 
 
2.1  Microfiller 
This work was carried out using a CaCO3 microfiller. The real density of dry material was determined by gas 
Helium pycnometer (Multi Pycnometer – Quantachrome), the granulometric distribution was measured by a 
laser granulometer with a detection range of 0.1 – 350 micra (Helos – Sympatec). 
 

 
Figure 1: Particle size distribution of microfiller, density, and SSA 

ABSTRACT 
 

Mudflow can be considered a geological hazard, mainly when occur near a city, because destroy 
all the infrastructure. After the rupture, the soil may suddenly change the behavior from solid-like 
to fluid-like. It may be caused by the increase of water content. Thus, comprehend the flow 
movement is important and one alternative is the use of a small-scale model, because it is possible 
to control the boundary conditions and isolate the variables to understand a specific parameter. So, 
this paper presents a simplified calculation to estimate the run-out distance using a small-scale 
model. By using a generic suspension composed by CaCO3, with different water content it is 
possible to evaluate the run-out behavior and morphology. In this is study, all the variables 
maintained constant (ramp inclination, volume of material, deposition surface) and only altered the 
water content. Therefore, the run-out was influenced only by the water. The results indicated that 
using a classic mechanics and energy conservation is possible to estimate the run-out, by estimating 
the friction between the suspension and suspension. The predicted distance was the same as 
observed in the experiment. 

Use of friction between suspension and surface to predict run-out 
distance using a physical model in small-scale 
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The material approaches to a particle size distribution of a silt and clay (<75 μm) (ASTM D2487). It presents 
a liquid limit (LL) of 46.4% and plastic limit (PL) of 28.1%. Thus, three suspensions with different water content 
were analyzed and Table 1 summarizes the main characteristics of each composition evaluated.  

 
Table 1: Suspension composition and powder characteristics: percentage in weight 

and volume of solid and liquid part, real density (ρesp) 

Suspension 
wt% 
sol. 

wt% 
liq. 

vol% 
sol. 

vol% 
liq. 

esp 

(g/cm3) 
50% 50 50 27.47 72.53  
55% 45 55 23.66 76.34 2.64 
60% 40 60 20.16 79.84  

 
2.2  Runout evaluation 
To evaluate the runout distance and morphology, a small-scale inclined ramp was used to study the behavior. 
Dimensions are the same as ‘L box’ used for self-compacting concrete characterization (EN 12350). The ramp 
(Figure 2) allows a adjust of inclinations (5º, 15º, 30º and 45º). In order to film the suspension runout, a 
semiprofessional camera (NIKON D7100) was used and setup with a rate of 60 frames/s and resolution of 720p. 

 

 
Figure 2: (a) Inclined plane used to evaluate flow dynamics (b) Detail: L = 60 cm e α = 15º 

 
Post-treatment of each suspension was analyzed using the Digital Image Correlation (DIC) technique and 

the procedure is presented in (Sakano et al. 2018). DIC allows the quantification of flow velocity. 
 

3  RESULTS 
 

By using the DIC technique it is possible to quantify the velocity and flow position in every instant. Figure 3 
presentes the suspension runout for each water content. In this study, the surface had little interaction with the 
suspension (rigid base), the flow volume remained constant and the slope was maintained at 15º and only the 
water content was altered. 

 

 
Figure 3: Velocity surface for different water concentrations (a) 50%, (b) 55% and (c) 60%. For the 50% 
concentration the velocity ranges from 0 to 0.35 m/s, 55% from 0 to 0.7 m/s and 60% from 0 to 0.85 m/s 

 
It is observed that as the amount of water increased, not only the velocity increased, but also the runout 

distance. The morphology of the deposited material is related to the composition, velocity, and friction of the 
surface with the suspension (Kaitna, Dietrich, and Hsu 2014). By the captured images is notable that as the 
water content increase, and, consequently, the suspension velocity, the morphology changes completely. The 
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morphology altered from circle to elliptical shape and this it may be related to the viscosity of the suspension. 
From the velocity surface, it is possible to obtain the rate of deposition on the horizontal plane (Figure 4). 

The profile used is the central region according to the dashed white line indicated in Figure 3.  
 

 
Figure 4: (a) Speed profile (u) for suspensions with different contents at each instant of the 

horizontal plane (L) (b) Flow position (L) as function of time 
 
There is a deceleration of the suspension from the initial (v0>0) to a final velocity (vf=0). This deceleration 

is caused by the friction between the suspension and the surface on which it is flowing. Thus, it is possible to 
make some assumptions and simplifications to calculate the maximum displacement of the suspension. 

Because it is a relatively simplified system: homogeneous suspension formed by fine particles and spread 
over a rigid smooth surface (without interaction between particle and surface), some hypotheses can be assumed: 

1. There is no sedimentation of particles and the suspension behaves as a homogeneous material; 
2. Only the friction force acts on the suspension after the exit of the ramp, being the resulting force of the 

system, so the kinetic energy of the system will be dissipated in the form of heat caused this force; 
3. It will be considered only the flow front, considering it as a block; 
So, it is possible to calculate the maximum distance that the suspension will travel in the horizontal plane. 

Firstly, it is necessary to define the coefficient of dynamic friction (μc) between the surface and the suspension. 
Based on the experimental data and using Newton's Second Law, which says that the resulting force (FR) acting 
on a body must be equal to the product of the mass of the body (m) and its acceleration (a). Since the only force 
acting is the friction force (FA) it is possible to calculate μc dividing the body acceleration by gravitational 
acceleration (g), according to Equation 1. 

 
𝐹𝐹𝑅𝑅 =  𝐹𝐹𝐴𝐴  → 𝑚𝑚𝑚𝑚 = 𝑚𝑚𝑚𝑚𝜇𝜇𝑐𝑐  ∴  𝜇𝜇𝑐𝑐 = 𝑎𝑎

𝑔𝑔           (1) 

 
However, it is still necessary to know the value of the system acceleration to calculate the coefficient of 

dynamic friction. Through the equations of the classical mechanics of uniformly varied motion, in especial the 
Torricelli equation, it is possible to calculate the system deceleration. Parameters for calculation and results are 
summarized in Table 2. 

 
Table 2: Parameters used to calculate the system deceleration. v0 initial velocity, 

ΔS displacement, a acceleration, and amean mean acceleration 
Water 

content (%) 
ν0 

(m/s) 
ΔS 
(m) 

ɑ 
(m/s2) 

ɑmean 

(m/s2) 
50 0,31 0,29 0,170  
55 0,62 1,04 0,186 0,177 
60 0,76 1,64 0,175  

 
Thus, by substituting the mean deceleration value in Equation 1 it is possible to calculate the coefficient of 

friction. As was pointed out by one of the hypotheses, all kinetic energy (EC) will be dissipated in the form of 
work performed by friction force (WA), and thus it will be possible to calculate the maximum distance (Lmax) 
traveled by the suspension, according to Equation 2. And Figure 5 compares the runout distance of the 
experiment (Lmeas) and the calculated (Lcalc). 
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𝐸𝐸𝐶𝐶 = 𝑊𝑊𝐴𝐴 →  𝑚𝑚𝑣𝑣0
2

2 = 𝑚𝑚𝑚𝑚𝜇𝜇𝑐𝑐𝐿𝐿𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  ∴  𝐿𝐿𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  =  𝑣𝑣0
2

2𝑔𝑔𝜇𝜇𝑐𝑐
         (2) 

 

 
Figure 5: Comparison between runout distance measured and calculated 

 
It is verified that the runout distance prediction using the principle of conservation of energy and classical 

mechanics is valid. But it is worth mentioning that, it is only valid because of the hypotheses and because it is 
a simplified system. In a real condition, the result would be divergent, because there is the presence of thick 
particles immersed in the suspension formed by the fine particles, causing to the greater interaction between 
them and, also, exchanges of material between the base and the suspension. 

 
4  CONCLUSIONS 

 
By the ramp tests, it was verified that the water content has great influence on the flow and spreading of the 
suspension. As the water content was increased, higher flow velocities and, consequently, longer deposition 
distances were observed. The water content also affected the deposition morphology. For low water content, the 
morphology was close to a circumference and as water is added into the system, the shape approaches to an 
ellipsoid. With the quantification of velocities and positioning over time, it was possible to model the flow in a 
simplified way using classical mechanics. Thus, it was possible to estimate the friction between the suspension 
and the surface and calculate, from conservation of energy, the runout distance using. The predicted distance 
was the same as observed in the experiment. 
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1  INTRODUCTION 

 
Debris flow is one of the major hazards in the mountainous areas which carries huge amount of momentum 
and causes series damage to the infrastructure downstream. The fluid among the debris flow grains plays the 
role to reduce the grain-contact stresses and thus enhance the mobility. Estimation and measurement of the 
debris flow impact load on structures provide the basic information for design of structural countermeasures. 
More than that, it is also an important approach to study the fundamental dynamic properties of debris flows.  

The basal normal stress and pore pressure have been reported in the literature (Iverson et al. 2010; 
McArdell et al. 2007). However, due to the destructive power of debris flows, the contribution of fluid-phase 
pressure to the total impact pressure on engineering structure has not been revealed. In this study, two-phase 
debris flow impact on a rigid barrier was conducted in a small-scale flume. Measurement of fluid-phase 
impact pressure could shed light on the two-phase flow impact mechanisms. 

 
2  METHODOLOGY AND RESULTS 
 
2.1  Flume modelling of two-phase flow impact on a rigid barrier 
 
The tests were conducted using a 9.0 m long and 0.3 m wide flume. The flume has a 3.0 m upstream section 
with 25° slope and a 6.0 m downstream section with 5° slope. A rigid barrier is fixed perpendicular to the 5° 
slope as a cantilever structure. To prevent overflow of two-phase flows during impacting rigid barrier, the 
heights of both the sidewall and the barrier were designed as 0.8 m. A series of sensor ports are installed with 
their upper surface flush with the base of flume. The sensor port is composed of one trialxial load cell for 
measurement of basal normal and shear stresses and one pore pressure transducer (PPT) for measurement of 
dynamic pore pressure. Instrumentation on the rigid barrier includes miniature load cells for the total normal 
impact pressure and PPTs for the fluid-phase impact pressure. 

The two-phase flows are mixtures of 0.6 mm glass beads and viscous fluid. The fluid is a mixture of 
glycerin and water with a viscosity of 0.1 Pas in this study. The total volume of two-phase mixtures is 
controlled as 50 liters. The solid fraction varies from 0.4 to 0.6 to investigate the effects of solid-fluid 
interaction on the flow impact dynamics. Test program is summarized in Table 1. 
 

ABSTRACT 
 

Estimation and measurement of the debris flow impact load on structures is essential for design of 
structural countermeasures and is also an important approach to study the fundamental dynamic 
properties of debris flows. Due to the destructive power of debris flows, the contribution of fluid-
phase impact pressure to the total impact pressure on engineering structure has not been reported. 
This study utilizes a small-scale flume to study two-phase flow impact on a rigid barrier. Test 
results shows that, for the low solid fraction flow, the flow remains fully liquefied during the 
transportation and impact processes. The fluid-phase impact pressure contributes most of the total 
normal impact pressure. This indicates that quantification of solid-fluid interaction is vital for the 
design of debris-resisting structures. 
 

 

 

 

 

 

Contribution of fluid-phase pressure to two-phase flow impact 
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Table 1: Test program of two-phase flow impact on rigid barrier 

Test ID Viscosity 
(Pas) 

Volumetric solid fraction 

S4 

0.1 

0.4 

S5 0.5 

S6 0.6 

 
2.2  Basal stresses and pore pressure 
 
Figure 1 shows the time histories of the basal normal stress, basal shear stress, and basal pore pressure of Test 
S4 in the 3.0 m section of the flume. The initial time (0.0 s) of all tests is readjusted as the moment of release 
of debris. It is obvious that the pore pressure overlaps with the normal stress, indicating that the flow is fully 
liquefied. The solid fraction 0.4 is lower than the critical solid fraction (Iverson and George 2014), so that the 
solid phase contracts during the flow process and the viscous effect of fluid phase dominates the flow 
dynamics (Song et al. 2017). The basal shear stress shows a sharp increase and followed by a gradual decrease 
before the peak normal stress (peak flow depth). The velocity of flow reaches its maximum in the flow front 
and attenuates subsequently. For the fully liquefied case, the viscous drag (proportional to the square of 
velocity) mainly contributes to the basal shear force. 
 
 

 
 

Figure 1: A fully liquefied case of two-phase impact (S4) 
 
 
2.3  Impact kinematics 
 
The overall captured impact kinematics is fluid-like (Fig. 2). As the flow reaches the base of rigid barrier, an 
instant runup appears. The debris jets up along the barrier, reaching the crest of the barrier (0.8 m) and then 
falls back to the upstream direction. 
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(a) (b) 

  
(c) (d) 

 
Figure 2: Observed interaction kinematics for Test S4 (a) t = 0.0 s; (b) t = 0.1 s; (c) t = 0.2 s; and (d) t = 0.3 s. 

The initial time is set as the moment when the flow reaches the barrier base 
 
2.4  Total normal impact pressure and fluid-phase impact pressure 
 
Figure 3 shows the total normal impact pressure and the fluid-phase impact pressure at the base of rigid barrier  
 

 
Figure 3: Total normal and fluid-phase impact pressures of Test S4 

R
igid barrier 

Miniature load cell  
and PPT in Fig. 3 
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for Test S4. The fluid-phase pressure generally follows the trend of the total impact pressure, which is 
consistent with the finding in the basal stresses measurement. This indicates that the impact dynamics of the 
flows with low solid fraction may be dominated by the fluid phase and quantification of solid-fluid interaction 
is vital for the design of debris-resisting structures. 

 
3  CONCLUSIONS 
 
A series of small-scale flume tests were carried out to investigate the contribution of fluid-phase impact 
pressure to the debris flow impact. It is found that, for the low solid fraction flow impact, the fluid phase 
dominates the impact behavior. The flow remains fully liquefied during the transportation and impact 
processes, and the fluid-phase impact pressure contributes most of the total normal impact pressure. This 
study utilizes uniform grain size and ideal Newtonian rheology for the fluid phase. Effects of grain size 
distribution and nonlinear fluid rheology deserve in-depth investigation. 
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1  INTRODUCTION 
 

Rock avalanches represent the specific type of flow-like landslides, whose extreme mobility is governed not 
by the presence of the significant amount of water mixed with rapidly moving debris, as, for example, in 
debris flows, and not by liquefaction within the sliding zone (e.g. Sassa et al. 2010), but by internal processes 
evolving during emplacement of these dry granular flows. Various mechanical models were proposed to 
explain their high mobility (Hsü 1975; Grigorian, 1979; Davies 1982; Melosh 1986; etc.) and the dynamic 
fragmentation model seems to be the most realistic and well-grounded one (see e.g. Davies et al. 2017). 

Study of numerous rock avalanches that originated on slopes formed by multiple varicolored lithologies 
whose mutual position before and after the emplacement can be compared just visually, shows that in most of 
cases rock avalanche moves as a laminar flow without any turbulence, so that comminuted debris that 
originated from various types of rocks do not mix and form distinct "layers" or "belts" (see, e.g., 
Abdrakhmatov, Strom 2006; Strom 2006). We want to notice that clear evidence of laminarity can be seen in 
the deposits of those rock avalanches that form long thin sheets of debris spreading over unconfined surfaces, 
of those canalized in narrow valleys, and of those that moved across deep narrow valleys forming compact 
dams. Sometimes it is really difficult to distinguish between what should be classified as “rockslide” and 
what – as “rock avalanche”. Quite often such division is based just on the deposits' morphology (compact 
bodies are caller “rockslide”; thin and elongated bodies – “rock avalanche”), while, considering state of the 
material, most of large-scale rock slope failures represent flow-like granular flows and, thus, can be classified 
as rock avalanches. 

ABSTRACT 
 

Typical peculiarities of large-scale bedrock landslides are the intensive comminution of debris 
and absence of mixing of the lithologies involved in slope failure. Such combination allows 
classifying most of them as rock avalanches – dry laminar granular flows. Different parameters 
characterizing rock avalanche mobility such as runout, angle of reach, affected area, and their 
relationships with volume of failure, height drop, and product of the latter that is somehow 
proportional to the potential energy released during emplacement, are analyzed based on the 
rockslide inventory of the Central Asian region. It was found that the regressions of the affected 
area with volume and with its product with maximal height drop has higher correlation 
coefficients that those of the angle of reach and runout. Effect of confinement type (frontal, 
lateral and unconfined) on rock avalanche mobility is analyzed statistically. Interrelations 
between various parameters characterizing and governing spreading of flow-like dry rock 
avalanches is demonstrated by use of triple regressions allowing comparison of the influence of 
two parameters, e.g. failure volume and height drop, on rock avalanches’ mobility. 

Role of confinement on spreading of flow-like dry rock avalanches 
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Unlike many other types of landslides that affect elements at risk located on the deforming slopes mainly, 
highly mobile rock avalanches in mountainous regions endanger people, buildings and infrastructure at the 
slopes' feet at most. Extremely high velocity of moving debris that could reach hundreds km/h predetermines 
hazard of rock avalanches both for people that cannot escape, and for structures due to severe impact force. 
Besides high velocity, mobility of rock avalanches can be characterized by their geometrical parameters. 
Those used most commonly are the runout – maximal horizontal distance between headscarp crown and most 
distant point of the deposits (Kilburn, Sorrencen 1998; Legros 2002), and the angle of reach – ration between 
height drop and runout (Sheidegger 1973; Hsü 1975; Davies 1982; Li 1983; Shaller 1991; Kobayashi 1993; 
Corominas 1996). Li (1983) used the affected area as an additional parameter characterizing rock avalanche 
mobility. Starting from the pioneering work of Sheidegger (1973) researchers analyze dependence of rock 
avalanche mobility from its volume.  

It is obvious that shape of rock avalanche deposits and their geometrical parameters should strongly 
depend on the confinement. Following Shaller (1991), all of them be divided, at first approximation, in three 
groups – unconfined, laterally confined and frontally confined. However, most of relationships mentioned 
above were derived for the entire data sets. Limited number of case studies prevented statistical analysis of 
samples selected considering the confinement conditions. Compilation of the Central Asia rockslide database 
including about 1000 case studies, more than 500 of which were quantified (Strom, Abdrakhmatov 2018) 
allowed quantitative analysis of the relationships between various parameters of rock avalanche that takes the 
confinement into consideration. 

 
2  RUNOUT VERSUS AFFECTED AREA 
 
Runout (L) as well as its inverse ratio with height drop (H/L) (height drop H is defined as altitude difference 
between headscarp crown and the deposits' tip) are not the only, and, likely, not the optimal parameters 
characterizing rock avalanche mobility, especially for the purpose of risk assessment that requires knowledge 
of the exposure of elements at risk (Corominas et al. 2015). Indeed, rock avalanche debris can move not only 
forward, but also sideward, forming fan-shaped or the pancake-shape bodies that, despite they might spread 
not as far as those moving straightly forward, could affect much larger area, thus increasing the exposure. 

Considering needs of landslide risk assessment, Strom and Abdrakhmatov (2018) analyzed total affected 
area defined as a polygon embracing source, transition and deposition zones whose area is measured in plan 
view (Atotal). Indeed, there is no big difference for an element at risk if ground would sank under its feet, if it 
would be swept out by rapidly moving debris or would be buried by the deposits. As it was shown by the 
statistical analysis (ibid), correlation coefficients of the relationships between rock failure volume (V) and the 
affected area (Atotal) and of its inverse ration with height drop (H/Atotal) are much higher than of those between 
volume (V) and angle of reach (H/L) or volume (V) and runout (L) (Table 1).  

 
Table 1: Correlation coefficient (R2) of the regressions between various parameters characterizing rock avalanches 

Confinement LV H/LV LV×Hmax AtotalV H/AtotalV AtotalV×Hmax 
Frontally confined 0.7335 0.3008 0.8160 0.9008 0.8006 0.9258 
Laterally confined 0.7301 0.4497 0.051 0.8833 0.8686 0.9267 

Unconfined 0.8066 0.3962 0.8824 0.9151 0.8330 0.93.61 
 
Correlation coefficients R2 of the LV and AtotalV regressions are slightly less for laterally confined cases 

than for other types of confinement, and, contrariwise, are slightly higher for H/LV and H/AtotalV 
regressions. 

Similar effect was found when we analyzed dependence of runout and of total affected area from the 
product of rock failure volume and maximal height drop (Hmax) defined as difference of altitude between the 
headscarp crown and the lowermost part of the deposits along the profile where it is measured. For unconfined 
and laterally confined rock avalanches Hmax=H; for frontally confined features Hmax>H. This product is 
somehow proportional to the potential energy released during the emplacement. More strict definition of the 
potential energy requires knowledge of height drop of the center of mass and of rocks’ unit weight. However, 
considering poor accuracy of the localization of the center of gravity and high uncertainty of volume estimates 
(about ±30% if not more) that is higher than variation of the unit weight of different types of rock, in the first 
approximation this value (V×Hmax) seems to be sufficient. R2 of such correlations are higher than of 
correlations between L, H/L, Atotal and H/Atotal just with volume only, except the only one – LV×Hmax for 
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laterally confined rock avalanches that is extremely low (see Table 1). Thus, both general considerations and 
the statistical analysis demonstrate preferability to characterize the mobility of large-scale flow-like rock 
avalanches by the total affected area rather than by the runout or angle of reach.  
 
3  EFFECT OF CONFINEMENT 
 
Effect of the confinement conditions on rock avalanches’ mobility is quite evident: lateral confinement 
prevents debris spreading in the transverse direction; frontal one forces debris to form compact dams and to 
rise on the opposite slope, sometimes for hundreds meters. Such upslope motion means that part of the kinetic 
energy and momentum gained by rock avalanche body during initial descent is consumed by work against 
gravity force, along with its consumption by work against basal and internal friction and by crushing, while at 
unconfined and laterally confined cases energy is consumed by basal friction and internal processes only.  

Interesting and somehow surprising results were obtained when we analyzed relationships between runout 
and total affected area that characterizes transverse spreading of rock avalanche debris. Atotal÷L regression 
curves for unconfined and frontally confined cases appeared to be almost the same, while that for laterally 
confined cases lies parallel but their affected areas are about 2 times less for the given runout. It can be 
described by the exponential equations in the form: Atotal=a×Lb. While coefficient “b” for three confinement 
types is almost equal (from 1.7594 to 1.7764), coefficient “a” for frontally confined cases is 0.4134, for 
unconfined cases is 0.4222, and for laterally confined cases is 0.2238 only. Similarity of such regressions for 
unconfined and frontally confined cases allows assumption that lateral spreading due to collision with an 
opposite slope provide same effect as lateral spreading of debris moving over the unconfined surface. We 
must consider, however, that another parameter indirectly affecting these relationships is rock avalanche 
volume. Relative importance of volume and runout for the affected area derived from the triple correlation 
log(Atotal) = a×log(V) + b×log(L) + c is demonstrated by Table 2. 

 
Table 2: Relative importance of volume (V) and runout (L) for the affected area (Atotal) 

Confinement 
No of 
cases 

Coefficient 
R-squared 

Relative importance 
a b c V L 

Frontal 294 0.34 0.91 1.47 0.95 0.51 0.49 
Lateral 68 0.34 0.99 0.49 0.97 0.49 0.51 

Unconfined 71 0.38 0.90 1.00 0.96 0.50 0.50 
     

We must notice that that larger runout of laterally confined rock avalanches of the given volume than of 
those in other confinement conditions (Strom, Abdrakhmatov 2018) does not compensate impossibility of 
lateral spreading of debris that result in smaller affected area (and exposure) of laterally confined features in 
comparison with unconfined rock avalanches. 

We also analyzed dependence of the runout and of the affected area from both V and Hmax (log(L; Atotal) = 
a×log(V) + b×log(Hmax) + c) (Tables 3 and 4). Actually, these parameters are not absolutely independent. Larger 
failures usually occur on higher slopes that can be described by the exponential regression:  
V = 1.0089e0.0037×Hmax with large scatter (R² = 0.5018).  

 
Table 3: Relative importance of volume (V) and maximal height drop (Hmax) for runout (L) 

Confinement 
No of 
cases 

Coefficient 
R-squared 

Relative importance 
a b  c V Hmax 

Frontal 294 0.15 0.57 1.20 0.87 0.49 0.51 
Lateral 68 0.14 0.94 -0.65 0.90 0.43 0.57 

Unconfined 71 0.22 0.56 0.25 0.91 0.53 0.47 
 

Table 4: Relative importance of volume (V) and maximal height drop (Hmax) for affected area (Atotal)  

Confinement 
No of 
cases 

Coefficients 
R-squared 

Relative importance  
a b  c V Hmax   

Frontal 294 0.48  0.53  2.52  0.92  0.65  0.35   
Lateral 68 0.47  0.95  -0.23  0.94  0.57  0.43   

Unconfined 71 0.58  0.49  1.26  0.94  0.65  0.35   
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This analysis explains lack of correlation between runout (L) and V×Hmax for rock avalanches that moved 
in laterally confined conditions while for other types of confinement such correlation is quite significant (see 
Table 1). It is caused by very poor dependence of runout from maximal height drop (Strom, Abdrakhmatov, 
2018) and much higher relative importance of Hmax for runout of laterally confined rock avalanches than for 
rock avalanches with other confinement conditions (see Table 3).  On the contrary, total affected area depends 
on failure volume much more than on maximal height drop, regardless of the confinement conditions, though 
for laterally confined cases role of volume is less than for other samples (see Table 4).  
 
4  CONCLUSIONS 
 
Statistical analysis of rather large database of Central Asian bedrock landslides most of which can be 
classified as rock avalanches provides quantitative validation of the preferability to use total affected area as a 
parameter characterizing rock avalanches’ mobility. It also allows estimating role of the confinement 
conditions and proves the assumption that relationships between various parameters of rock avalanches must 
be analyzed for unconfined, frontally confined and laterally confined case studies separately. 
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1  INTRODUCTION 

 
1.1  Flexible barrier 
Flexible barriers are being increasingly applied to mitigate the danger of debris flows. Compared with other 
active measures, flexible barriers have several advantages: easy to install, cost-effective, eco-friendly and good 
adaptability in mountainous terrains. Therefore, as a potential alternative in natural hazard mitigation, flexible 
protection systems are valuable to be further studied. 
 
1.2  Introduction of hydro-dynamic approach 
The hydro-dynamic approach, first proposed by Hungr et al. (1984) and Armanini (1997), has been widely 
adopted in the flexible barrier design in Europe (Volkwein 2014) and Hong Kong (Kwan and Cheung 2012). 
According to this approach, the impact force is calculated as: 

2
0impact bulkF v hw  (1) 

where ρbulk is the bulk density of the debris flow (kg/m3), v0 is the debris flow velocity (m/s), h and w denote the 
flow depth (m) and the channel width (m), α is a dynamic coefficient. The dynamic coefficient is the key 
parameter of the equation. Hungr et al. (1984) proposed a value of 1.5. Lo (2000) suggested the value of 3.0 in 
the design of rigid barrier. Wendeler (2008) suggested a value of 0.7 for mud flows and 2.0 for granular flows 
considering the flexibility and permeability of flexible barriers. Canelli et. al. (2012) recommended a value in a 
range between 1.5 and 5.0. It can be deduced that the impact forces calculated with Eq. (1) may vary due to the 
use of different values of the dynamic coefficients suggested by different researchers. 
 
2  LARGE SCALE TESTS 
 
2.1  Introduction of the large-scale device  
A large-scale testing device is built in the Road Research Lab of the Hong Kong Polytechnic University with a 
length of 9.5 m, a height of 8.3 m and a width of 2 m. The view of the experiment setup is plotted in Fig. 1. This 
facility can be divided into 4 main components: (i) a reservoir with the capacity of 5 m3 at the top of the device, 
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Impact force from a debris flow is a key issue in the design of flexible barriers for debris flow 
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(ii) a novel quick flip-up door opening system at the front vent of the reservoir, (iii) a flexible barrier with 
supporting posts and cables, and (iv) a flume linking the reservoir and the flexible barrier. The prototype flexible 
barrier with a width of 2.48 m is made up of steel rings with a diameter of 300 mm (No. ROCCO 7/3/300, 
Geobrugg), which are commonly used in rockfall mitigation in European and Hong Kong. This ring net is 
covered by a flexible secondary wire net with the mesh size of 50 mm to provide a high trapping rate for the 
granular flows. Two parallel posts that can rotate in the plane of impact are installed to stretch and support the 
ring net, and each post is supported by two inclined strand cables. The flume has a length of 7 m, an inner width 
of 1.5 m and an inclination angle of 33°. Side walls of the flume are made up of tempered glass to provide a 
clear observation of generated granular flows and their interactions with the flexible barrier. 
 

 
Figure 1: Large scale physical model in PolyU 

 
2.2  Instrumentation 
To monitor the performance of a flexible barrier under the impact of granular flows, this device is instrumented 
with a well-arranged high-frequency measurement system. Two types of transducers are installed on the flexible 
protection system: mini tension link transducers and high capacity tension link transducers. The mini tension 
link transducers were calibrated in the soil laboratory with a maximum loading of 20 kN. Those transducers are 
installed on the flexible ring net to measure the impact force on the flexible ring net directly. Specifically, the 
central area of the flexible ring net, which consists of 5 connected rings, is separated from the main net and 
reconnected to the neighboring rings by 10 mini tension link transducers. A data-logger with the capability of 
sampling 48 transducers at 1000 Hz simultaneously is used to collect the data of all transducers. Two high-speed 
cameras capable of capturing a resolution of 1024 ×768 pixels at a sampling rate of 1000 frames per second are 
used to capture the motions of the granular flows and the deformation of the flexible barrier under impact. One 
high-speed camera is located at the right side of the barrier, and the other one is set in front of the barrier. 

 
2.3  Test procedures 
A granular debris flow impact test and a muddy debris flow impact test were conducted with this large-scale 
device. In the test, the debris flow travelled on the steel plate of the flume and impacted an empty flexible 
barrier. At the beginning of test, the door was flipped up in less than 0.5 s with the help of a novel door opening 
system to generate a uniform granular flow. The datalogger started to obtain data several seconds before the 
triggering of the debris flow to obtain initial values of all the transducers. Simultaneously, the high-speed 
cameras started to capture the motion of the debris flow and its interaction with the flexible barrier during the 
impact. The impact velocity of the granular debris flow was measured by the moving distance between two 
continuous photographs taken by the side-view high-speed camera with the assistance of scale reference 
attached to the supporting post and frame. 
 
3  TEST RESULTS 
 
3.1  Granular debris flow 
The granular material used in this test is uniform dry aggregate with the diameter between 15-30 mm. The 
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measured impact velocity of the granular debris flow is 5 m/s. The impact and deposition process of the granular 
debris flow impacting a flexible barrier is plotted in Fig. 2 by high-speed cameras. It can be observed that the 
granular debris flow impacted the flexible barrier and piled up first, then deposited behind rest granular 
deposition layer by layer. During the deposition process, no obvious penetration of granular particles was 
observed. The impact force on the flexible barrier directly was measured from the mini tension link transducers 
installed on the flexible ring net. The measured impact force in this test was 10.96 kN. From the back-calculation 
using the hydro-dynamic approach, the dynamic coefficient is around 2.0. 
 

 
(a) 

 
(b) 

Figure 2: Impact process of granular debris flow in (a) Side view (red lines represent the profile 
of the granular debris flow) and (b) Front view 

 
3.2  Muddy debris flow 
The debris material used in this test is completely decomposed granite (CDG) soil mixed with abundant water. 
The measured impact velocity of the muddy debris flow is 7 m/s. The impact process of the muddy debris flow 
on a flexible barrier is plotted in Fig. 3 by high-speed cameras. It can be observed that a certain percentage of 
slurry and small particles passed through the flexible barrier with a residual velocity during the impact, and only 
a small percentage of large debris was trapped by the secondary mesh net of the flexible barrier. The measured 
impact force in this test was 6.01 kN. From the back-calculation using the hydro-dynamic approach, the dynamic 
coefficient is around 0.5. 
 
 

 
(a) 
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(b) 

Figure 3: Impact process of muddy debris flow in (a) side view and (b) front view 
 

4  CONCLUSIONS 
 
From the test results, the muddy debris flow has a better fluidity and a faster impact velocity than those of the 
granular debris flow, but a lower impact force on the flexibe barrier than that of the granular debris flow. 
Obvious penetration only occurred in the muddy debris flow impact test. From the back-calcualtion, it can be 
concluded that the dynamic coefficient for muddy debris flow has a lower value of 0.5, which is much smaller 
than the coefficient for granular debris flow with the value of 2.0. The comparison shows that the granular debris 
flow can lead to a higher impact even with a lower velocity since the hydro-dynamic approach assumes the 
dynamic impact force is propotional to the velocity squared. From the observations of the impact process, it can 
be concluded that the impact force has a close relationship with the penetration of debris material. 
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1  INTRODUCTION 
 
The impact of climate-related disasters has affected large regions of the world, damaging buildings and 
infrastructure systems to an extent that cause many years for full recovery. The international initiative to 
reduce damage to life properties and economy due to disasters can be referred to Sendai Framework for 
Disaster Risk Reduction (SFDRR) 2015-2030 which is a continuation of Hyogo Framework for Action 
(HFA) 2005-2015. The seven goals and four priorities for action are stated in Sendai Framework aimed for 
disaster risk reduction and losses in life. The eleventh Malaysia Plan 2016-2020 is a strategic plan that open 
the lane for Malaysia to deliver the best to the Malaysian citizens. There are 4 thrusts in Eleventh Malaysia 
Plan that are relevance to infrastructure (Economic Planning Unit, 2015). Parallel with the initiative of 
Construction Industry Development Board (CIDB) under the Construction Industry Transformation 
Programme (CITP) 2016-2020. It was highlighted that the natural disaster damage was driven by lack of 
building and infrastructure resilience with an estimated RM800 Million for repair and reconstruction of 
schools, hospitals, roads, and bridges and approximately RM2.9billion damage cost from 2014 floods in 
East Coast of Malaysia and (CIDB, 2015). This paper aims to identify resilience strategy and to present the 
status on resilience approach with existing policies, acts, guidelines and framework in Malaysia. The aims 
are to be in line with the Construction Industry Transformation Programme (CITP) 2015 which is to support 
the sustainability goal under the Eleventh Malaysia Plan by increasing the resiliency of building and 
infrastructure towards natural disaster.  
 
2  LITERATURE REVIEW AND METHODOLOGY 
 
2.1 Critical Infrastructure  
The disaster events occurred in Malaysia revealed how severely the devastation of building and 
infrastructure give an impact on societies and economy. Towards a developing nation, societies in the future 

ABSTRACT 
 

Critical Infrastructure (CI) protection in Malaysia is a crucial issue and must be seriously 
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will heavily depend on the functioning of quality building and infrastructure. The building and 
infrastructure system are important as both community and economic activity are inter-connected. However, 
some country defines both building and infrastructure as single definition under critical infrastructure. 
Common understanding in critical infrastructure will provide clear definition and specific sector identified 
in the national infrastructure plan. United Nations International Strategy for Disaster Risk Reduction 
(UNISDR) define Critical Infrastructure (CI) as “the primary physical structures, facilities, networks and 
other assets that support services that are socially, economically and operationally essential to the 
functioning of a society or community” (UNISDR, 2015). CI are usually divided into physical and socio-
economic infrastructure systems. Physical CI encompasses all basic services such as electricity/power and 
water supply, waste (water) management, transport or information and telecommunication technologies. 
Socio-economic infrastructures include facilities such as hospitals, schools, public administration, disaster 
management services, financial services and recreational areas (Claudia et al., 2013; UNISDR, 2015). For 
the purposes of Sendai Framework, basic services need to be considered for the society to function 
effectively. To keep the focus of the paper on CI with regards to disaster context. Table 1 shows the 
prioritization of the CI based on sectors. 
 

Table 1: Priority of Critical Sectors by Countries 
No Country Sectors Definitions 
1 Australia i) Communications  

ii) Energy  
iii) Finance 
iv) Food supply  
v) Government services 
vi) Health 
vii) Manufacturing 
viii) National icons  
ix) Transport  

“Infrastructure which, if destroyed, 
degraded or rendered unavailable for an 
extended period, would significantly 
impact on social or economic well-being 
or affect national security or defense.” 

3 United 
States 

i) Agriculture and food 
ii) Banking and finance 
iii) Chemical and hazardous materials 
iv) Defense industrial base 
v) Emergency services 
vi) Energy 

“Systems and assets, whether physical or 
virtual, so vital to the United States that 
the incapacity or destruction of such 
systems and assets would have a 
debilitating impact on security, national 
economic security, national public health 
or safety, or any combination of those 
matters.” 

3 Malaysia i) Defense and security 
ii) Transportation 
iii) Banking and finance 
iv) Health services  
v) Emergency services  
vi) Energy  
vii) Information and communications 
viii) Government 
ix) Food and agriculture 
x) Water 

“Assets (real or virtual), systems and 
functions that are vital to the nation that 
their incapacity or destruction would 
have a devastating impact to the nation”  

Source:  (Narain et al., 2014), (Yunos, 2016) 
 

All these CIs need to be protected from natural disasters or attack by hostile or malicious. The ranking of 
the sectors is based on their priority itself since every sector have their own importance and every critical 
infrastructure will affect the economy and social of the region affected (Dunn & Wigert, 2004). To protect 
critical infrastructure in the country is not an easy task and the protection could be extremely difficult due to 
their dependencies to one another. Referring to Wiseman and Mclaughlin in (2013), the dependencies 
among each critical infrastructure are sometimes hidden and not well recognized by the stakeholders. 
Zimmerman in (2009) captured the dependencies of electric power, water oil, transportation, natural gas and 
telecommunications sectors using directional graphs together with their causes.  Numerous researchers have 
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developed and design the interactive visualization tools to analyze and see the interdependencies among 
each CI. 
 
2.2 Malaysia Governance in Disaster 
The Malaysian disaster management is based on instruction 20 National Security Council (NSC) and Fixed 
Operating Regulations (PTO). In December 2014, Malaysia faced the worst flood event affecting several 
states with Kelantan being the worst which leads to the establishment of National Disaster Management 
Agency (NADMA) in 2015 under Prime Minister’s Office to facilitate the government agencies in disaster 
management including flood and landslide. NADMA cover the task on pre, during, and post disaster and 
define the roles and responsibilities of each agencies involved in disaster management. The disaster 
governance framework and management structure in Malaysia is divided into 2 parts namely management 
and assessment part (Seman, 2015). Figure 1 (a) & (b) shows the disaster governance framework and 
agencies involved in disaster management in Malaysia.  
 

 
Figure 1 (a): Malaysia disaster governance framework 

(Source: Seman, 2015) 

 
Figure 1 (b): Agencies involved in disaster management 

 (Source: Seman, 2015)

Among the Federal Legislations and State Enactments that is direct or indirectly enforce in disaster 
management are Environmental Quality Act (EQA) 1974, National Land Code 1965, Water Act 1920 
(Revised 1989), Drainage Works Act1954, Local Government Act 1976, Street, Drainage and Building Act 
1974, Town, Country and Planning Act 1976, and Land Conservation Act, 1960. These legislations and 
enactments are to serve federal and state government of the resource and development within their states. 
Each of these legislations and enactments does not fall into one department or agencies, but to various 
government department with each having their own functions and responsibilities (Juni, 2016).  
 
3  FUTURE DIRECTION AND WAY FORWARD 
 
Decisions during construction phases can have significant impact on the resiliency of critical infrastructures 
over their entire life cycle. Preparing for and addressing disaster events required increased levels of 
engineering solutions. Resilience engineering has focused on large and small industry functions that are safe 
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and efficient and this can be described as a system or artifact built. The resilience engineering approach holds 
that if the performance of the system is resilient, it must be able to respond, monitor, study and anticipate. 
The combination of all will make critical infrastructure becoming more resilience and help to reduce the loss 
of life and economy during natural disaster. Academicians play an important role in conducting rigorous 
research in-line with the nation interest that can benefit the construction sectors. Research on determining the 
critical infrastructure as a podium where data from government agencies gathered, validated, processed, 
evaluated, analysed and published to achieve international recognition. Also, information and data sharing 
remained important components in reducing and managing any type of disaster thus educating the community 
and agencies on disaster risk and hazard management. Financial factors also indirectly contribute to the 
development of more reliable and quality information whereby case studies from other countries provide new 
ideas and benchmarking which can be implemented in this country. It is significantly needed to manage 
resources and handle data for disaster risk management. Many agencies have valuable data to be shared thus a 
standard operating procedure (SOP) in acquiring, managing, evaluating and analysing data should be 
collaboratively developed. Involvement from various parties such as decision makers, practitioners, 
academicians and communities play a role in finding solutions and tackling the problems faced in the event of 
disaster. There is also a need for greater stakeholder participation, especially from NGOs at all levels in the 
disaster cycle. Malaysia should have strong capacity building for NGOs, local communities and disaster 
victims. Disaster management mechanisms should adopt more non-structural measures, bring in state-of-the-
art technology and cooperate internationally with other countries in addressing transboundary disasters.  
 
4  CONCLUSIONS 
 
The desire to protect critical infrastructure is a big task and complicated matter in any entity to accomplish 
alone. A smart partnership and a very systematic system needed to make the critical infrastructure become 
more resilience. Preparations and protection to face the disaster will save a lot of money in the long run and 
securing the safety and resilience of critical infrastructure requires joint-collaboration between government 
and private sectors. A major improvement not only from government, but a multi sector approaches are vital 
to make our critical infrastructure resilience towards the natural disaster. Professionals involving local 
authorities, government and private agencies as well as NGO’s from diverse discipline should contribute on 
the technical-know-how to manage the hazard and risk. 
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1  INTRODUCTION 

 
Rock avalanches, as an important geological hazard in mountainous regions, have drawn much scientific 
interest, especially in recent decades (Lucas et al. 2014). According to rough statistics, rock avalanches have 
caused billions of dollars in damage and many casualties over only the past few decades (Huang and Li 2009), 
highlighting the importance of rock avalanche studies. As reported in the literature, enormous volumes, 
extremely high velocities, and unexpectedly long runouts are three prominent features of rock avalanches 
(Pudasaini and Miller 2013), which are the main contributors to rock avalanche devastation.  

To learn the hypermobility of rock avalanches, rotary shear tests at shearing velocities (Veq) of 0.07–1.31 
m/s and a normal stress (σ) of 1.47 MPa were conducted by Wang et al. (2017) using soil collected from the 
Yigong rock avalanche basal facies. In this experimental study, marked frictional weakening of the soil was 
attained at Veq ≥ 0.61 m/s, and concurrent large temperature increases, water vaporization, and high porosity 
layers were observed in the deformed samples. Accordingly, our research team proposed that thermal 
pressurization induced by frictional heating may be a key factor in the frictional weakening of the avalanche 
basal facies samples, which provides insight into rock avalanche hypermobility mechanisms. This discovery 
brings to mind another rock avalanche feature revealed by field data statistics: the reduction of Fahrböschung 
with increasing rock avalanche volume, i.e., rock avalanche volume effect (Pudasaini and Miller 2013; Lucas 
et al. 2014). Therefore, a pursue study on the role of normal stress in high-speed rock avalanche frictional 
sliding is conducted here to discover the mechanism behind the rock avalanche volume effect. With this study, 
some insights into the avalanche volume effect will hopefully be discovered through laboratory observations 
and theoretical analysis, which will enhance our understanding of rock avalanche dynamics. 

 
2  MAIN TEXT 
 
2.1  Experimental setup 
 
A third-generation low- to high-velocity rotary shear apparatus (Marui Co. Ltd, Osaka, Japan, MIS-233-1-78) 
installed at the National Central University (Taiwan) was used to examine the volume-related hypermobility 
of rock avalanches. And soil samples collected from the Yigong rock avalanche basal facies, representing the 
main shearing zones of rock avalanches, were prepared for this experimental study. Fig. 1 shows a vertical 

ABSTRACT 
 

To explore the mechanism behind the volume effect of rock avalanches observed in field data, a 
series of rotary shear tests were conducted at a shearing velocity of 0.87 m/s and varying normal 
stress levels (from 0.29 to 1.85 MPa) on soil collected from the basal facies of the Yigong rock 
avalanche in Tibet, China. This experimental study reveals that (1) as normal stress increases, the 
steady-state apparent friction coefficient (µss) of the soil decreases, indicating a normal stress-
dependent feature of µss; (2) the higher the normal stress, the lower the decay rate of µss; (3) water 
vaporization induced by frictional heating is commonly observed in the tests accompanied by 
large decreases in µss, and excess pore pressure is generated in the shearing zones of the samples 
due to vapor accumulation; and (4) with increases in normal stress and decreases in soil 
permeability, an increasing feature of excess pore pressure is reached. Based on the experimental 
results, we propose that the coupled effects of water vaporization induced by frictional heating in 
avalanche basal facies and depth-dependent permeability of avalanche basal facies should be 
contributed to the volume effect of rock avalanches.  
 

Normal stress-dependent frictional weakening of large rock 
avalanche basal facies 

Y.F. Wang & Q.G. Cheng 
Southwest Jiaotong University, Chengdu 
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profile of the Yigong rock avalanche deposits with an expanded view of the soil collection basal facies. As 
reported in Pudasaini and Miller (2013), the thickness (H) of a rock avalanche is proportional to its volume 
(V) (i.e., H = V1/3). Thus, normal stress is used herein to explore the rock avalanche volume effect. Based on 
the deposited thicknesses of typical reported rock avalanches, this experimental study used σ values of 0.29, 
0.64, 0.99, 1.47, and 1.85 MPa. The shearing velocity is designed as Veq = 0.87 m/s based on oue previous 
results in Wang et al. (2017). A 15% water content was used for most samples based on a previous field 
investigation. To evaluate the reliability of the data, 3 replicate tests were performed under each of the 5 test 
conditions; a total of 15 tests were conducted. All tests were performed at room temperature and ambient 
humidity conditions. 
 

 
Fig. 1: (a) Vertical profile of the Yigong rock avalanche deposits with (b) an expanded view of its basal facies 

 
2.2  Experimental results and analysis 
 
Fig. 2 exhibits the test data obtained in this experimental study. In order to quantify the dynamic mechanical 
behavior of the soil under varying normal stress levels, the steady-state apparent friction coefficient (µss) 
values of the deformed samples were determined, which were calculated as the averaged value of the apparent 
friction coefficient (µapp) at D ≥ 7.5 m. And Fig. 2f presents variations in µss with changing σ and shows that 
µss tends to decrease as σ increases. When σ = 0.29 MPa, the average µss of the samples is approximately 0.51, 
which is slightly lower than the normal Coulomb friction value of 0.62 (Hsü 1975). As σ increased to 1.47 
MPa and 1.85 MPa, the average µss values of the samples decreased to 0.16 and 0.23, which are only 26% and 
37% of the normal Coulomb friction of 0.62, respectively. Furthermore, the decline rate of µss decreased with 
increasing σ (Fig. 2f), indicating that the µss of the tested samples will approach a low, stable value when σ is 
sufficiently high. This feature is similar to the relationship observed between the Fahrböschung and rock 
avalanche volume in field data, such as Fig. 7 in Hsü (1975) and Fig. 2 in Lucas et al. (2014).  
 
2.3  Possible mechanism for normal stress-dependent frictional soil weakening 
 
This experimental study shows that soil collected from the Yigong rock avalanche basal facies undergoes 
dynamic slip weakening under high normal stress (Figs. 2d-e) and reveals an exponential decrease in friction 
with increasing normal stress (Fig. 2f). Wang et al. (2017) proposed that the marked frictional weakening of 
soil collected from the Yigong rock avalanche basal facies was caused by the coupled effects of thermal 
pressurization and thermal moisture fluidization induced by frictional heating. In this study, high temperature 
rises and water vaporization are found in the samples sheared at σ ≥ 0.64 MPa. The higher normal stress is, the 
greater temperature rises and the more intense water vaporization occurs. Additionally, condensation and 
extruded water are commonly observed during the shearing processes of the sample when D exceeds 7.0 m, 
which is larger than the slip displacement (D < 4 m) needed for water vaporization initiation. Therefore, we 
posit that the dynamic frictional weakening of the samples observed herein is dominated by thermal 
pressurization and thermal moisture fluidization instead of flash heating, frictional melting, or thermal 
decomposition. Thermal pressurization induced by water vaporization is contributed to the normal stress-
dependent frictional weakening of the soil. 
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Fig. 2: (a-e) Apparent frictional coefficients and axial displacements versus slip displacement for samples sheared under 

different normal stresses and (f) steady-state apparent friction coefficients versus normal stress 
 
To quantify the effect of thermal pressurization, various equations have been proposed in the literature for 

the calculation of excess pore pressure (Noda and Shimamoto 2005; Rice 2006). And the equations proposed 
in Rice (2006) are used here to calculate the excess pore pressures generated in the shearing zones of samples 
deformed at different normal stress. Fig. 3a is the variations of the calculated excess pore pressures. From Fig. 
3a, it is reached that as σ increases, water vaporization occurs at T greater than 100 °C and excess pore 
pressure is generated rapidly due to the accumulation of water vapor. The higher normal stress is, the more 
rapidly excess pore pressure increases and the larger maximum value is (Fig. 3a). It is reached that the 
maximum ΔP values generated in the shearing zones of samples deformed at σ = 0.64, 0.99, and 1.47 MPa are 
0.25, 0.58, and 0.83 MPa, respectively. The calculated maximum value of ΔP (up to 0.83 MPa) can cause a 
drop in µss to approximately 0.26, which would contribute significantly frictional soil weakening. Fig. 3b 
shows the variations of ΔP, T, and k versus σ. From Fig. 3b, it can be seen that, as k decreases, the growth rate 
of ΔP is obviously higher than that of T. This indicates that soil permeability also has a significant influence 
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on the increase in ΔP. Through the comparison of ΔP, T, and k versus σ shown in Fig. 3b, both of the 
mechanisms controlling ΔP can be identified. One is the increase of T with increasing σ, which intensifies ΔP 
increases in the sample shearing zone. The other is the decrease of k with increasing σ, which reduces the 
diffusion rate of water vapor and accelerates the growth of ΔP in the shearing zone. These coupled 
mechanisms result in the increased growth rate of ΔP with σ and contribute to the σ - dependent feature of µss. 

 

 
Fig.3: (a) Excess pore pressure versus slip displacement and (b) soil hydraulic conductivity, frictional heating, and excess 

pore pressure versus normal stress at D = 10 m for the selected samples 
 
3  CONCLUSIONS 
 
The experimental study herein reveals a significant decreasing trend of µss with increasing σ, which indicates 
normal stress-dependent weakening. Accompanied by decreases in µss, great temperature rises and water 
vaporization are generally observed in the tests, and thermal pressurization attributed to vapor accumulation in 
the sample shearing zones is proposed as one key factor for the soil frictional weakening. Through simplified 
theoretical calculations, the variations of excess pore pressure generated in the sample shearing zones are 
reached and an increasing feature of excess pore pressure with increasing normal stress is achieved 
corresponding to decreases in µss. Meanwhile, it is observed that the growth rate of ΔP with decreasing k is 
clearly higher than that of T.  
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1  INTRODUCTION 

 
1.1  Flexible debris flow nets and their design criteria 
 
Flexible nets were used mainly for rockfall barriers until 2005. There it was observed that also some slides got 
retained. However, no dimensioning concept existed proving that flexible ring net barriers can retain large debris 
flows. Therefore, real-scale experiments with flexible ring nets were performed at Illgraben test site in 
Switzerland between 2005 and 2008 (Wendeler, 2008). At least once a year, a middle to large debris flow 
naturally occurs at Illgraben which proved to be an ideal test site location. The tests showed that a single barrier 
can retain 1000 m3 depending on the channel geometry (see Figure 1) and that over 10,000 m3 of material can 
overflow the barrier without damage (Figure 2). Thus, a debris flow retention system with several flexible ring 
nets in a row, a so-called multi-level system, can be planned and constructed. Another test site in Switzerland, 
in Merdenson, confirmed this theory and allowed the extension of the dimensioning concept to multi-level 
systems (see Figure 2). An extensive measuring concept on and around the system led to the final dimensioning 
concept (Wendeler, 2008). Based on the field test data, the flexible ring net dimensioning concept, the loading 
distributions, and simulations with the finite element software FARO (Volkwein, 2004) led to the development 
of standardized flexible ring net barriers. These barriers are defined according to the load their surface can cope 
with, in kN/m2, as well as the system height. For this, a so called EAD exists, classifying the barriers according 
to a standard test principle and allowing a CE-marking on the product. In this EAD document two types of 
standardized barriers were designed: VX-barrier and UX-barrier (Figure 3). The VX barrier takes loads up to 
160 kN/m2 and is used for narrow channels (V-shaped valleys), with a width up to 15m, and a barrier height of 
up to 6m. UX-barrier are used for larger channels (U-shaped valleys), with additional posts as required, with 
expected loads up to 180 kN/m2 and a barrier height up to 6m (Geobrugg, 2016). 
 

ABSTRACT 
 

Flexible debris flow nets were developed within a three-year PhD thesis by Wendeler in 2008. 
Since then, they have been used all over the world for debris flow protection or slope/riverbed 
stabilization. Some of these installed flexible debris flow nets have already been filled a couple of 
times and the developed load model has been proved. Nevertheless, depending on soil properties, 
most problems appear to be of a constructive nature such as channel bank erosion which exposes 
anchors or undermining supporting foundations if water constructive methods are not solved 
properly. Both cases lead to instability of the entire system and to increased maintenance costs and 
should therefore be avoided. 
In this contribution, we present first research on a service ability method for scour and erosion 
issues on flexible debris flow nets. The results are based on an analysis of already existing barriers 
to determine occurring scour and erosion problems. Planning engineers will be able to design and 
calculate their debris flow protection system in a more economic and safe way. Further, 
maintenance costs will be minimized and a longer life time of the entire barrier system, including 
the anchors as the most cost-intensive parts, can be provided.  
 

 

 

 

 

 

Flexible debris flow barriers and their service ability proof 
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Figure 1: Testing of debris flow retention system with ring net in the Illgraben channel, 2006. Retention volume approx. 

1000 m3. Left: barrier after installation, Right: filled barrier after debris flow event 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
  

 
Figure 2: Left: flexible ring net barrier withstanding overflow in the Illgraben; Right: 1:1 field testing of multi-level 

barriers in Merdenson, Valais, Switzerland. 
 
 

2  SERVICE ABILITY ASPECTS OF FLEXIBLE DEBRIS FLOW NETS 
 
2.1  Service ability in general 
 
The service ability means that a construction measure must fulfill its performance in that way for natural hazard 
debris flow over its designed life time. Normally debris flow barriers are designed for a life time of more than 
25 years. Questions like retention capacity in an event and performance after events are decisive for the service 
ability aspects of the chosen system. More details are given in the following chapters. 
 
2.2  Scour problems of river banks foundations 
 
The river banks of debris flow channels often consist of deposited material out of past events. This material is 
normally loose and can be mobilized easily by higher water entry and decreasing friction parameters. Normally 
debris flows are released in high intensive rain fall events where floods and sediment transport is likely to occur 
in the same channel before the debris flow event happens. Material of the banks around anchor foundations is 
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washed away in such a way that anchor bars are hanging in the air and the ongoing debris flow material can 
pass easily besides the barrier. 

This aspect was studied in our investigations in more detail as to how we can handle such problems in the 
future, for the design of flexible debris flow barriers. Positive project examples are shown in the later given case 
studies. Goal is to stabilize the soil material around the anchors without too expensive measures such as 
continuous concrete foundations. 
 
2.3  Scour problems of post foundations 
 
Posts for UX barrier system normally are completely constructed in the river bed. If the river bed also consists 
of loose soil it is a very critical point as the high peak discharges will erode the loose soil around the foundations 
in the river bed downstream and the post foundations can stand completely on scoured anchors, hang in the air, 
or be destroyed by the erosion process (see Figure 3). This are worst-case scenarios. These processes will be 
studied with numerical methods, with RAMMS ® debris flow as well as the analysis of the material movements 
around flexible barriers, in the frame of a MSc thesis. 
 
 

 
 

Figure 3: Left: flexible ring net barrier with massive sour problems after an event in 2010 at the side anchors. 
Right: First eroded, afterwards destroyed post foundation by a slide onto the flexible ring net 

UX barrier in the Hasliberg catchment in Switzerland 
 
 

2.4  Scour problems of overflow 
 
If a flexible barrier is filled up to the top, which is shown in Figure 2, the ongoing debris flow will overflow the 
barrier and start to erode in loose soil the overflowing part by the hydraulic jump, which is created. Length of 
the hydraulic jumps given from flow equations of flood events can be used for the debris flow barrier design 
with the following length:  
 
L = 6*hN            (1) 
 
where L = length of the hydraulic jump and hN = normal flow height of the debris flow in undisturbed conditions. 

This part of the river bed have to be stabilized by rip rap or additional gabions or mattresses. 
 
 
 
 

Eroded anchors 
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2.5  Case studies 
 
Main aspects of described problems can be solved by additional river bed stabilization or larger foundations. 
Examples are shown in some pictures for each scour problem.  

 
 

 
 

Figure 4: Left: Scour protection underneath post foundation plate in Peru after erosion problems. Right: Additional rip 
rap at the overflow section of UX-barrier 

 
 

Figure 4 shows very nicely a scour protected foundation with poor concrete and additional blocks to avoid 
further reinforced concrete. Also in Figure 4, right, the necessary length of the hydraulic jump is stabilized by 
rip rap with poor concrete and big blocks to avoid scour after the post foundation in an overflow event. 

 
3  CONCLUSIONS 
 
A closer investigation of 10 years installation experiences with flexible debris flow nets showed that the design 
approach according to CE –Marking based in the EAD document is suitable to design and test flexible debris 
flow barriers. Several impact events showed the stable and good performance of the flexible barriers in such a 
way that these measures can be considered equal to massive concrete measures even if they only have 1/30 of 
the weight and therefore of the ecological impact. Steel is completely recyclable compared to highly reinforced 
concrete.  

But to solve the service ability additional measures in some cases with loose soil are obligatory to guarantee 
a long life time of the system. Design criteria based on material equations and flow parameter will end up in a 
design tool for these measures. Therefore, first measures and design criteria which have been investigated are 
shown in that extended abstract, more information will follow in the presentation in December. 
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1  INTRODUCTION 
 

The full-scale experiments on the replication of debris flows were carried out by the Kazakh Institute for 
Hydrometeorological Research in the period from 1972 to 1978. To verify the development theories of debris 
flows, it was necessary to have data on the characteristics of actual debris flows. The characteristics of debris 
flows, presented in the publications, were usually derived from surveys of their traces. They are frequently 
unreliable.  

Because of the complication of creation of replication of debris flows, close to actual ones on scale, the 
laboratory simulation of debris flows were only performed. However, the lack of reliable criteria for the 
similitude of the models to the actual debris-flow process, it was not possible to use the results obtained for 
understanding the laws of formation and movement of natural debris flows.  

To uncover the mechanism by which actual debris flows are formed an experiment had to be conducted on 
a scale making possible a debris flow with a discharge of 100 m3/s and more because at smaller scales it is 
improbable that large boulders, which comprises about half the spectrum of the grain-size composition of the 
debris-flow deposits, would be entrained in the debris-flow process.  
 
2  EXPERIMENTAL SITE 
 
The experiment site is located in the Zailisky Alatau Mountains, about 50 km southwest of Almaty, in the 
Chemolgan River basin. This river basin extends from the south to the north in the shape of a narrow strip 30 
km in length. In the upper part of the Chemolgan River basin there are several glaciers. Glacier run-off was 
accumulated in an artificial reservoir located at an elevation of 2900 m a.s.l. This reservoir was equipped with 
a gate to create an artificial flood. The maximum storage volume of reservoir was about 80 000 m3. During the 
experiments carried out in the period from 1972 to 1978, the released water volume varied from 3600 to 
40 600 m3 (Khonin et al. 1976). 

Below the reservoir, at an elevation from 2644 to 2900 m, there is a torrent gully. Its length was 930 m, the 
mean depth was 45 m and the maximum – 75 m, the mean slope was 16º. The total volume of the torrent gully 
was 3.17 million m3. The gully is situated in an ancient moraine. Morphometric characteristics of the torrent 
gully, thickness and granulometric composition of soil create conditions for the formation of a large number 
of debris flows in the gully. The granulometric composition of soil in the first torrent gully presented in 
Table 1 (Vardugin 1976). 

 
Table 1: Granulometric composition of soil in the first torrent gully (%) 

Size of fractions (mm) 
10 000- 

5000 
5000- 
2000 

2000- 
1000 

1000- 
500 

500- 
200 

200- 
100 

100- 
50 

50- 
20 

20- 
2 

2- 
0.05 

0.05- 
0.01 

0.01- 
0.005 

0.005- 
0.002 

>0.002 

4 7 7 11.5 9.5 6 5 14 27 8.4 0.3 0.2 0.02 0.08 
 

ABSTRACT 
 

In Kazakhstan before the full-scale experiments on the replication of debris flows it was 
considered that the interaction of a water flow with loose-rocks cannot lead to the formation of a 
debris flow with high density. If the loose-rocks involved in the debris-flow process have a 
polydispersity composition, the formation of debris flow occurs due to the potential energy of its 
solid component, which moves with an average velocity of flow. The debris flow moves wavy, 
because the involvement of the solid component can occur unevenly. 
 

Full-scale experiments on replication of debris flows in Kazakhstan 

R.K. Yafyazova 
National Hydrometeorological Service “Kazhydromet”, Almaty 
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Below the torrent gully there are a torrent channel and the second (lower) torrent gully (Figure 1). The 
length of torrent channel was 760 m, the mean slope of 11º30'. Characteristic of the torrent channel are 
numerous outcroppings of bedrock forming more than 10 waterfalls at different heights. The bedrock 
outcroppings stabilize the channel, impeding its deformation during the movement of the debris flow. On the 
other hand they increase the bending of the channel (the coefficient of bending is 1.3) causing violent 
turbulence in the debris flow. In the sections between the bedrock outcroppings that form the waterfalls loose-
debris deposits are intensively entrained by the flow. Thus, the debris-flow formation process would to a 
considerable extent continue to develop in the torrent channel if it was not impeded by the numerous 
outcroppings of bedrock. 

 
 

 
 

Figure 1: The experimental site. 
1 - the reservoir with a gate; 2- the first (main) torrent gully; 3 - the channel; 

4 - the second (lower) torrent gully 
 
 

At a height of 2484 m the channel is broken up by a stepped waterfall up to 12 m in height, which 
morphologically can be considered part of the lower gully. The region of the waterfall is almost an 
undeformable section and is suitable for carrying out debris-flow measuring observations. A debris-flow 
measuring site for monitoring a “control” cross-section was set up at this place (Khonin et al. 1976). 

The length of the lower gully was 510 m. The mean slope of the second torrent gully was 7º30'. It is 
probable that when this gully was formed debris flows occurred in it but they ceased with the decline in the 
longitudinal slope of the thalweg. At the present time the lower gully is a continuation of the torrent channel in 
which the debris flow becomes transformed and the debris-flow deposits are redistributed.  
 
2.1  Measurement instrumentation  
 
To determine the characteristics of debris flows the contactless devices were used during the experiments. The 
design department at the “Kazgeofizpribor” instrument making plant developed these devices in the period 
from 1968 to 1972. There are inventor’s certificates for all methods and devices used in the experiments. 

These are the following devices: 
a two-frequency Doppler meter (radiowave length of 3 cm): the level and surface velocity of debris flows 

were determined; 
a seismicflowmeter: the discharge and average velocity of debris flows were determined; 
a quantum magnetic gradiometer (the interpretation of the data obtained by its made it possible to 

determine the average density of debris flow in a volume of 300–500 m3). 
In addition, motion picture filming of the debris flow on 35-mm colored negative film was employed 

during the experiments. Sixteen motion picture cameras were located at various places in 1972 and 8 in 1973. 
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Measuring instruments were located above the torrent channel. As the channel was in bedrock, its 
characteristics practically unchanged during the experiments conducted in 1972, 1973, 1975, 1976 and 1978. 

 
3  MAIN RESULTS 

 
In the period from 1972 to 1978 five experiments were conducted. The most large artificial debris flow was 
reproduced in 1975. The change in water level in the reservoir and the hydrograph of water releases from the 
reservoir are shown in Figure 2 (Khonin et al. 1977). 

 

 
 

Figure 2: Change in water level in the reservoir (1) and hydrograph of water releases from the reservoir (2) 
 
 

Figure 3 gives the results of measurements of density of debris-flow mass by magnetometric means. This 
same figure gives a hydrograph of the debris flow. The plot shows relative time, and the time at which the 
water outlets in the dam are opened is taken for the start of computation.  

 

 
 

Figure 3: Hydrograph of debris flow (1), change in magnetic field intensity with time (gamma) (2):  
a –first water releases, b – second water releases 



174

Second JTC1 Workshop
3-5 December 2018, Hong Kong

Triggering and Propagation of Rapid Flow-like Landslides

The peak discharge of the first water releases was 27.5 m3/s. The peak discharge of debris flow during the 
first water release was 430 m3/s, density debris-flow mass of 2300±100 kg/m3, the maximum size of particles 
in the debris-flow mass of 8 m (Khonin et al. 1977). 
 
4  CONCLUSIONS 
 
As a result of the conducted experiments it was established: 

If the slope of the debris flow origination site exceeds 17º and the water discharge of more than 6 m3/s, and 
the granulometric and mineralogical compositions of rocks are as in the Zailisky Alatau, the interaction of a 
water flow with loose-rock leads to the formation of debris flow with density of 2400 kg/m3. 

The main mechanism for the entrainment of loose-rock in the debris-flow process is erosion. 
The debris flow moves wavy.  
The jams were not observed. 
The deposition of debris flow occurs when the depth of debris flow becomes smaller than the size of the 

large particles.  
The results of the conducted experiments, laboratory and theoretical studies allowed to reveal ambiguous 

dependence of ultimate density of debris-flow mass on channel slope (debris flow path) as well a possibility of 
a discontinuous increase (or decrease) debris-flow mass density when bed slope excesses (or decreases) a 
critical value. This allows to develop methods for calculating changes in characteristics of debris flow as it 
moves in a mountain valley and on a fan, to assess the risk of economic activity in debris flow hazardous 
areas, and to develop optimal measures to reduce damage caused by debris flows (Stepanov et al. 2017). 
 
REFERENCES 
 
Khonin, R.V., Mochalov, V.P. & Zems, A.E. 1976. The experimental site in the Chemolgan river basin and 

the history of its founding. Collected papers of Debris flows, 1: 7-25. 
Vardugin, V.N. 1976. The principal physicomechanical properties of soils forming debris flows and debris-

flow deposits in the Chemolgan river basin. Collected papers of debris flows, 1: 25-35. 
Khonin, R.V., Keremkulov, V.A. & Mochalov, V.P. 1977. The third experiment on the artificial replication of 

a debris flow. Collected papers of debris flows, 2: 57-63. 
Stepanov, B.S. & Yafyazova, R.K. 2017. Influence of particles fall velocity, Archimedean’s force, and depth 

of debris flow on a relationship between ultimate density of debris-flow mass and channel slope. 
International Journal of Erosion Control Engineering, 10(2): 74–83.  

 



175

Second JTC1 Workshop
3-5 December 2018, Hong Kong

Triggering and Propagation of Rapid Flow-like Landslides

 

 
1  INTRODUCTION 
 
The triggering and runout of rapid flow-like landslides have long been a mystery for geophysicists and 
geotechnical engineers. It is rather important to investigate the underlying mechanisms because of their crucial 
roles in sediment transport, shaping the landscape, and risk assessment for hazard prevention. However, the 
field investigation of such large-scale geophysical flows has never been an easy task, due to their nearly 
unpredictable occurrence and short life time. Therefore, numerical simulation has become a plausible alternative 
for a better understanding of landslides with high mobility. 

Down-scaled granular column collapse in a viscous fluid, which involves the initiation, runout and deposition 
of a granular mass, has been used to study the granular or pore-scale physics in hydrogranular flows. The 
dynamics of immersed granular column collapse is found to be significantly affected by packing density, particle 
density and size, fluid density and viscosity (Rondon et al., 2011; Bougouin and Lacaze, 2018). 

This work is devoted to capturing the different behaviors caused by initially dense and loose states in the 
immersed granular collapses via a coupled fluid-particle model. 

 
2  NUMERICAL METHOD 
 
In our work, a three-dimensional (3D) numerical model is developed to simulate an immersed granular column 
collapse. Movement of the granular phase is tracked by the Discrete Element Method (DEM) (Cundall and 
Strack, 1979), and the fluid dynamics is solved by the Lattice Boltzmann Method (LBM) (Chen and Doolen, 
1998). Over the past two decades, LBM has evolved to become an alternative fluid solver to traditional 
computational fluid dynamics (CFD). Our recent work has applied LBM, as the first attempt, to study the effects 
of bed form roughness on the transport of sediments in a turbulent environment (Yang et al., 2018). When CFD 
is coupled with DEM, a predefined empirical drag model is essential to calculate the hydrodynamic forces 
between fluid and particles (Zhao & Shan., 2013; Jing et al., 2016a). Instead, the fluid-particle interactions can 
be fully resolved in the LBM-DEM formulation based on the fundamental law of momentum conservation 
(Noble and Torczynski, 1998). Furthermore, LBM-DEM can offer extensive pore-scale information benefiting 
from its finer spatial resolution. 
 
 

ABSTRACT 
 

We investigate the crucial role of initial packing density on the collapse of granular column in a 
viscous fluid by means of a three-dimensional coupled Lattice Boltzmann and Discrete Element 
Method. The proposed numerical scheme is able to capture the pore pressure effect accurately 
without relying on any predefined dilation function. Two regimes regarding initially dense and 
loose states can be identified, which agrees with previous experimental observations. Loose column 
collapse is associated with fast dynamics, resulting in a thin and elongated deposition. In contrast, 
dense column collapse initiates with a creeping behavior, then gradually accelerates and quickly 
decelerates. The runout distance can be halved as changing from dense to loose packings. It is found 
that the fast (slow) dynamics of the loose (dense) column can be attributed to the positive feedback 
between the contraction (dilation) of the granular skeleton and the decrease (increase) of the 
frictional strength. The findings provide implications for different triggering mechanisms of flow-
like landslides. 
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3  RESULTS AND DISCUSSION 
 
3.1  Model configuration 
Figure 1 shows the collapse of a granular column in a viscous fluid domain with a size: lx = 0.08 m, ly = 0.03 m 
and lz = 0.01 m. A layer of monodispersed spherical particles (diameter dp) is glued at the bottom of the 
simulation domain to mimic a certain basal roughness (Jing et al., 2016b). The granular column consists of 
spherical particles with a weak polydispersity following the gaussian distribution (mean dp and standard 
deviation 10%dp). The packing density (i) of the granular column can be controlled by tuning the friction 
coefficient and the rolling friction coefficient. As a result, two granular samples are prepared: a dense column 
with i = 0.613 and a loose column with i = 0.520. After that, the friction coefficient is adjusted back to the 
true material property and the rolling friction coefficient is turned off. The granular column is released by 
removing a virtual gate (a wall element in DEM). Then the granular particles will collapse onto the fixed base 
layer and propagate horizontally, resulting in a residual height Hf and a runout distance Lf. 
 

 
 
Figure 1: Sketch of a granular column collapsing in a viscous fluid: (a) initial condition; (b) final deposition (Hi, Li: initial 
height and length of the granular column; lx, ly, lz: length, height and width of the simulation domain; Hf, Lf: final height 

and length of the granular column) 
 

The modelling parameters, including the material properties for the fluid and the particles, the state of the 
dense and loose granular columns, as well as the spatial and temporal resolution for the DEM and the LBM 
simulations, are summarized in Table 1. 
 

Table 1: Modelling parameters used in 3D LBM-DEM simulations of granular 
column collapse in a viscous fluid 

 Parameters Values 
Particle Diameter, dp Polydisperse flowing particles: 1.0 mm ± 10% 
  Monodisperse fixed basal particles: 1.0 mm 
 Density, p 2500 kg/m3 
 Young’s modulus, E 109 Pa 
 Poisson’s ratio,  0.24 
 Coefficient of restitution, e 0.65 
 Coefficient of friction,  0.4 
Fluid Density, f 1000 kg/m3 
 Dynamic viscosity, f 0.01 Pa⋅s 
Granular Initial height, Hi 0.02 m 
column Initial length, Li 0.025 m 
 Packing density, i Dense case: 0.613; loose case: 0.520 
Resolution DEM time step, t 5⋅10-8 s 
 LBM time step, t 5⋅10-6 s 
 Lattice spacing, x 0.05 mm 
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3.2  Collapse dynamics 
Figure 2 shows the collapses of densely (left panel) and loosely (right panel) packed granular columns. Once 
the gate is removed, the dense column does not immediately collapse. At t = 0.2 s, small displacements of the 
top-right corner and the toe of the dense column can be observed. As time goes on, the top-right corner continues 
to fall and compress the fluid trapped between the falling particles and the rough base. The pressurized fluid is 
able to bring the particles into suspension, forming a cloud of particles at the surge front at t = 0.4 s and 0.5 s. 

In contrast, the collapse of the loose column initiates soon after the gate removal. A big chunk at the top-
right corner slides downwards and rightwards, driving a large portion of particles into motion (see the fall of the 
top-left corner). During the propagation of the loose column, it spreads quickly and the average thickness is 
much thinner. The lift-up of surge front at t = 0.2 s and 0.3 s could be an indication for the occurrence of 
hydroplaning (Mohrig et al., 1998). 
 

 
Figure 2: Snapshots of the granular column collapse in a viscous fluid for the dense (left panels) 

and the loose (right panels) cases 
 
3.3  Runout and pore pressure 
Figure 3(a) shows the time evolution of the normalized surge front positions, (L-Li)/Li, in the dense and loose 
cases. It can be seen that the loose column accelerates rapidly at the beginning and then gradually decelerates 
until it stops at about t = 0.7 s. In contrast, the runout in the dense case develops at much lower rate before t = 
0.3 s. The particles in the dense case quickly decelerates, resulting in a final runout distance Lf about half of that 
in the loose case. 

The significant difference between the dense case and the loose case can be explained by the pore pressure 
feedback mechanism (Iverson et al., 1998). During collapse, the dense column undergoes dilation that induces 
negative excess pore pressure, as shown in Figure 3(b), which can enhance the frictional resistance to sliding. 
This is the reason for the creeping behavior and the slow dynamics in the dense case. However, the positive 
excess pore pressure induced by the contraction of the loose column can liquefy the granular phase, resulting in 
much faster dynamics and a longer runout distance. 
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Figure 3: Comparison between the dense and the loose granular column collapses in terms of (a) the temporal evolution 

of runout distance, and (b) the excess pore fluid pressure induced at the bottom-left corner (0.05, 0.05, 5) mm 
 

4  CONCLUSIONS 
 
In summary, the proposed three-dimensional coupled LBM-DEM technique can successfully describe the 
complex fluid-particle interactions at the pore-scale. The effect of packing density on the collapse dynamics of 
immersed granular columns is in agreement with the pore pressure feedback mechanism, which is initially 
proposed in the context of debris flows. In future work, the numerical model will be used to explore the evolution 
of contact force network and thus effective stress states in the triggering and propagation stages of a granular 
collapse. As a further extension of this research, large-scale continuum simulations with the incorporation of 
pore-scale (or particle-scale) physics may promote a more accurate prediction of various earth surface processes, 
such as debris flows and submarine landslides. 
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1  INTRODUCTION 

 
The validity of modelling debris mobility using Arbitrary Lagrangian-Eulerian (ALE) method has been 
demonstrated by previous work (e.g. Crosta et al. 2003; Konuk et al. 2006; Kwan et al. 2015). The models 
have been back-analysed against physical flume tests (Kwan et al. 2015) and landslide case histories (Koo et 
al. 2017a). Its interaction with flexible barriers has also been simulated and benchmarked against large-scale 
field tests (Huang et al., 2014; Kwan et al. 2018). On the other hand, individual hard inclusions hitting flexible 
barrier have been numerically studied by Hambleton et al. (2013) and Koo et al. (2017b).  However, none of 
the above studies investigate the effects of the multi-interaction between debris flows, hard inclusions and 
flexible barriers. Given the debris flows commonly encountered in Hong Kong and elsewhere are engulfed 
with boulder fronts of various scale (Sze & Lam, 2017), it is of practical interest to better understand the 
effects of large hard inclusions on the performance of flexible barriers.  In this regard, the current study has 
been initiated to extend the previous work on debris-barrier interaction by incorporating hard inclusions within 
the debris flow. In this study, three numerical models simulating the same flexible barrier subject to the same 
debris flow impact event have been formed using the finite element code LS-DYNA. These models only differ 
in the presence of hard inclusions: (1) the benchmark case simulates no hard inclusion; (2) the second case 
simulates one individual hard inclusion moving together with the debris flow; and (3) the third case simulates 
three individual hard inclusions leading the debris flow. Details of the numerical model, assumptions made 
and key findings are described in the following sections. 
 
2  METHODOLOGY 
 
2.1  Modelling of debris flow, hard inclusions and flexible barriers  
 
A complete model setup consists of flow channels, debris source, hard inclusions and a flexible barrier. The 

ABSTRACT 
 

Advanced numerical models have been developed to examine the multi-interaction between 
debris flows, hard inclusions and flexible barriers. Taking cognisance of the fact that the presence 
of hard inclusions in debris flows may affect the performance of a flexible barrier, this study 
initiated a numerical investigation to examine such an effect using the finite element code LS-
DYNA. This paper presents the modelling techniques of incorporating individual and multiple 
hard inclusions with the debris flows. Two typically encountered scenarios have been simulated: 
(1) hard inclusions entrained within the main body of a debris flow; and (2) hard inclusions at the 
frontal part of a debris flow. The results have revealed that for the former case, the hard inclusion 
is being dragged and pushed forward by the debris whilst its presence has minimal effect on the 
barrier deformation and cable force development, when compared to the benchmark case (i.e. 
without hard inclusions). As for the latter case, the barrier height after impact by hard inclusions 
has been found to be much reduced. The preliminary numerical predictions and findings shed 
light on the need of further studies to enhance understanding of the effects of hard inclusions on 
the debris-hard inclusion-barrier interaction.  The findings would be helpful for improving the 
design robustness of debris-resisting flexible barriers in the future.  
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components of the flexible barrier contain ring nets, shackles, horizontal and side cables, energy dissipators 
and anchors. A fine mesh modelled by a dummy ‘null’ membrane is incorporated over the barrier net surface 
to retain debris so that any leakage of debris through the net opening is prevented.  

Figure 1 presents an isometric view of a typical model setup. ‘Soil and Foam’ material model is adopted 
for modelling the debris based on the Drucker-Prager model (an internal friction angle of the debris material is 
assumed to be 15°). The ring nets, support ropes, shackles and anchors are modelled as elastic beam elements. 
The ‘null’ membrane is modelled as shell elements using the ‘null’ material. The energy dissipators are 
modelled as plastic materials so as to reflect its energy dissipating function.  The hard inclusions are modelled 
as solid elements with the ‘rigid’ material model. 

 
           

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1: A typical model setup in cooperating hard inclusions 

 
2.2  Interactions among hard inclusion, debris and flexible barrier 
 
The flow resistance between the debris and the channel is represented by a basal friction angle, taken as about 
12°. The contact between the debris / hard inclusions and the ‘null’ membrane of the flexible barrier is 
assigned with a friction coefficient of 0.01 so as not to avoid any significant energy loss. As such, the impact 
force brought about by debris / hard inclusions would be effectively transferred to the barrier. Regarding the 
interaction between the debris and hard inclusions, a friction coefficient of 0.225 (equivalent to a friction 
angle of 15°) is adopted. To facilitate smooth sliding contacts between various components of the barrier (i.e. 
ring nets, shackles and cables), a friction coefficient of 0.1 is assumed.  
 
2.3  Numerical modelling programme 
 
Table 1 summarises the three cases modelled in this study. In all cases, it is intended to achieve a debris flow 
velocity of about 10 m/s when the debris front arrives at the barrier. This is achieved by prescribing setting an 
initial velocity of the debris at 3 m/s, and allowing it to accelerate under gravity. As regard the setting of the 
hard inclusions, for Case 2_OB, the initial velocity of the hard inclusion is set as zero to mimic its presence 
along the flow path. For Case 3_TB, the hard inclusions have been assigned with an initial velocity of 10 m/s 
so that they could impact on the barrier prior to the debris arrival.  
 

Table 1: Analysis programme 
Case Description Initial velocity of hard inclusion (m/s) Debris 

1_NH No hard inclusion - Density=1600 kg/m3 

Initial velocity = 3 m/s 
Impact velocity = ~10m/s 

2_OB One 1 m dia. Boulder 0 
3_TB Three 1 m dia. Boulders 10 

 



181

Second JTC1 Workshop
3-5 December 2018, Hong Kong

Triggering and Propagation of Rapid Flow-like Landslides

3  RESULTS AND DISCUSSIONS 
 
3.1  Barrier deformation 
 
For Cases 1_NH and 2_OB, overflow has been observed at a modelling time of 3 s. The predicted 
deformations of the barriers are compared in Figure 2. As can be seen, the maximum bulging and minimum 
vertical height of barriers for these two cases (at about 3 s) are very similar. This suggests that the presence of 
a single hard inclusion embedded within the debris has minimal effect on the impact dynamics. It is probably 
due to the presence of debris (that arrives the net before the hard inclusion) which could have served as a 
cushion and reduced the dynamic impact of the hard inclusion on the barrier. As for Case 3_TB, the computed 
barrier deformation at t = 1.2 s is the largest, due to impacts by hard inclusions only prior to the debris arrival. 
It has led to a more substantial reduction of the barrier height such that its vertical height reduced to 1.7 m. 
This reduced barrier height resulted in debris overflow at a much earlier time compared to the other two cases.   

 

 
 
 
 
 

 
Figure 2: Barrier deformation for various cases (unit: m) 

 
3.2  Cable forces developed in the barrier 
 
Figure 3 presents the contour of cable forces for the three cases. The peak cable force is mobilised earlier in 
Case 3_TB due to hard inclusion impacts. Unlike the observed barrier deformation, the mobilised cable forces 
remain similar among the three cases with a difference within about 10 kN. It is probably because the cable 
force is limited by the use of brake elements. Further investigation is deserved regarding the effects of the 
number and size of hard inclusions on the performance of the flexible barrier. 

 

 
 

Figure 3: Cable force mobilised in barriers (unit: N) 
 

4  CONCLUSIONS 
 
A numerical investigation has been conducted to examine the multi-interaction between debris flow, hard 
inclusions and flexible barriers. The results show that the presence of large hard inclusions could have an 
effect on the performance of a flexible barrier.  Based on the above cases, it is found that the retained height of 
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the barrier would be notably reduced if more large hard inclusions arrive at the barrier prior to main surge of 
debris impact.  If the hard inclusions are embedded within the debris flow during impacts, the cushioning 
effect of the debris could reduce the impacts brought about by the hard inclusions.  Apparently, the effects of 
hard inclusions depend on various factors such as the size and the number of hard inclusions as well as the 
relative arrival times of debris flow / hard inclusions at the barrier.  As such, further studies will be carried out 
to more systematically investigate the effects of hard inclusions in the process of debris-barrier interaction.  
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1  INTRODUCTION 
 
1.1 Investigation and conclusion by others  
 
In the afternoon of the second day after the disaster, the local geological hazard prevention and mitigation 
team announced the landslide disaster and its cause (Jinghua Times 2013). The failed slope was about 120 m 
long, 110 m wide and 16 m thick. It consisted of soil and rock mixtures of a total volume of 21×104 m3. The 
debris rapidly run downward. After passing a flat platform, they turned, jumped and rushed into Zhaojiagou 
village, instantly buried the village over a flat area of 10,000 m2. Four factors caused the disaster (Xinhuanet 
2013). The landslide area had steep slopes which were unfavorable to slope stability and provided effective 
space for sliding. Secondly, the failed slope consisted of a Quaternary colluvium that was mainly clay soils, 
had large thickness and lower stability, which was the internal factor. Thirdly, the continuous raining and 
snowing weather was the direct triggering factor. Fourthly, the M5.7 earthquake in Yiliang County on 
September 7, 2012 had certain effect to the occurrence of the landslide. This rainfall triggering hypothesis was 
accepted by many researchers including Yin et al. (2013; 2017), Yao et al. (2014), Yin et al. (2015) and Zeng 
et al. (2016). Yin et al. (2017) concluded that this landslide was a rapid and long-runout catastrophic disaster 
triggered by prolonged low-intensity rainfall.  
 
1.2 Investigations and findings by the author  
 
The author had a doubt about the above cause hypothesis of rainfall. To address the doubt and to gain more 
knowledge, he left Hong Kong for the site on January 15 and arrived there in the evening of January 17, 2013. 
He investigated the landslide on January 18 and 19, 2013. Because of little rainfall and government protection, 
except the buried village area near the front toe of the debris flow, the failed natural hillslope and the upper to 
middle to lower debris flow-pass and deposition surfaces kept almost the original conditions. He observed 
many phenomena that were not consistent with the hypothesis of rainfall cause/triggering (Kang 2013; Yue 
2013a). He then carried out a NSFC research project. The project title is “Investigation of Fatal Zhaojiagou 

ABSTRACT 
 

The catastrophic Zhaojiagou landslide suddenly occurred at about 8:20 am on January 11, 2013 in 
dry season in Zhen-xiong County, Yun-nan Province, southwestern China. The landslide debris 
rapidly arrived and instantly buried 14 village homes and partially damaged 2 homes of the 
matured Zhaojiagou village. A total of 63 house-rooms, 31 pig-cattle-sheds and toilet rooms, 46 
people, 59 pigs, 5 cattle and 100,000 m2 arable land were buried. Two people were injured. At the 
time of landslide, 46 people were in their 16 homes and totally buried. They were 27 males and 
19 females including 11 boys, 8 girls and 7 elders of age above 60 years. Starting at 8:30 am, the 
local government organized the urgent rescues and mobilized ~1000 people, and used many 
excavators, loaders, tractor shovels, spades, and search and rescue dogs. Because of up to 13 m 
thick soil-rock mixture debris covering large village area, however, the rescue progress was very 
slow. Until noon of the second day, the 46 buried bodies were found and all dead. All the 
researchers except the author who investigated this landslide had the consensus that this 
catastrophic Zhaojiagou landslide was triggered/caused by rainfall or soil liquefaction. This paper 
presents data and phenomena that cannot be described and explained with the rainfall cause 
hypothesis and for gaining new knowledge and lessens of originality from this disaster. 
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Landslide of Rapid, Long and Wide Run-out in Zhen-xiong County, Yun-nan Province.” He investigated the 
landslide in details, covering literature review, ground investigation, laboratory soil testing, slope stability 
analysis, and numerical simulation of the long-runout with 2d-Debris Mobility Model (2d-DMM). Some 
results are presented below for gaining new knowledge.  
 
2  FACTUAL DATA AND PHENOMENA OF THE LANDSLIDE  
 
2.1 Topography of the landslide 
 
The general conditions of Zhaojiagou landslide are shown in Figure 1. The zone from Points A to B is the 
failed hillslope for the source of the landslide debris. The zone from Points B to C, D and E is the debris 
deposition zone. The buried village is the area before the debris toe Point E. The GPS for A is about 
2733.038N and 10459.077E at elevation 1810 m. The GPS for E is about 2733.211N and 10459.500E at 
elevation 1560 m. The distance from A to E is ~850 m and the vertical drop is ~250 m. The surface area of the 
source zone is about 10,000 m2 (about 130 m long and 75 m wide). The surface area of the debris deposition is 
about 130,000 m2 (about 850 m long and 150 m wide). The catchment area of the hillslope above the failed 
slope is about 9,000 m2, which is relatively small comparing to the large areas of the failed slope and 
deposition zones. The failed natural hillslope has a gentle angle increasing from 5 at toe to 30 at crest. The 
failed volume is 20×104 to 40×104 m3. The debris thickness is 0 to 13 m and the mean 2 to 3 m.  
 

 
Figure 1: The Zhaojiagou landslide site: (a) Google image before the landslide; (b) Satellite image after the landslide 

ground covered by thin snow; (c) Geological cross-section 
 
2.2  Rainfall conditions and question 
 
According to Yin et al. (2013), the average monthly rainfalls for Zhen-xiong county from 1957 to 2000 were 
14.7, 15.6, 23.9, 53.0, 109.3, 149.5, 173.3, 167.1, 113.6, 58.8, 29.2 and 15.1 mm for January to December, 
respectively. The maximum monthly rainfalls were 32.5, 41.2, 60.9, 134.1, 313.0, 238.6, 355.0, 336.0, 251.3, 
128.4, 64.6 and 38.9 mm, respectively. The average and maximum annual rainfalls were 923.6 and 1427.7 
mm, respectively. The average rainfalls in December 2012 and from January 1 to 10, 2013 were 12.1 and 3.7 
mm, respectively. The rainfalls at the Da-shui-yu station of 20 km west to the landslide site were 66.4 mm in 
December 2012 and 3.3 m from January 1 to 10, 2013.  Hence, the landslide occurred during relatively long 
days of extremely low rainfall. A question must be examined. Why did the typical natural hillslope fail 
catastrophically in a dry season with extremely low rainfall instead in a wet season with heavy rainfall?  
 
2.3  Witnesses accounts 
 
The witnesses accounts can be summarized as follows. 1) The geological team of the local governments had 
identified hundred sites for monitoring and preventing landslide hazards, but, did not include this Zhaojiagou 
landslide site. 2) Such huge and catastrophic landslide disaster was the first case in a winter (dry) season of 
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Yun-nan province. Because of dry-season, the governmental weather pre-warming media-announcement of 
rainfall induced geological disasters was closed on November 21, 2012 as usual. 3) From December 2007 to 
January 2008, the site had prolonged heavy snowing for 50 days but no landslides. The site had small snowing 
in January 2013, but occurred such huge disaster. 4) None huge or noticeable landslide occurred during the 
past 70 years at this area. 5) Tension cracks were observed on the hillside slope before the landslide. 6) 
Immediately before, white smoking rose from the hillside. 7) Many local people heard a big sounding “Hong”. 
The duration from this big sounding to the debris burying of the village houses was less than 2 minutes. 8) “At 
that time, the hillslope looked like a volcano eruption, suddenly burst out. …… Evidently felt a big and 
powerful gas flowing out of the hillslope”. “Huge dust suddenly appeared in the hillside and the mount 
collapsed and buried the village like a truck pouring its sands.” 9) A coal-truck driver saw the landslide was 
powerful and had flying speed for long distance, shouted loudly, run but failed to inform the villagers because 
of rapid arrival of the soil and rock debris. 10) On the steep slope below Point D in Figure 1, some trees and 
grasses were not damaged at all. 11) The landslide might be related to the outburst of coal-gases due to an 
underground tunneling coal mine nearby. These observations and descriptions clearly indicate that a) the 
failed hillslope was a typical natural slope covered with dense vegetation and shrubs. It had been stable for 
more than 70 years; b) the landslide was clearly an unexpected, sudden and rapid, dramatic, horrible, 
catastrophic and powerful event in relatively dry days; c) it did not involve any noticeable groundwater or 
rainfall water but it might involve a powerful gas outburst or eruption from the ground.  
 
2.4  Speed and travel angle of debris flow 
 
Average speeds of the debris flow were 6.8, 11.6 and 16.7 m/s. They were estimated by Zeng et al. (2016), 
Yao et al. (2014), and Yin et al. (2017), respectively using the witness account, empirical bend-channel 
equation and DAN-W modeling. These debris-flow speed values are much greater than the upper limit rate of 
5 m/s for extremely rapid landslide defined by IUGSWGL (1995). The travel angle of the debris flow is ~16 
and much less than the normal frictional angle 30, showing a long-runout of the debris flow.  
 

 
Figure 2: Illustrated site photographs on January 18, 2013: (a) Photo showing the failed hillside; (b) Loose and spread 
and thin deposits of soil and rock mixtures over gentle slope ground from Point B to C; (c) Loose and spread and thin 

deposits from Point D to E 
 
2.5  Field observations by the author 
 
Yue (2013a) reported the phenomena observed on January 18 and 19, 2013 (Figure 2). The adjacent hillslope 
angles increased from 5 to 30 from the toe to the crest of the failed zone. Debris were composed of soil and 
rock mixtures including silty clay and rock blocks of various sizes. They were spread over up to the vast 
deposition area of 210 m wide and 700 m long flat, gentle or steep slope surfaces. They were in loose and 
unpacked state and had low water contents. The broken rocks in the debris included argillaceous siltstone, 
siltstone, fine-sandstone and mudstone.  Occasionally, block masses of mud or fully saturated soft silty clay 
were found in isolated state among the vast loose and low water content debris. The debris did not show any 
water flow or seeping or liquefied mud features. The original ground surfaces with grasses were observable 
beneath the loose deposits. Striations and steps on the original ground above the Point D showed strong 
impacting and rapid frictional slipping. No entrainment features were found. 
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3  CONCLUDING REMARKS 
 
These data and phenomena evidently show that Zhaojiagou landslide is a catastrophic rapid long-runout and 
vast-spreading landslide in dry season. They are inconsistent with the cause hypothesis of rainfall or 
groundwater although this hypothesis was the consensus of many researchers. Mostly importantly, the 
landslide was strongly lack of the noticeable presence of free water or substantial amount of liquefied mud 
soils. They demonstrated that Zhaojiagou landslide was triggered/caused by the eruption of highly compressed 
underground gas (Kang 2013; Yue 2013a). They can be consistently and logically described and explained 
with the gas cause hypothesis (Yue 2013b; 2014; 2015). Because of the existence of two different cause 
hypotheses, further investigation of Zhaojiagou landslide can allow us to gain new knowledge and learn more 
lessons of originality for landslide prevention and mitigation in this region and elsewhere.  
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1  INTRODUCTION 
 
1.1 Hengtaiyu landslide at fill soil storage site 
 
The fill soil storage site was constructed by filling an abandoned granitic quarry pit of gourd-shape and with a 
small water pool at its bottom. The pit’s boundary is marked by the near-circular points ABCDEFGH in 
Figure 1. The fill storage had its only fill slope along the pit’s narrow entrance between H and A and used the 
near-vertical quarry-cut granitic rock slopes as its other rigid wall boundaries from A to B, to C,…, and to H. 

The filling started in early 2014 and continued until the occurrence of the landslide, when the actual filling 
volume was 5.83 million m3 and the maximum filling elevation was 160 m at Point F of the fill platform. A 
monitoring video on street at far distance to the fill slope showed that, at 11:28:29 am, the fill soil above T3 
and T4 berms started slipping. The slipping soils completely stopped at about 11:41 am. Within 13 minutes, 
the debris destroyed and buried 33 buildings on the flat ground at least 300 m to the fill slope toe (Figure 2). 
 

 
Figure 1: Hengtaiyu landslide site: (a) Main cross-section before landslide; (b) Site photograph after landslide 

 
 

ABSTRACT 
 

A devastating landslide disaster in fill soil slope occurred on December 20, 2015 at Hengtaiyu 
Industrial Park, Shenzhen, P. R. China (SCMP 2015; UNNC 2015). Soil fills of 2.7 million m3 in 
volume forming the upper portion of the gourd-shaped fill storage site rapidly slipped in a motion 
resembling a huge mass of fluid material flowing out of a narrow gate from a large reservoir. The 
soil debris destroyed and buried 33 buildings on the vast flat ground at least 300 m to the failed 
slope toe, which resulted in 73 fatalities, 4 missing, and 17 injured. A government team 
investigated the disaster and published the forensic report on July 15, 2016. It concluded the 
presence of excessive pore water (and pressure) in the fill soils mainly responsible for the failure. 
This report led to the sentencing to up to 20 years in jail of 45 individuals who involved in the 
design, construction and management of the slope on May 5, 2017. Since beginning, the author 
has also investigated the landslide independently. This paper presents some results showing that 
much more lessons can be learned in addition to those given in the government report. These 
lessons can be importance to science, engineering and society and would benefit people in this 
region and globally. 

Learning more lessens from devastating Hengtaiyu landslide at 
gourd-shaped fill storage site on December 20, 2015 in dry season 

Z.Q. Yue 
Department of Civil Engineering, The University of Hong Kong, Hong Kong 
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Figure 2: Sudden collapsing of Industrious RC buildings due to impact of flowing soil debris during Hengtaiyu landslide 
 
1.2 Investigation and conclusion by others  
 
An expert team, appointed by the State Council of P. R. China, carried out the forensic investigation on the 
slope failure disaster (SAWSSCC 2016; Yin et al. 2016). They found three cause factors. The first is the 
gradual increase and accumulation of groundwater in the inadequately compacted fills due to surface-water 
infiltration over the two years because of inadequate provision of underground drainage system. The second is 
the increase of excess porewater pressure due to additional surcharge of the over-filling of 1.83 million m3. 
The third is the soil liquefaction effect to reduce the soil internal friction angle. Consequently, the fill slope 
was destabilized gradually from 6:00 am to 11:28 am. It then suddenly slipped and flowed over long and wide 
flat ground due to both the high potential energy of the massive fill soils and the liquefied fill debris. Other 
researchers (Liu 2016; Xu et al. 2017) had the similar cause factors. Accordingly, 110 relevant persons were 
found either guilty, or liable or responsible with various degrees. They all received penalties. In addition to the 
above 110 persons, one government official responsible for the soil fill construction jumped off a building in 
an apparent suicide on Dec. 27, 2015.   

 
1.3 Investigations and findings by the author  
 
Since its occurrence, the author has carried out an independent investigation on this landslide (Cai 2015; Yue 
2015a; 2016). Some results are presented here for learning more lessens in addition to those given by others. 
 
2  BRIEF ANALYSES OF HENGTAIYU LANDSLIDE 
 
2.1 Gentle and gourd-shaped topography of the failed fill slope 
 
Before the failure, the fill site had an upper platform and a lower front slope. The platform had relative flat 
and near-horizontal surface. The lower front slope had an overall slope angle of 15 to 20 (Figure 1a). After 
the failure, the volumetric shape of debris source region is a gourd (delineated by ABCDEFGH curve in 
Figure 1b).  The gourd-source zone has a maximum length 492 m, a maximum width 320 m and a maximum 
elevation difference 60 m. The outlet section (H-A) is about 60 to 140 m in width from its bottom to its upper 
surface.  It is very narrow comparing to the maximum width 320 m of the gourd source.  Its elevation is about 
60 m. The debris deposition zone has a maximum length 630 m and the maximum width 550 m, a maximum 
elevation difference 30 m, as well as a relatively-equal thickness of about 10 m. The maximum horizontal 
travel distance of debris is more than 1120 m over an elevation difference of 90 m. The minimum travel angle 
can be less than 4.3°.   
 
2.2  Rainfall conditions and question 
 
Daily rainfall record at a gauge station near the landslide site shows that the annual rainfalls in 2013, 2014 and 
2015 are 2262.6, 1841.0 and 1793.1 mm respectively. April to September is the wet-season while October to 
March is the dry-season in Shenzhen and Hong Kong (Note: the minimum distance between Hong Kong and 
the landslide site is about 40 km.). The total daily rainfall from October 7 to Dec. 20, 2015 is 104.8 mm, 
which includes a total daily rainfall of 65.9 mm on December 9, 2015. The total daily rainfalls from Dec. 10 
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to Dec. 20 is 8.3 mm. The daily rainfall from December 15 to 19, 2015 is zero. The daily rainfall on Dec. 20, 
2015 is 0.5 mm, which occurred after the landslide. A question must be examined. Why did the fill slope fail 
catastrophically in a dry season with extremely low rainfall instead in a wet season with heavy rainfall?  
 
2.3  Witnesses accounts immediately before the landslide 
 
Before it failed, the fill slope showed some abnormal behaviour. Tension cracks of 400 mm wide and tens m 
long appeared and observed on the top surface of the fill slope platform. Bulging/swelling and tensile cracking 
also appeared between the T3 and T4 berms of the fill slope (elevation between 70 and 80 m, T3 and T4 in 
Fig. 1) at 6:00 am of December 20, 2015. The operation staff on site tried to fill the opening of tension crack 
with dry soil. But, at 9:00 am, the crack opening at the platform surface became larger and larger. They had to 
stop the soil filling. At 11:20 am, they observed that the 4th batter of the fill slope was bulging and the bulging 
was continuously displacing and enlarging. So, they escaped the site but did not inform the government.  
 
2.4  Properties and quality of the fill soils 
 
After tests, the soil can be classified as well graded clayey silty sand with gravels. The clay content is about 
7% by weight. Its plastic and liquid limits (for fine sizes < 0.425 mm) are 22% to 25% and 30% to 32 %, 
respectively. The plastic index is 7. The water contents of the original soil samples from the site are 20% and 
their dry density was 13 kN/m3. The optimum water content is 13% and the maximum dry density is 18.5 
kN/m3. The direct-shear cohesion and internal friction angle for the saturated loose soil with dry density 12 
kN/m3 and the saturated compacted soils with the maximum dry density are 6 to 1 kPa and 23 to 27 and 7 to 
12 kPa and 31 to 28, respectively. Their permeability is very low. The fill soils are ordinary in-situ 
weathered soils of completely decomposed granitic rock origin. 
 
2.5  Observed saturation conditions of fill soils and debris 
 
In-situ inspections immediately after the slope failure indicated that a majority of the remaining fill soils and 
the slipped debris deposition were relatively dry or partially saturated. People and rescuing vehicles (back-
hues) could walk on the fill soils and debris at almost every location. Many excavation pits with slope angles 
more than 30 were made for rescuing in the soil debris. Mud soils or liquefied soils were not observed in 
these fresh pit excavations. In addition, there were little signs of mud and/or mudded water on the soil debris 
and in front of the debris toes.   
 
2.6  Slope stability assessment 
 
Slope stability assessment has been carried out for the fill slopes with four different groundwater tables. The 
results show that the FOS value is insensitive to the soil cohesion value and sensitive to the soil internal 
friction angle. The FOS value decreases as the groundwater table increases and as the internal friction angle 
decreases from 30 to 5. It has the minimum for the potential slip surface passing the fill slope crest and 
increases as the crest of potential slip surface becomes closer to the scarp crest of the failed slope. For the 
largest slip surface passing the scarp crest to have a unit or less than 1.0 FOS value, the groundwater table 
should be equal or above the level 4 and the internal frictional angle should be equal or less than 5. 
 
3  CONCLUDING REMARKS 
 
Hengtaiyu landslide is a catastrophic rapid long-runout and wide-spreading landslide in a very gentle and 
large fill slope. It occurred in the middle of the dry-season when the site almost had no rainfall. The overall 
angle of the fill slope was between 9 and 15 and is less than the 15 minimum angle for registration as 
potentially dangerous fill slope in Hong Kong Slope Safety System. The fill soils are common in Shenzhen 
and Hong Kong. Similar soils have formed many man-made slopes with steeper angles here. The landslide 
was strongly lack of the noticeable presence of free water or substantial amount of liquefied mud soils, which 
is inconsistent with the cause hypothesis of groundwater although it was the consensus of many researchers 
except the author. The author trusts that Hengtaiyu landslide was triggered/caused by the eruption of 
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compressed underground gas (Cai 2015; Yue, 2015a; Yue 2016). The observed phenomena are well consistent 
and describable with this gas cause hypothesis (Yue 2013a; 2013b; 2014; 2015b). Because of the presence of 
two cause hypotheses, further investigation of Hengtaiyu landslide at extremely large and gentle fill slope is 
important for us to learn more lessons for understanding failure mechanism, for designing slopes better, and 
for clarifying responsibilities for different parties involving the failure case. 
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1  INTRODUCTION 
 
Catastrophic events, such as landslides, cause loss of life and devastation of economies all over the world. 
Often rapid flow-like landslides are even more devastating due to their high velocity and long run-out 
distance. In order to gain a better understanding of rapid flow-like landslides for hazard assessment and for 
developing mitigation measures, many efforts have been put into the development of physically based, 
mechanistic landslide models (Bouchut et al. 2004, Kowalski 2008, Gray et al. 2014, Mergili et al. 2017, Xia 
et al. 2018). However, a robust and reliable simulation of rapid flow-like landslides not only relies on an 
appropriate physically based landslide model formulation, but also on our understanding to which extend 
model inputs, say friction parameters and data representing the digital elevation model (DEM) effect the 
simulation results. Especially the latter is addressed in few studies. 

DEM is a 3D representation of a terrain surface. It can be generated by a number of methods, including 
direct field surveying, remote sensing, interpolating digital contour maps, etc. As an approximation to the real 
world, DEM inevitably is subject to errors. The errors may be introduced during data acquisition and 
processing, hence they are related to DEM production methods. If for instance a DEM is generated by 
interpolating digital contour lines of a map, errors might be induced by the interpolating method. When a 
DEM is produced by field surveying, measurement errors like positional inaccuracy and observer bias play an 
important role. The different types of DEM error sources have been classified (Wechsler 2007; Mudron et al. 
2013). Usually, both magnitude and spatial distribution of DEM errors are usually not known (Stefanescu et 
al. 2012), and thus leads to DEM induced uncertainty when conducting landslide simulations 

Data about the underlying topography in the form of a DEM is a necessary requirement for any landslide 
simulation. It represents the terrain surface and heavily influences the flow path along which the mobilized 
material slides down. Thus it is expected that DEM uncertainty has a big impact on simulation results. Up to 
now, however, DEM uncertainty is addressed in few studies only and its effect is rarely studied in most 

ABSTRACT 
 

Landslides are a very common natural hazard worldwide. To better assess landslide hazards and 
develop mitigation measures, many efforts have been put into computational mechanistic 
landslide model development. While sophisticated landslide models are on the rise, the 
uncertainties associated with their numerical simulation results are not satisfactorily addressed up 
to now, especially the digital evaluation model (DEM) uncertainty. As a digital representation of 
a terrain surface, a DEM is subject to errors from different sources. However, this is often 
neglected in a numerical simulation. The aim of this work is to explore how DEM uncertainty 
impacts on landslide model outputs. First, DEM uncertainty is discussed based on a reviewing 
concepts provided in the literature. As part of this, we will review different methodological 
concepts used to represent DEM uncertainty. Next, we will introduce our non-intrusive Python 
based work flow PSI-slide (Predictive Simulation of slides). It is a probabilistic engine that sets 
up Monte Carlo type simulations and is able to utilize existing solvers in a non-intrusive way, 
while conducting statistical analysis on simulation results. In the end, we will present simulation 
results, in which PSI-slide is utilized to study the effect of DEM uncertainty on a rapid flow-like 
landslide simulation. 
 
Keywords: rapid flow-like landslide, DEM uncertainty, stochastic simulation  
 
 
 
 
 
 
 

DEM uncertainty propagation in rapid flow-like landslide 
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operational landslide run-out simulation tools. The aim of this work is to study how and to what extend DEM 
uncertainty influences rapid flow-like landslide run-out simulation results. Stochastic simulation is conducted 
based on a Python based probabilistic software framework PSI-slide. 
 
2  DEM UNCERTAINTY REPRESENTING METHODS 
 
Since DEM errors have come to the attention of the science community, many efforts have been put into 
developing methods to realize the arising DEM uncertainty. Due to the fact that terrain surfaces are commonly 
complex, analytical methods are rare in open literature. The few existing analytical approaches based on a 
Taylor Series expansion can hardly be used for most complex processes owing to their nonlinearity. This is in 
particular true for rapid flow-like landslides. As an alternative, stochastic simulation methods are widely 
developed and used. 

Stochastic simulations first generate a set of DEM error maps and then add these error maps to the original 
DEM, which results in a set of DEM realizations. To properly generate DEM error maps, both DEM 
magnitude and spatial distribution have to be represented. The approaches for generating DEM error maps 
depend on the available information about DEM errors. The most common information which DEM users can 
obtain is the root mean square error (RMSE) (Mudron et al. 2013). Purely RSME-based DEM error maps are 
accordingly assumed to be normally distributed with a mean of 0 and a standard deviation equaling to RMSE. 
To account for spatial autocorrelation of DEM errors, techniques like spatial moving average, pixel swapping 
and sequential Gaussian simulation (Wechsler 2007) need to be further applied on the purely RSME-based 
DEM error maps. When higher accuracy reference data or higher resolution DEM are available, information 
of their relative difference map can be used to obtain the spatial structure of DEM errors and develop DEM 
uncertainty models so as to generate DEM error maps. For instance, Hebeler et al. (2007) developed a DEM 
uncertainty model to reproduce amount and spatial correlation of DEM error using higher accuracy reference 
data from comparable regions. Stefanescu et al. (2012) and Ruckebusch (2012) developed DEM uncertainty 
models by analyzing the difference of the DEM with a high-quality reference DEM of the same location 
respectively. 

Even if such DEM uncertainty representing methods have been developed, they are hardly used in rapid 
flow-like landslide run-out analysis because of the neglect of DEM uncertainty.  
 
3  PYTHON FRAMEWORK PSI-SLIDE 
 
The Python based probabilistic software framework PSI-slide (Predictive Simulation of slides) is developed 
for the purpose of systematically investigating the impact of the various sources of uncertainty on simulating 
gravity-driven mass movements (Kowalski et al. 2018). It is set up as a probabilistic engine that conducts 
Monte Carlo type simulations, while utilizing existing solvers, such as RAMMS, r.avaflow and 
faSavageHutterFOAM (Rauter et al. 2018) in a non-intrusive way. This allows us to switch between different 
computational models from within the same framework and make results comparable. It eventually enables us 
to conduct ensemble simulations across the various models. It is furthermore our goal to include an advanced 
simulation data mining module to conduct statistical analysis on the simulation results in order to detect trends 
and hidden patterns. First steps have been taken so far. PSI-slide’s high-level structure is depicted in figure 1. 
It consists of following four main parts. 
 
3.1  Uncertainty processor  
 
This module translates the assumed uncertainty into a set of deterministic problems by discretizing the random 
variable space (RVS) into representative point sets. In this study, it discretizes the random variable space of 
DEM uncertainty to generate a set of DEM realizations for stochastic simulation. 
 
3.2  Initialization and input setup 
 
PSI-slide is set up to work with different state-of-the-art software platforms for dynamic landslide simulations. 
These computational models differ in the way they initialize a simulation and the input files are set up. This 
module generates the initial input file sets to run the respective simulation based on representative point sets 
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of the random variable space for a specific software. At present, it is set up for RAMMS. We are in the 
process of including r.avaflow and SavageHutterFOAM into PSI-slide. 
 
3.3  Process simulation 
 
This module organizes the computational process simulations for the determined parameter configurations. 
Parallel distribution of the individual cases is applied to improve computational efficiency of the overall 
assessment. 
 
3.4  Postprocessing and simulation data mining 
 
Many simulation runs are necessary in order to systematically investigate the various sources of uncertainty 
and to conduct systematic sensitivity studies. This naturally results in a large number of output data. This 
module provides the capability to automatically extract quantities of interest from the output data, and to apply 
data mining and statistical analysis on it to detect trends and hidden patterns. 
 

 
 

Figure 1: High-level structure of the Python based software framework PSI-slide 
 
4  PRELIMINARY SIMULATION RESULTS AND OUTLOOK 
 
Based on selected representations of the DEM error maps, we will present a series of simulation results. In 
particular, we will investigate the impact of DEM uncertainty on the landslide run-out analysis, and 
demonstrate that for situations, in which a large DEM uncertainty is to be expected, this also has a large 
impact on the simulation outcome. Details of the simulation test case and its results will be presented during 
the workshop. 
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1  INTRODUCTION 
 
Debris flow is a wide-spread natural hazard in mountainous terrain, often causing severe damage to 
infrastructure and even fatality. Extensive research has been conducted to understand the triggering and 
mechanism of varying types of debris flows and to develop a comprehensive debris flow theory. However, a 
specific type of debris flow, post-wildfire debris flow, has been studied for only a few decades and research 
gaps remain to be addressed. It is crucial to understand the processes in the generation of post-wildfire debris 
flow, to effectively mitigate related consequences. 

Post-wildfire debris flows that originates in the recently burned hillslopes or catchments has been reported 
to occur globally, including United States, Australia and Mediterranean countries etc. (Nyman et al. 2011; 
Shakesby and Doerr 2006). Due to the drastic change in hydrological response during wildfire, fire-related 
debris flows often occurred in company with flash floods and the threshold for triggering debris flow in post-
wildfire areas was reported to be much lower than that of unburned areas (Cannon et al. 2008). This lower 
threshold makes the post-fire debris flow especially dangerous because it may be triggered under very little 
rainfall and in areas where no debris flow was recorded in the past. Considering its low threshold and 
disastrous consequences, the potential of this particular hazard in Greater China is evaluated. 

Unfortunately, climate change is putting pressure on this issue and worsening the situation. Westerling et 
al. (2006) compiled a database of large wildfires in western U.S., and indicated that increased fire activity was 
a response to changes in climate. Wildfire activity increased suddenly and noticeably in the mid-1980s, and 
this transition was attributed to reduced winter precipitation, early spring snowmelt, unusually warm springs, 
drier vegetation and longer summer dry seasons. Although the typical monsoon climate in Greater China leads 
to relatively low fire potential compared to regions with same latitudes, the wildfire severity in some 
provinces is high, and the extreme weather events (El Niño or La Niña) were also reported to cause severe 
forest fires (Tian et al. 2013). This paper attempts to provide an overview of the current understanding on the 
processes of post-wildfire debris flows, and draw the attention of local researchers and policy makers to cope 
with the future challenges on fire-related debris flows. 

 
 

ABSTRACT 
 

Post-wildfire debris flow, a particular type of rapid, flow-like debris flow originates in the 
recently burned hillslopes or catchments, is especially dangerous as it may be triggered under 
very little rainfall and in areas where no debris flow was recorded in the past. However, sparse 
research on this hazard in Greater China has been documented. Three recorded cases of post-fire 
debris flow in China are presented and it is suggested that the susceptibility to this hazard is 
southwest China is higher than other areas, due to the mountainous terrain and high frequency of 
wildfire events. In areas where debris flow is unlikely to happen, the strong correlation between 
wildfire and enhanced soil erosion is recognized. This paper provides an overview on the primary 
processes involved in the generation and development of post-wildfire debris flow, i.e. runoff-
dominated erosion by surface overland flow, and mobilization of a discrete landslide mass above 
water repellent layer. The roles of soil water repellency in post-fire impacts are highlighted, and 
the influences of climate change on increasing the future risk of post-wildfire debris flow is also 
discussed. Public awareness on post-wildfire debris flow should be raised to effectively mitigate 
the potential hazard. 

 

Post-wildfire debris flows in Greater China 

S. Zheng & S.D.N. Lourenço 
Department of Civil Engineering, The University of Hong Kong, Hong Kong 
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2  POST-WILDFIRE HYDROLOGICAL AND EROSIONAL IMPACTS  
 
2.1  Impacts of wildfire 
 
The hydrological response of soils experiences significant alteration during wildfire, including direct changes 
in soil structure and properties and indirect influences from removal of vegetation or deposition of ash layer. 
One of the most frequently mentioned changes during wildfire is the formation or enhancement of soil water 
repellency, which refers to the soil’s low affinity to water. The sorptivity of unburned soil was reported to be 
much greater than that of burned soil, and the saturated hydraulic conductivity of fire-affected soil either 
decreased or remained unchanged (Zheng et al. 2017). Consumption of organic matter can result in a 
decreased aggregate stability, and associated less cohesive and more erodible soil, the reduced rainwater 
interception and storage rate can be expected in response to vegetation cover damage, while the accumulation 
of ash on the slope surface was found to increase the water storage capacity, delay the time to ponding and 
reduce the runoff rate (Parise and Cannon 2012). 

Overall, wildfire can change both the hydrological and geomorphological behaviors and lead to increased 
erosion or sediment yield (Fig. 1; Shakesby and Doerr 2006), due to the combined effects of decreased 
infiltration, increased surface runoff and readily erodible soil. This provides abundant material supply for the 
initiation and development of debris flow, through the progressive accumulation of sediment by surface runoff 
and rill erosion. 
 

 
 

Figure 1: Post-wildfire sediment yield (modified from Shakesby and Doerr, 2006) 
 

 
2.2  Roles of soil water repellency  
 
It is generally accepted that fire-related soil water repellency, which is enhanced or formed during wildfire, is 
a major contributor to the hydrological change and subsequent debris flow (Zheng et al. 2017). By inhibiting 
the rainwater infiltration, enhancing the overland flow and increasing soil erosion, soil water repellency plays 
important roles in the initiation of post-fire debris flow. Two primary processes have been identified in the 
initiation of fire-related debris flow: runoff-dominated erosion by surface overland flow, and mobilization of a 
discrete landslide mass above water repellent layer (Parise and Cannon 2012). The post-wildfire debris flow is 
most frequently triggered by increased surface runoff, which could appear within a few minutes of rainfall 
event. With the development of rills and stream flows, the loose material is incorporated and transported and 
the debris flow generated. The other process occurs as a result of prolonged rainfall after severe wildfires, 
where the water repellency of surface is destroyed and the soil below remains water repellent. Shallow 
landslide takes place after the saturation of surface layer, and then mobilize into debris flow. 

Soil erodibility, or the inherent resistance of soil to erosive forces, is an important factor affecting material 
supply of debris flow. Recent literature has isolated and emphasized the impacts of soil water repellency on 
soil erodibility. Terry and Shakesby (1993) concluded that rainsplash detachment is more effective on water 
repellent soil than on wettable soil. For wettable soil, a sealed and compacted surface crust of closely packed 
grains quickly develops during rainfall, whereas for the water repellent soil, particles remain dry and 
detachable below the water film. In addition to water erosion, Ravi et al. (2009) reported that wind erosion can 
be enhanced by wildfire-related soil water repellency, by decreasing the threshold velocity of wind erosion. 
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Overall, post-fire water repellent soils are more susceptible to erosive forces, and therefore contribute to the 
development of debris flow. 

 
3  POST-WILDFIRE DEBRIS FLOWS IN GREATER CHINA 
 
Unlike the abundance in published research into post-wildfire debris flow in North America and 
Mediterranean, very few studies have been documented concerning the post-wildfire debris flow in Greater 
China. Three reported wildfire-related debris flow events were recorded in national journals in Chinese 
language. Chen (2016) described the characteristics and investigated the initiation mechanism of two debris 
flows after the Mount Yuangen wildfire of 2014 in Reneyong Ravine, Sichuan Province, suggesting that 
wildfire lowered the rainfall threshold and was responsible for the debris flows. No debris flow was 
documented in this area in the last century and two debris flows occurred within two years after wildfire. Li et 
al. (2001) and Chen et al. (2010) reported another two cases of post-fire debris flow in 1977, Zhubalong 
Gully, Sichuan Province and in 1973, Yangfang Gully, Sichuan Province respectively. Both debris flows were 
generated during the rainy season in gullies that experienced forest fires in the same year. 

The distribution of forest fires in China has been characterized by Tian et al. (2013), and March is the 
month with the highest frequency (60%), followed by April (13.1%) and February (10.9%). The wildfire 
occurs in spring will significantly increase the susceptibility to post-wildfire debris flow in the coming rainy 
season (summer). From the spatial view, the forest fires are mainly distributed in the south and southwest 
China, this is in agreement with the fact that all three recorded post-fire debris flows were located in this 
region (Sichuan Province), as suggested in Fig. 2. As for Hong Kong and Taiwan, although no post-wildfire 
debris flow has been documented, the strong association between wildfire and enhanced soil erosion has been 
recognized. Ternan and Neller (1999) examined the soil erodibility of fire-affected soils in Tai-Mo-Shan 
Country Park, Hong Kong and indicated that the erosional influences of wildfire are likely to remain for 2 to 3 
years. The post-fire slopes of Tai To Yan, Hong Kong were monitored and an increase in soil erosion and 
suspended sediment concentrations in streams was observed (Peart et al. 2009). Lin et al. (1994) used a burned 
site in Yushan National Park, Taiwan to investigate the impacts of post-fire soil water repellency, and warned 
that soil erosion was enhanced due to combined effects of soil water repellency and slope steepness.  

 

 
 

Figure 2: Forest fire risk rating in China and documented post-fire debris flows 
(source: State Forestry and Grassland Administration of China) 
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4  CONCLUSIONS 
 
Investigation on post-wildfire debris flow, a particular type of debris flow occurs on wildfire burned slopes or 
catchments, remains very limited in Greater China, although post-wildfire debris flow cases have been 
reported. Due to the lower triggering threshold of debris flow on fire-affected environment, it could be 
triggered by little rainfall and generated in areas where no debris flow was recorded in history, making the 
post-wildfire debris flow more dangerous. This study also has implications in areas where debris flow is 
unlikely to happen, considering the enhanced soil erosion rate after wildfire. The literature suggests that 
climate change could have negative impacts on wildfire occurrence, causing warmer dry season and increased 
frequency of extreme weather events, and therefore more severe wildfire potential. Special attention should be 
paid to the southwest China, where the majority of forest fires in China is distributed. Considering the 
mountainous terrain and high frequency of wildfire events in this region, the risk brought by post-wildfire 
debris flow should not be neglected. 
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1  INTRODUCTION 

 
1.1  The hypothetical landslide (Case D1) 
A hypothetical landslide was expected to be detached on a natural hillside at Tates’ Cairn. A source volume of 
10,000 m³ landslide from a distressed hillside was assumed to be detached and developed into a debris flow 
along the natural drainage line.  
 
1.2  Modelling cases 
The forward prediction involved two cases.  

1. Case 1: assuming entrainment occurs, and the entrainment volume is 10,000 m³ when the debris front 
reaches the road. 

2. Case 2: assuming entrainment does not occur. 
 
1.3  LS-DYNA modelling 
LS-DYNA is a multi-purpose finite element program capable of simulating highly dynamic and large 
deformation problems. Its fully automated contact analysis and wide range of material models enable users 
worldwide to solve complex real-world problems in various engineering disciplines. LS-DYNA is considered 
as an advanced numerical modelling technique that has been proven capable of landslide modelling. 

LS-DYNA was used to predict the debris runout characteristics of the hypothetical landslide Case D1. The 
following sections discuss the setup and results of the simulation. 
 
2  SIMULATION METHOD AND MATERIALS 
 
2.1  Topography 
Digital data of the true coordinates of the source location and the debris trail, which had been provided at the 
beginning of this task, were used for the meshing of the topography. The topography was made up of 
quadrilateral rigid shell elements with 1mm thickness. The mesh resolution was 5 m x 5 m and the number of 
elements was 11,550. From previous experience, the mesh resolution for the topography would not adversely 
affect the simulation efficiency. The pre-existing boulder dams in the drainage line was included as part of the 
digital topographical data. Figure 1 gives the graphical view of the topography of the LS-DYNA model. 
 
2.2  Debris modelling 
The debris mass was modelled in LS-DYNA as Arbitrary LaGrange-Eulerian (ALE) material, which adapts an 
adaptive meshing technique such that the large deformation and movement of the debris mass during the 

ABSTRACT 
 

Since 2012, Arup has been collaborating with the Geotechnical Engineering Office of HKSAR on 
a series of numerical studies on developing new numerical techniques for explicit modelling of 
the debris-barrier interaction. LS-DYNA has been developed and validated to be an advanced 
numerical tool for modelling debris mobility, structural analysis of flexible barrier and debris-
barrier interaction. The use of LS-DYNA in debris mobility modelling has been approved for use 
in all Government and private jobs in Hong Kong by 2017. This paper uses a hypothetical 
prediction case (Case D1) to demonstrate LS-DYNA’s capability in debris mobility modelling. In 
this paper, the numerical methodology adopted, method including considerations in determining 
input parameters for the mobility analysis are discussed. Simulation results such as debris profiles 
at different times, debris velocity and thickness at particular observation points will be provided.  
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landslide can be properly simulated. Figure 1 shows the initial position of the ALE material representing the 
debris mass. The location of the design debris source was modelled based on the coordinates provided with 
some minor modifications. 

In order to achieve the design event source volume, and to make the calculation simpler, the thickness was 
calculated based on the volume of landslide source and the cross-sectional area in the model and was provided 
in Table 1 below. A source volume of 20,000 m³ was used for Case 1 where entrainment volume of 10,000 m³ 
was added to the original 10,000 m³ source volume. A source volume of 10,000 m³ was used for Case 2 where 
entrainment does not occur.  
 

  
Figure 1: Graphical illustration of LS-DYNA Model 

 
Table 1: Hypothetical source thickness 

Landslide Source Volume 
(m³) 

Source Cross-
sectional Area (m²) 

Hypothetical Source 
Thickness (m) 

Case D1 Case 1 20,000 3,500 5.72 
Case D1 Case 2 10,000 3,500 2.86 

 
In order to capture the position and shape of the debris mass at different time, an “ALE container” that 

made up of tetrahedral solid elements was modelled to cover the path of the debris flow along the topography. 
The resolution of the ALE container is 5 m (W) x 5 m (L) x 0.5 m (H) and the number of elements modelled is 
approximately 144,000. Given the ALE container was specified large enough to cover the debris trail and it 
was evident that the debris flow path would follow the pre-defined channels, the need for assigning rigid 
boundaries along the two sides of the ALE container was not required. The graphical illustration of the ALE 
container for the landslides is given in Figure 1. 

 
2.3  The gate  
The debris mass specified in the LS-DYNA model, if not properly restrained, would flow down along the 
debris trail instantaneously at the start of the simulation. In order to ensure the debris mass stay at the defined 
initial position for the initialisation of its weight, an artificial rigid tube and lid, acting as the gate, was 
specified in each landslide source to confine and restrict the debris mass movement. The gate elements were 
made of rigid shells, which were the same as those for the topography, and were assigned with very low 
contact friction with the debris mass, such that there would be minimal disturbance to the debris when the gate 
was lift up for the release of the debris mass.  

 
2.4  Material parameters 
 
2.4.1  General 
The LS-DYNA simulation requires the input of material properties for all parts of the models, including the 
rigid shell elements for the topography and the gate, as well as the debris mass itself. In addition, input 
parameters for controlling the interaction of different parts, for example the contact friction between the debris 
mass and the rigid shell elements, are also required. 

ALE Container 

Topography Lid 

Gate 
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It should be noted that the LS-DYNA simulation only considered the primary debris source, i.e. the source 
as defined by the gate and the lid. Any entrainment will be added to the source volume and this is considered a 
conservative approach. 
 
2.4.2  Topography and the gate 
The topography and the head gate were specified as rigid materials. Hence their density and stiffness 
properties are not important to the analysis. Reasonable values that allowed the simulation to proceed would 
suffice. Table 2 summarises the input parameters adopted for the rigid materials in the model. 
 

Table 2: Input parameters adopted for the rigid materials in the LS-DYNA models 
Material Property Adopted input 

parameters 
Remarks 

Material density R0 1900 kg/m³ 
Assumed values – not sensitive to 

the analysis 
Elastic modulus, E 1000 MPa 
Poisson’s ratio, PR 0.3 

Rigid shell thickness 0.1m 
 
2.4.3  Debris mass and basal friction  
The Drucker-Prager constitutive model was adopted for ALE material representing the debris mass. The 
density of the material of 1,900 kg/m³ was assumed. A reasonable assumption of shear modulus equals to 
6,000 kPa was adopted. Other related parameters were also derived based on this assumption. From our 
experience, these parameters are not sensitive to the simulation result. 

In this model, Voellmy rheology was used. The internal friction angle of 15° was adopted, based on Arup’s 
experience of modelling channelised debris flow in Hong Kong (Arup, 2014). A basal friction angle of 8° 
(equivalent to friction coefficient of 0.14) and a turbulence coefficient of 500 m/s² were adopted, with 
reference to GEO TGN No. 29. Summary of input parameters adopted are given in Table 3. 

 
Table 3: Summary of input parameters adopted for debris mass and the basal friction 

Material Property Adopted input 
parameters 

Remarks 

Material density R0 1900 kg/m³ Based on typical granite density 
Shear modulus, G 6000 kPa Assumed values – sufficiently 

small to control reasonable 
running time 

Bulk Modulus, K 12000 kPa 

Internal friction angle, ϕ 15° (Note 1) Arup (2014) 
Basal friction angle, ϕb 8° GEO TGN 29 
Turbulence coefficient 500 m/s² 

Note 1: A nominal 1 kPa cohesion has been applied to avoid unreasonable 
saltation of the granular avalanches. 

 
2.5  Gravity initialisation 
The model was first initialised by applying gravity load to the debris mass while the gate was remained 
closed. The loading was increased gradually from nil to full gravitational acceleration in 2 seconds. After full 
gravity load had been applied, the gates would be lifted up to enable debris movement, simulating the 
beginning of the debris flow event. As the debris flew down the topography, their positions and deformation 
were captured by the program at regular time intervals for data process and subsequent study. The simulation 
was terminated when no further significant movement of the debris was observed. 
 
3  RESULTS AND DISCUSSION 
 
3.1  General 
In this section, results of the Case 1 and Case 2 simulation are discussed. The location of observation points A, 
B and C can be referred to Figure 3 below. 
 



202

Second JTC1 Workshop
3-5 December 2018, Hong Kong

Triggering and Propagation of Rapid Flow-like Landslides

 
 

Figure 3: Location plan for Points A, B and C 
 
3.2  Velocity hydrographs at Points A, B, C 
The velocity hydrographs at Points 1, 2 and 3 for Case 1 source volume (20000m³) and Case 2 source volume 
(10000m³) are provided in Figure 4. Debris reached Points 1, 2 and 3 slightly earlier in Case 1 than Case 2. 
The maximum velocity, time of impact at Points 1, 2 and 3 for the two cases are provided in Table 4. 

 
Table 4: Debris maximum velocity for Case 1 and Case 2 at Points 1, 2 and 3 

 Case 1 Case 2 
 Point A Point B Point C Point A Point B Point C 

Maximum 
Velocity (m/s) 

10.8 9.8 8.4 9.7 8.2 7.3 

Time 
Recorded (s)* 

36.5 39.5 53.0 40.5 47.5 50.0 

*Debris are allowed to slide downslope at t=2s 
 
 

 
 

Figure 4: Velocity hydrographs of Case 1 and Case 2 at Points A, B and C 
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3.3  Debris thickness hydrographs at Points A, B, C 
The debris thickness hydrographs at Points 1, 2 and 3 for Case 1 source volume (20000 m³) and Case 2 source 
volume (10000 m³) are provided in Figure 5. Debris thickness at Case 1 is generally 0.5 m to 1.5 m thicker 
than Case 2 at Points 1, 2 and 3. The maximum thickness, time at which the maximum thickness was reached 
at Points 1, 2 and 3 for the two cases are provided in Table 5. 

 
Table 5: Debris maximum thickness for Case 1 and Case 2 at Points 1, 2 and 3 

 Case 1 Case 2 
 Point A Point B Point C Point A Point B Point C 

Maximum 
thickness (m) 

4.5 4.0 4.0 3.0 3.0 3.0 

Time recorded 
(s)* 

34.5 68.5 59.0 40.0 72.5 52.0 

*Debris are allowed to slide downslope at t=2s 
 
 

  
 

Figure 5: Thickness hydrograph of Case 1 and Case 2 at Points A, B and C 
 
 
3.4  Time history of velocity of landslide debris along the flow path 
The debris frontal velocity at various chainages for Case 1 and Case 2 are given in Figure 6.  

In Case 2 (solid blue line), the debris picked up its velocity and reached the maximum of 16m/s at 
approximate CH50 after debris detached from source. As debris gradually reached less steep terrain, debris 
velocity decreased to 11.5m/s at approximate CH220 when the debris reached the boulders dam and 
experienced a sharp change in flow direction. When the debris passed the boulders dam, the debris went into 
relatively steep terrain again and picked up velocity from CH220 to CH420. Finally, the debris velocity 
gradually decreased when the terrain became gentler and continued its way downslope. 

In Case 1 (solid orange line), the debris picked up its velocity more rapidly than Case 2 due to its double 
source volume when compared to Case 1. The debris velocity peaked at 20 m/s at approximately CH190. As 
debris gradually reached less steep terrain, debris velocity decreased to 15 m/s at approximate CH220 when 
the debris reached the boulders dam and experienced a sharp change in flow direction. By careful observation 
of the simulation, it was noted that due to the very large volume of debris, the boulders dam had been 
overtopped very rapidly and debris would overflow the boulders dam without losing much of its velocity. The 
velocity of debris was maintained above 14.5 m/s until CH510. Debris velocity gradually decreased when the 
terrain became gentler and continued its way downslope. 

 
3.5  Time history of active volume (i.e. source volume + entrained volume) of landslide debris along the flow 

path 
Modelling of entrainment along flow path was not available in LS-DYNA. At present the total entrainment 
volume was added to the source volume. Using this approach would result in higher potential energy of the 
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total active mass, and therefore more conservative in terms of debris impact energy and force at the catchment 
toe.  
 

 
 

Figure 6: Debris frontal velocity at various chainages of Case 2 
 

As such, the active volume vs. time of the Case 1 with entrainment modelled in LS-DYNA was peaked at 
20000 m³ at the beginning and throughout the simulation. There was a decrease in volume at the end of 
simulation, as some of the frontal debris started to flow out of the topographic extent. The active volume time 
history extracted from LS-DYNA is given in Figure 7 below. 

 

 
 

Figure 7: Volume hydrographs for Case 1 and Case 2 
 

3.6  Profiles of landslide debris throughout the flow process 
The positions of the debris mass at particular time steps in plan view for Case 1 and Case 2 are given in 
Figures 8 and 9 respectively.   

Case 1: 20000m³ 

Case 2: 10000m³ 
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Figure 8: Positions of the debris mass at particular time steps for Case 1 

 

                   

 
Figure 9: Positions of the debris mass at particular time steps for Case 2 
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3.7  Consequence of the landslide 
The modelling results suggested that both Case 1 and Case 2 landslide debris would reach Points 1, 2 and 3, 
which represent the road and buildings at the downstream of the road. All debris would pass through Point A 
while a significant portion of debris would pass through Points B and C. These downstream facilities would be 
very likely to be subject to impact of this hypothetical landslide.  
 
3.8 Possible mitigation measures 
LS-DYNA is capable of debris-barrier interaction and has been used for barrier design in many projects. In 
this case, a rigid barrier could be modelled at the drainage mouth. The scheme could be optimised by changing 
the location, dimension and configuration of the rigid barrier to achieve the most cost-effective design. 
 
4  CONCLUSIONS 
 
This paper presents the numerical debris mobility modelling method using LS-DYNA through a hypothetical 
landslide Case D1. The computer program LS-DYNA are found to produce generally reasonable results for 
the benchmarking case reported above. LS-DYNA using the Arbitrary Lagrangian Eulerian (ALE) 
formulation to provide a continuum-based numerical solution can provide realistic motions of landslide debris 
using Voellmy rheology with conventional parameters (i.e. basal friction angle, turbulence coefficient) 
suggested by GEO TGN 29. This paper also reveals the limit of LS-DYNA in modelling entrainment and 
further research on adding entrainment along debris flow path may be required. 
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1  INTRODUCTION 

 
The debris flow is a phenomenon occurring in mountains and steep slopes. Rainfall-induced landslides and 
earthquake are major cause of the landslide, and the landslide can be expanded to debris flows by containing 
soil and water mixture. Debris from the mountains can reach downstream and destroy lives and property 
(Iverson 1997). Recent studies have shown that the occurrence and impact of debris is increasing due to 
abnormal weather phenomena due to climate change (Jakob and Friele 2009; Hilker et al. 2009). Since the debris 
flow is a mixture of soil and water with complicated behavior, various rheological models have been developed 
by many researchers for the debris flow simulation. These models include the Newtonian model, the Bingham 
model, the Herschel-Bulkley model, the generalized visco-plastic model, the dilatant fluid model, the dispersive 
or turbulent stress model, the biviscous modified Bingham model, and the frictional model. MassMov2D, DAN-
3D, FLO-2D and RAMMS are generally used to simulate the debris flow, and these model contain the fluid 
dynamics and rheological models. Some models also can simulate the soil erosion and entrainments. In this 
study, a series of case study on the debris flow simulation was conducted based on the fluid dynamics, 
rheological models, and the soil erosion and entrainment model. 

 
2  METHODOLOGY 
 
Fluid mobility and soil erosion were considered in the simulation of debris flows. Navier-stokes momentum 
equation and continuity equation were used to simulate the fluid mobility, and the solution was estimated by 
finite difference method. Rheological model for non-Newtonian fluid was applied to consider the variation of 
viscosity accordance with to the strain rate. The resistance of the flowing was considered by a combination of 
Coulomb friction and viscous represented by the viscosity and basal friction angle. Soil erosion by debris flows 
was also calculated at each cell (point) and time. Infinite slope stability model was modified to consider the 

ABSTRACT 
 

 A series of case study of debris flows simulation was conducted especially considering the soil 
erosion and fluid dynamics. Topography and sources of debris flow offered for benchmarking 
exercise were used to this study, and model parameters and properties were referenced from related 
literature. Navier-stokes momentum equation and continuity equation were used to simulate the 
fluid mobility, and the solution was estimated by finite difference method. Rheological model for 
non-Newtonian fluid was applied, and the resistance of the flowing was considered by a 
combination of Coulomb friction and viscous represented by the viscosity and basal friction angle. 
Soil erosion by debris flows was also calculated at each cell (point) and time. From the results of 
the analysis carried out in this study, the development – erosion and entrainment – sedimentation 
process of debris flow was analyzed for various cases, and it was found that the simulations showed 
relatively reasonable results with the observations and the previous studies. 

Benchmarking exercise of landslide runout analysis considering 
fluid dynamics and soil entrainment 

M.H. Hong & S.S. Jeong 
School of Civil and Environmental Engineering, Yonsei University, Seoul 03722, Korea 
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weight of the debris to calculate the soil erosion by debris flows. All the input data such as topography, slope, a 
source of the debris flow, and soil properties were established as a Geographical Information System (GIS) 
dataset. 

The debris flow can be defined as a mixture of debris and water, and is assumed to be incompressible, 
unsteady, and continuous flow. Therefore, the flow is governed by the continuity equation (eq. 1) and Navier-
stokes equations (eqs. 2~4). 

 
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 +

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 +

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 = 0           (1) 

 

𝜌𝜌𝑑𝑑 (
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 + 𝑢𝑢 𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑 + 𝑣𝑣 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 + 𝑤𝑤 𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑) = −𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 + 𝜇𝜇 (𝑑𝑑

2𝑑𝑑
𝑑𝑑𝑑𝑑2 +

𝑑𝑑2𝑑𝑑
𝑑𝑑𝑑𝑑2 +

𝑑𝑑2𝑑𝑑
𝑑𝑑𝑑𝑑2) + 𝑅𝑅𝑑𝑑     (2) 

 

𝜌𝜌𝑑𝑑 (
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 + 𝑢𝑢 𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑 + 𝑣𝑣 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 + 𝑤𝑤 𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑) = −𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 + 𝜇𝜇 (𝑑𝑑

2𝑑𝑑
𝑑𝑑𝑑𝑑2 +

𝑑𝑑2𝑑𝑑
𝑑𝑑𝑑𝑑2 +

𝑑𝑑2𝑑𝑑
𝑑𝑑𝑑𝑑2) + 𝑅𝑅𝑑𝑑     (3) 

 

𝜌𝜌𝑑𝑑 (
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 + 𝑢𝑢 𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑 + 𝑣𝑣 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 + 𝑤𝑤 𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑) = 𝜌𝜌𝑑𝑑𝑔𝑔 −
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 + 𝜇𝜇 (𝑑𝑑

2𝑑𝑑
𝑑𝑑𝑑𝑑2 +

𝑑𝑑2𝑑𝑑
𝑑𝑑𝑑𝑑2 +

𝑑𝑑2𝑑𝑑
𝑑𝑑𝑑𝑑2 )     (4) 

 
where u, v and w are velocity components of x, y and z directions, 𝜌𝜌𝑑𝑑 is density of the debris flow, 𝜇𝜇 is dynamic 
viscosity, p is pressure, g is gravitational acceleration, and t is time. 

The continuity equation and Navier-stokes equations are simplified by integrating from the bottom of debris 
to top surface of debris. The integrated continuity equation is: 

 
𝑑𝑑ℎ
𝑑𝑑𝑑𝑑 +

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 +

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 = 0           (5) 

 
where 𝑀𝑀 = �̅�𝑢ℎ, 𝑁𝑁 = �̅�𝑣ℎ, and ℎ is the height of the debris flow. 

The integrated Navier-stokes equations for x and y direction are: 
 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 + 𝛼𝛼 𝑑𝑑(𝑑𝑑�̅�𝑑)

𝑑𝑑𝑑𝑑 + 𝛼𝛼 𝑑𝑑(𝑑𝑑�̅�𝑑)
𝑑𝑑𝑑𝑑 = −𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑 𝑔𝑔ℎ +
𝜇𝜇𝜇𝜇
𝜌𝜌𝑑𝑑
(𝑑𝑑

2𝑑𝑑
𝑑𝑑𝑑𝑑2 +

𝑑𝑑2𝑑𝑑
𝑑𝑑𝑑𝑑2) +

𝑅𝑅𝑥𝑥
𝜌𝜌𝑑𝑑

      (6) 

 
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 + 𝛼𝛼 𝑑𝑑(𝑑𝑑�̅�𝑑)

𝑑𝑑𝑑𝑑 + 𝛼𝛼 𝑑𝑑(𝑑𝑑�̅�𝑑)
𝑑𝑑𝑑𝑑 = −𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑 𝑔𝑔ℎ +
𝜇𝜇𝜇𝜇
𝜌𝜌𝑑𝑑
(𝑑𝑑

2𝑑𝑑
𝑑𝑑𝑑𝑑2 +

𝑑𝑑2𝑑𝑑
𝑑𝑑𝑑𝑑2) +

𝑅𝑅𝑦𝑦
𝜌𝜌𝑑𝑑

      (7) 

 
where 𝛼𝛼 is an ad-hoc coefficient and 𝛽𝛽 is a coefficient represent the ration of the vertical normal stress to 
horizontal one. The ad-hoc coefficient (𝛼𝛼) is 1 for the blunt debris flow, 6/5 for the no basal sliding, and 1.25 
for the stone-type debris flow. The coefficient 𝛽𝛽 is generally 1.0 for the fluid type flow of debris and water 
mixture. 

Flow resistances 𝑅𝑅𝑑𝑑 and 𝑅𝑅𝑑𝑑 are defined as a combination of Coulomb friction and viscous represented by 
the viscosity and basal friction angle (Naef et al. 2006). 

 
𝑅𝑅𝑑𝑑 = 𝜇𝜇𝜌𝜌𝑑𝑑√𝑔𝑔ℎ𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑑𝑑𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡          (8) 

 
𝑅𝑅𝑑𝑑 = 𝜇𝜇𝜌𝜌𝑑𝑑√𝑔𝑔ℎ𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑑𝑑𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡          (9) 

 
where 𝜃𝜃𝑑𝑑 and 𝜃𝜃𝑑𝑑 are the slope angle (degree) for x and y direction, and 𝑡𝑡 is the basal friction angle. 

The variation of viscosity for non-Newtonian fluid is also considered, and the strain rate (�̇�𝛾) is defined based 
on the general continuum mechanics for the relationship between strain rate and velocity as follows: 
 

�̇�𝛾𝑑𝑑 =
2�̅�𝑑
ℎ = 2𝑑𝑑

ℎ2             (10) 

 

�̇�𝛾𝑑𝑑 =
2�̅�𝑑
ℎ = 2𝑑𝑑

ℎ2             (11) 
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𝜇𝜇 = 𝜇𝜇(�̇�𝛾)   (Non-Newtonian fluid model)      (12) 
 

Finally the integrated equations are discretized to apply to the finite difference method. The discretized 
continuity equation is: 

 

ℎ𝑖𝑖,𝑗𝑗𝑛𝑛+1 = ℎ𝑖𝑖,𝑗𝑗𝑛𝑛 − ∆𝑡𝑡 [(𝑀𝑀𝑖𝑖,𝑗𝑗
𝑛𝑛+1−𝑀𝑀𝑖𝑖−1𝑛𝑛+1)

∆𝑥𝑥 + (𝑁𝑁𝑖𝑖,𝑗𝑗𝑛𝑛+1−𝑁𝑁𝑖𝑖,𝑗𝑗−1𝑛𝑛+1 )
∆𝑦𝑦 ]        (13) 

 
where the superscript represents the time step and the subscript represents the location of the cell (point). 

The discretized momentum equation for x-component is: 
 

𝑀𝑀𝑖𝑖,𝑗𝑗𝑛𝑛+1 = 𝑀𝑀𝑖𝑖,𝑗𝑗𝑛𝑛 + Δ𝑡𝑡

{
 
 
 
 
 

 
 
 
 
 𝜇𝜇(�̇�𝛾𝑥𝑥)𝛽𝛽 [

𝑀𝑀𝑖𝑖−1,𝑗𝑗𝑛𝑛 −2𝑀𝑀𝑖𝑖,𝑗𝑗𝑛𝑛 +𝑀𝑀𝑖𝑖+1,𝑗𝑗𝑛𝑛

(∆𝑥𝑥)2 + 𝑀𝑀𝑖𝑖,𝑗𝑗−1𝑛𝑛 −2𝑀𝑀𝑖𝑖,𝑗𝑗𝑛𝑛 +𝑀𝑀𝑖𝑖,𝑗𝑗+1𝑛𝑛

(∆𝑦𝑦)2 ]

− 𝛼𝛼
∆𝑥𝑥 [

(𝑀𝑀𝑖𝑖+1,𝑗𝑗𝑛𝑛 +𝑀𝑀𝑖𝑖,𝑗𝑗𝑛𝑛 )
2

4ℎ𝑖𝑖,𝑗𝑗𝑛𝑛
− (𝑀𝑀𝑖𝑖,𝑗𝑗𝑛𝑛 +𝑀𝑀𝑖𝑖−1,𝑗𝑗𝑛𝑛 )

2

4ℎ𝑖𝑖,𝑗𝑗𝑛𝑛
]

− 𝛼𝛼
∆𝑦𝑦 [

(𝑀𝑀𝑖𝑖,𝑗𝑗𝑛𝑛 +𝑀𝑀𝑖𝑖,𝑗𝑗−1𝑛𝑛 )(𝑁𝑁𝑖𝑖,𝑗𝑗𝑛𝑛 +𝑁𝑁𝑖𝑖−1,𝑗𝑗𝑛𝑛 )
ℎ𝑖𝑖,𝑗𝑗𝑛𝑛 +ℎ𝑖𝑖−1,𝑗𝑗𝑛𝑛 +ℎ𝑖𝑖,𝑗𝑗−1𝑛𝑛 +ℎ𝑖𝑖−1,𝑗𝑗−1𝑛𝑛 − (𝑀𝑀𝑖𝑖,𝑗𝑗𝑛𝑛 +𝑀𝑀𝑖𝑖,𝑗𝑗+1𝑛𝑛 )(𝑁𝑁𝑖𝑖,𝑗𝑗+1𝑛𝑛 +𝑁𝑁𝑖𝑖−1,𝑗𝑗+1𝑛𝑛 )

ℎ𝑖𝑖,𝑗𝑗𝑛𝑛 +ℎ𝑖𝑖−1,𝑗𝑗𝑛𝑛 +ℎ𝑖𝑖,𝑗𝑗+1𝑛𝑛 +ℎ𝑖𝑖−1,𝑗𝑗+1𝑛𝑛 ]

−𝑔𝑔 (ℎ𝑖𝑖,𝑗𝑗
𝑛𝑛 +ℎ𝑖𝑖−1,𝑗𝑗𝑛𝑛 )(𝐻𝐻𝑖𝑖,𝑗𝑗𝑛𝑛 −𝐻𝐻𝑖𝑖−1,𝑗𝑗𝑛𝑛 )

2∆𝑥𝑥

−𝜇𝜇(�̇�𝛾𝑥𝑥) cos 𝜃𝜃𝑥𝑥 tan𝜑𝜑√𝑔𝑔
ℎ𝑖𝑖,𝑗𝑗𝑛𝑛 +ℎ𝑖𝑖−1,𝑗𝑗𝑛𝑛

2 }
 
 
 
 
 

 
 
 
 
 

    (14) 

 
The equation for y-component is similar with that for x-component, and it is omitted. 

Soil erosion by debris flows was also calculated at each cell (point) and time. A modified infinite slope 
stability is calculated by equation (15). The weight of debris flow is added to the vertical overburden pressure 
and the driving force. The erosion depth is determined to critical depth among various assumed erosion depth. 
The modified infinite slope stability equation is: 

 

𝐹𝐹𝐹𝐹 = 𝑐𝑐𝑠𝑠′+[𝛾𝛾𝑑𝑑′ ∙(𝑍𝑍𝑑𝑑+𝑍𝑍𝑒𝑒)+𝛾𝛾𝑠𝑠′∙𝑑𝑑𝑑𝑑]𝑐𝑐𝑐𝑐𝑐𝑐2𝜃𝜃∙𝑡𝑡𝑡𝑡𝑛𝑛𝜙𝜙′
(𝛾𝛾𝑑𝑑′ ∙(𝑍𝑍𝑑𝑑+𝑍𝑍𝑒𝑒)+𝛾𝛾𝑠𝑠′∙𝑑𝑑𝑑𝑑)∙𝑐𝑐𝑖𝑖𝑛𝑛𝜃𝜃∙𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃

         (15) 

 
where 𝑐𝑐𝑐𝑐′ is cohesion of soil, 𝛾𝛾𝑑𝑑′  is the effective unit weight of debris, 𝑍𝑍𝑑𝑑 is the thickness of debris, 𝑍𝑍𝑒𝑒 is assumed 
thickness of erosion soil, 𝛾𝛾𝑐𝑐′ is the effective unit weight of soil, 𝑑𝑑𝑑𝑑 is the unit increment for assuming the erosion 
depth, 𝜃𝜃 is the slope angle, and 𝜙𝜙′ is the internal friction angle of soil. 

 
3  BENCHMARKING EXERCISE 
 
3.1  Goldau Rock Avalanche (A1) 
 
The Goldau Rock Avalanche was simulated based on the provided topography and initial thickness of the 
landslide. Initial soil depth of the study area was determined from 20 m to 100 m based on the detailed 
longitudinal section of the study area of previous study conducted by Berner (2004). Cohesion and internal 
friction angle of residual soil were determined based on previous study conducted by Thuro and Hatem (2010). 
Basal friction angle was determined by Aaron and Hungr (2016). Parameters for the simulation were 
summarized in Table 1. Figure 1 shows the topography and the debris profiles at different times of the Goldau 
Rock Avalanche, and time-varying velocity and volume of debris flows are shown in Figure 2. The analytical 
result of this study has a comparatively good agreement with those of the observation, but it is found that the 
deposited debris are less scattered that the observed result. The velocity of the debris flow increased initially to 
about 60 m/s and gradually decreased. The volume of debris increased from 38.5 Mm3 initially to 43 Mm3 by 
entrainment of basin soil. The debris flow reached to downstream after about 100 seconds from the source area, 
and at about 120 seconds, the velocity was nearly zero and deposited. 
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Table 1: Input parameters for the Goldau Rock Avalanvhe simulation 

Parameters α β 

Unit 
weight of 

debris 
(𝛾𝛾𝑑𝑑′ ) 

Unit 
weight of 
residual 
soil (𝛾𝛾𝑠𝑠′) 

Cohesion of 
residual soil (kPa) 

Internal friction angle 
of residual soil (°) 

Basal friction 
angle (°) 

Value 1.25 1.0 20 kN/𝑚𝑚3 18 kN/𝑚𝑚3 24 21 12 

 

    

    

Figure 1: Simulation results of the Goldau Rock Avalanche 
 

 

Figure 2: Time-varying velocity and volume of debris flows for the Goldau Rock Avalanvhe simulation 
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3.2  2008 Yu Tung Road debris flow, Hong Kong (C1) 
 
The 2008 Yu Tung Road debris flow was simulated based on the provided topography and initial thickness of 
the landslide. Initial soil depth of the study area was assumed from 3 m to 16 m based on the previous ground 
investigation of detailed study report of the study area (Geo report No. 271). Cohesion and internal friction 
angle of residual soil were determined based on the Geo report No. 271. Basal friction angle was determined 
based on the previous study conducted by Raymond et al. (2017). Parameters for the simulation were 
summarized in Table 2. Figure 3 shows the topography and the debris profiles at different times of the Yu Tung 
Road debris flow. The time-varying volume of debris flow is also shown in Figure 4. Comparisons of time-
varying front location and the front velocity with previous studies and field observed values are shown in Figure 
5 and 6. Figure 5 shows that the time-varying front location and the front velocity of debris flows by this study 
have a good agreement with that of measured values and the previous study by Huang et al. (2017) and Kwan 
et al. (2017). As shown in Figure 4, the volume of the debris flow increased from the initial 2,350 m3 to a 
maximum of 3,480 m3, and gradually decreased as it deposited. 

 
Table 2: Input parameters for the 2008 Yu Tung Road debris flow simulation 

Parameters α β 

Unit 
weight of 

debris 
(𝛾𝛾𝑑𝑑′ ) 

Unit 
weight of 
residual 
soil (𝛾𝛾𝑠𝑠′) 

Cohesion of 
residual soil (kPa) 

Internal friction angle 
of residual soil (°) 

Basal friction 
angle (°) 

Value 1.0 1.0 20 kN/𝑚𝑚3 18 kN/𝑚𝑚3 3 30 8 
 

  

  

  

Figure 3: Simulation results of the 2008 Yu Tung Road debris flow 
 

 
Figure 4: Time varying debris volume 
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Figure 5: Comparison of time-varying front 
location of debris flows 

Figure 6: Comparison of debris front velocity 

 
3.3  Johnsons Landing debris avalanche, Canada (C2) 
 
Johnsons Landing debris avalanche in Canada was simulated based on the provided topography and initial 
thickness of the landslide. Cohesion, internal friction angle of residual soil and basal friction angle were assumed 
to the values of the other landing debris avalanche case (C1). Basal friction angle for hypothesized high 
resistance from trees zone defined by Aaron (2017) was assumed to 30°. Parameters for the simulation were 
summarized in Table 3. Figure 7 shows the topography and the debris profiles at different times of Johnsons 
Landing debris avalanche in Canada. The time-varying debris volume and average velocity are shown in Figure 
8. As shown in Figure 7, debris flowing down from the upstream deposited on the bench, in the mid channel 
and upper channel. From the result of this simulation indicated that 170,600 m3 of the debris deposited on the 
bench, 53,961 m3 deposited in the mid channel and 4,795 m3 deposited in the upper channel, while it was 
estimated that 169,000 m3 of debris deposited on the bench, 55,000 m3 deposited in the mid channel and 140,000 
m3 deposited in the upper channel by Nicol et al. (2013). In this analysis, the amount of debris deposited on the 
upper channel was considerably smaller than the observed result. The average velocity increased up to 35 m/s 
in the upper channel and gradually decreased. When it reached the downstream, the velocity was about 15 m/s. 
Nicol et al. (2013) also figured out that the rough flow velocities of the debris flow was between 25~35 m/s 
based on the observation. The volume of the debris flow increased from the initial 320,000 m3 to a maximum 
of 364,000 m3. 
 

Table 3: Input parameters for the potential rock avalanche site in Canada 

Parameters α β 

Unit 
weight of 

debris 
(𝛾𝛾𝑑𝑑′ ) 

Unit 
weight of 
residual 
soil (𝛾𝛾𝑠𝑠′) 

Cohesion of 
residual soil (kPa) 

Internal friction angle 
of residual soil (°) 

Basal friction 
angle (°) 

Value 1.0 1.0 20 kN/𝑚𝑚3 18 kN/𝑚𝑚3 3 30 
8, 
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 Figure 7: Simulation results of Johnsons Landing debris avalanche, Canada 

 

 

Figure 8: Time-varying volume and average velocity of debris flows for Johnsons Landing debris avalanche in Canada 
 
3.4  A historical hillside catchment in Hong Kong (D1) 
 
The historical hillside catchment in Hong Kong was simulated based on the provided topography and initial 
thickness of the landslide. Two cases of no entrainment and entrained by debris were simulated. Total volume, 
10,000 m3 deposited on the lower section applied to the source for the “with entrainment” case, and assumed 
volume, 1,000 m3 applied to the source for the “without entrainment” case. Initial soil depth of the study area 
was assumed from 2 m to 8 m based on the previous ground investigation of detailed study report (Geo report 
No. 239). Cohesion, basal friction angle and internal friction angle of residual soil were also determined based 
on the Geo report No. 239. Parameters for the simulation were summarized in Table 4. Figure 9 shows the 
topography and the debris profiles at different times of the historical hillside catchment in Hong Kong. Time-
varying front location and the front velocity at point A, B and C are shown in Figure 10 and 11. The time-
varying volume of debris flow and average velocity of debris flows are also shown in Figure 12. The analytical 
results show that the simulation results for the two cases are relatively similar, but the average velocity is smaller 
for the “with entrainment” case that for the “without entrainment” case because the initial volume is small. It is 
considered that this is due to the large inertia force from the beginning in the case of “without entrainment” case 
in which the initial volume is largely applied. In the case of the “with entrainment” case, the initial volume 
increased from 1,000 m3 to 10,290 m3 by entrainment. The thickness of the debris flow was maximum 6 m at 
point A, 7~8 m at point B and maximum 4~5 m at point C, and the front velocity was distributed at 10~15 m/s. 

 
Table 4: Input parameters for the historical hillside catchment in Hong Kong simulation 

Parameters α β 

Unit 
weight of 

debris 
(𝛾𝛾𝑑𝑑′ ) 

Unit 
weight of 
residual 
soil (𝛾𝛾𝑠𝑠′) 

Cohesion of 
residual soil (kPa) 

Internal friction angle 
of residual soil (°) 

Basal friction 
angle (°) 

Value 1.0 1.0 20 kN/𝑚𝑚3 18 kN/𝑚𝑚3 3 30 11 
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Figure 9: Comparison of time-varying front location of debris flows 
 

 

Figure 10: Comparison of time-varying front velocity of debris flows 
 

   

Figure 11: Simulation results of the historical hillside catchment in Hong Kong 
 

  

Figure 12: Comparison of time-varying volume and average velocity of debris flows 
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3.5  A potential rock avalanche site in Canada (D2) 
 
The potential rock avalanche site in Canada was simulated based on the provided topography and initial 
thickness of the landslide. Cohesion and internal friction angle of residual soil were assumed to the values of 
the other rock avalanche case (Thuro and Hatem 2010). Basal friction angle was determined based on back-
analyzed values of rock avalanches by Aaron and Hungr (2016). Parameters for the simulation were summarized 
in Table 4. Figure 13 shows the topography and the debris profiles at different times of the potential rock 
avalanche site in Canada. The time-varying debris volume and average velocity are shown in Figure 14. As 
shown in Figure 13, debris flowing down from the upstream showed a large impact on a flat area of downstream. 
The average velocity increased up to 50 m/s in the upstream and gradually decreased. When it reached the 
downstream, the velocity was about 10~20 m/s. The volume of the debris flow increased from the initial 8.3 
Mm3 to a maximum of 12 Mm3, and after reaching the bottom, it did not increase more. 

 
Table 5: Input parameters for the potential rock avalanche site in Canada 

Parameters α β 

Unit 
weight of 

debris 
(𝛾𝛾𝑑𝑑′ ) 

Unit 
weight of 
residual 
soil (𝛾𝛾𝑠𝑠′) 

Cohesion of 
residual soil (kPa) 

Internal friction angle 
of residual soil (°) 

Basal friction 
angle (°) 

Value 1.25 1.0 20 kN/𝑚𝑚3 18 kN/𝑚𝑚3 24 21 5.8 
 

   

   

 Figure 13: Simulation results of the potential rock avalanche site in Canada 
 

 

Figure 14: Time-varying volume and average velocity of debris flows of potential rock avalanche site in Canada 
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4  CONCLUSIONS 
 
In this study, a series of debris flows simulation was carried out by considering the soil erosion and fluid 
dynamics. Navier-stokes momentum equation and continuity equation were used for the fluid mobility analysis, 
and finite difference method was applied to solve the momentum and continuity equations. Rheological model 
for non-Newtonian fluid was also applied, and the resistance of the debris flow was considered by a combination 
of viscous and Coulomb friction. Soil erosion by debris flows was also calculated at each cell (point) and time. 

As a result, the analytical results from this study, the development – erosion and entrainment – sedimentation 
process of debris flow was analyzed for the benchmarking cases. In summary, it was found that the simulations 
showed relatively reasonable results with the observations and the previous studies. 
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1  INTRODUCTION 
 
Continuum-based approaches have been prevailing in debris flow modeling, but may experience difficulties in 
capturing some key aspects of debris flow, including intense solid-fluid interactions in a debris flow, 
entrainment and segregation during the flow (Hungr et al., 2005) and boulder impacts (Ng et al., 2016). In this 
study, a coupled computational fluid dynamics and discrete element method (CFD-DEM) approach is 
developed to simulate a debris flow as a mixture of gap-graded particle system and viscous fluid (Zhao & 
Shan 2013; Li & Zhao 2018a). The interactions between the fluid and solid phases in debris flow are 
considered by exchanging fluid-particle interaction forces between the CFD and DEM simulations. 
Meanwhile, bonded particles are used to model an erodible bed to investigate the entrainment in a debris flow. 
In particular, we use the Yu Tung Road (YTR) debris flow as a benchmark case to examine the predictive 
capability of the coupled CFD-DEM approach. The YTR debris flow was triggered by a 600-year return 
period rainstorm in June 2008, resulting in 2,350 m3 of debris detached from the hillside source location along 
with 1,120 m3 of entrainment from erodible beds (Figure 1-a & b) traveling about 600 m down and causing 
the only vehicle access to the Hong Kong Airport closed for 16 hours (AECOM, 2012). 
 
2  CFD/DEM SIMULATION AND RESULTS 
 
2.1  Model setup and central postulates 
 
Available data on the YTR debris flow event are summarized in Table 1. In particular, the YTR debris flow 
contains a large proportion (i.e., up to 40%) of boulders, some as large as 2.5 m in diameter (AECOM, 2012). 
In this CFD/DEM modeling of YTR case, emphasis is placed upon accurate modeling of the debris source, 
erodible beds and boulder contents. Real debris flows like YTR case may contain a wide range of solid grain 
sizes, from fines (r < 0.05 mm) to big boulders (r > 5 m) (Iverson, 1997). To consider the complete size range 
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numerical predictions agree well with the available data and previous studies on this case. The 
study offers a promising new methodology towards physically based, quantitative modeling and 
analysis of debris flows for rigorous hazard zone mapping and mitigation. 
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of the Particle Size Distribution (PSD) is computationally intractable. In this study, we consider the debris as a 
mixture of fluids and gap-graded particles around the mean size of boulders for the YTR debris flow 
(AECOM, 2012) (adopting gap-graded particle radii at r =0.2 m, 0.24 m, 0.26 m, 0.28 m and 0.3 m). Erosion 
is an unsteady and random process, which involves complicated dynamics and undefined mechanisms (Hungr 
et al., 2005). In this study, bonded particles are used to simulate an erodible bed. The erosion criterion 
depends here on the debonding thresholds which may be further affected by various influence factors, such as 
particle shape, local topography, non-homogeneity and flow condition. And the thresholds were back-
analyzed according to the incipient motions of erodible particles and the total entrainment volume. 

 
Table 1: Summary of key parameters for the YTR debris flow event (AECOM, 2012)* 

Debris 
flow 

Vsource  
[m3] 

Vmax 

[m3] 
Verosion 

[m3]  s 
 b 

[kg/m3] 
Road 

Deposition [m3] 
Runout 

[m] 
YTR ~2,350 ~3,470 ~1,120 0.4 2,000 >100 ~600 

 
*  s = solid fraction of debris flow for boulders;  b = bulk density of debris flow 

 

 
 
Figure 1: a Photography of a highly erodible bed in the channel of the YTR case (AECOM, 2012). b Estimation of 
perched material along drainage line from aerial photograph (AECOM, 2012). c & d  A comparison of the saturated flow 
over an erodible bed observed in the flume test by Larcher et al. (2007) and from the couple CFD-DEM simulation with 
erodible bed (EB) and freeze bed (FB). Noted that arrows in d denote velocity vectors. e Illustration of a free 
approaching particle i collides with erodible bed particle j which is bonded with neighbouring particle k (erodible bed or 
freeze bed particle) simulated by a Parallel Bond Model in  the DEM 
 

Figures 1-c & d shows consistent experimental observations (Larcher et al., 2007) and the coupled CFD-
DEM modeling results on the wavy erosion patterns (i.e. dotted red lines). In this study, freeze beds (Figure 1-
d) are assumed to be fixed to the terrain below the erodible beds. Basal erosion is known to occur via two 
driving forces: grain-collisional stress within solid system and fluid-particle interaction forces. As shown in 
Figure 1-e, forces acting on erodible bed particle j in the coupled CFD-DEM simulations include contact force 
between particles i and j, gravity force, fluid-solid interaction force and bonding force between particles j and 
k (Zhao & Shan, 2013; Li & Zhao, 2018b). The breakable bond in the Parallel Bond Model can sustain both 
forces (i.e. axial force nF  and shear force sF ) and moments (i.e. axial moment nM  and shear moment sM ). 
 
2.2  Results and discussions 
 
To calibrate key input and model parameters and validate the predictions, five groups of simulations with 
various source and erodible bed settings were performed, as shown in Figure 2. The total mass is set to be 
constant (i.e. 6,940,000 kg). A typical mixture sample consisting of gap-graded boulders and viscous slurry is 
initially placed on the source location of the YTR terrain before being released, as shown in Figure 2-f. The 
flow behavior of dry, slurry and mixture shows appreciable differences in terms of shape, length and frontal 
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displacement of the flows. Figures 2-b and e are cases with additional consideration of three locations of 
erodible beds according to geological investigation by AECOM (2012). Furthermore, Figure 2-g upper panel 
shows that erodible bed helps absorb energy and slow down the approaching debris fronts in dry case 
simulation for b, since the incipient speeds of erodible bed particles (i.e. green particles) need to be gradually 
accelerated to conform with the debris flow. In the mixture case, the newly added eroded mass is dramatically 
accelerated, as shown in Figure 2-g Middle (velocity), and the fluid-solid interaction forces including drag 
force (Figure 2-g Lower) induce rapid and severe erosion, which is consistent with observations in previous 
studies (Hungr et al., 2005; Larcher et al., 2007). It is evident that respecting the multi-phase nature of debris 
flow renders more realistic modeling of the mechanical origins and patterns of erosion and the overall 
dynamics of debris flow. 
 

 
Figure 2: Illustrations of the CFDEM simulations of the YTR debris flow for a: dry particles; b: dry particles with 
erodible beds; c: slurry; d: mixture and e: mixture with erodible beds. f represents the side and perspective views of a 
typical mixture sample at its source location. g shows a typical erosion patterns for both dry and mixture cases. Noted 
that arrows in the upper and middle figures of g denote velocity vectors and they represent the drag force vectors in the 
lower figure 

 
Figure 3: a: Frontal debris flow velocity versus chainage obtained from the five simulation cases in Figure 2 in 
comparison with data from literatures (i.e. blue and black dash lines, Kwan et al., 2015). The solid red line denotes the 
ground surface elevations along the drainage line (AECOM, 2012) (the right vertical axis). b: shows measured chainages 
along the drainage line (AECOM, 2012) and locations of three erodible beds (solid black rectangles) 
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Figure 3 further presents the numerical predictions on the frontal debris flow velocity versus chainage for 
the five cases. The proposed method with various source and erodible bed settings produce comparable results 
which generally agree with historical data (black solid squares) and previous numerical studies (Kwan et al., 
2015). The average ( 0.7t s  ) frontal velocities along the drainage line were calculated by referring to the 
measurement data (AECOM, 2012), as shown in Figure 3-b. The dry case has adopted the back-analyzed 
basal friction angle (~8°) provided by Kwan et al. (2015). Some preliminary results investigating the effect of 
erodible beds on the debris mobility have also been presented. Both the dry case with erodible beds and 
mixture without erodible beds tests exhibit distinct deviations as compared to historical data beyond chainage 
450m, indicating the importance of considering the multi-phase nature of debris flow and erodible beds in 
realistic simulation of full-scale cases. While the study demonstrates a promising predictive capability of the 
proposed coupled CFD-DEM approach for modeling full-scale debris flows on an erodible natural terrain, it 
remains a rather preliminary pilot study. Systematical calibration and verification procedures for the model 
setup and parameter selection need to be developed for the approach, before it become useful for quantitative 
analysis of debris flows hazard zone mapping and mitigation. 
 
3  CONCLUSIONS 
 
A coupled CFD-DEM approach was employed to model the complicated four-way interactions among a 
natural terrain, the slurry and the boulders in a debris mixture and bed entrainment. The Yu Tung Road (YTR) 
debris flow case was used as a benchmark example to examine the correlations between bed erosion and 
debris flow mobility and their underlying mechanisms. With further validations, the proposed method may 
offer a promising computational tool for realistic prediction and analysis of debris flows. 
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1  INTRODUCTION 

 
Three computer programs, viz.2d-DMM, 3d-DMM and LS-DYNA, are used to simulate the landslide cases 
given in this benchmarking exercise.  All benchmarking cases are attempted, and the simulation results are 
reported in this paper.  

The computer program 2d-DMM calculates the motion of landslide debris, based on shallow water 
approximation, along a curvilinear flow path with prescribed cross section geometry.  Details of 2d-DMM could 
be found in Kwan and Sun (2006).  The computer program 3d-DMM adopts the numerical scheme of Smoothed 
Particle Hydrodynamics to calculate the motion of landslide debris, based on shallow water approximation, 
moving on a three-dimensional surface.  Details of 3d-DMM could be found in Law et al. (2017).  The computer 
program LS-DYNA is a three-dimensional large-deformation Finite-Element Method (FEM) software package.  
The software provides a continuum-based numerical solution based on the Arbitrary Lagrangian-Eulerian 
(ALE) description of finite-element method.  The computational domain is discretised into an array of uniform 
hexahedral elements.  This numerical tool has been used to back-analyse the runout distance of some notable 
landslides in Hong Kong by Koo et al. (2018). 

 
2  MODELLING RESULTS OF THE BENCHMARKING CASES 
 
Case A1 - The Goldau rock avalanche in Switzerland 
 
The Goldau Rock Avalanche occurred in Central Switzerland in 1806.  This tragic event claimed 457 lives, 
destroyed 111 houses and triggered a 20 m high wave in nearby Lake Luarez.  The failure involved the 
detachment of 35-40 x 106 m3 of materials (Aaron, 2017).   

Friction rheology has been adopted and the friction angle between the landslide debris and the channel base 
(i.e. the interface friction angle) has been back calculated to be 11 based on the landslide affected area given 
in the exercise.  No entrainment has been assumed.  The input parameters adopted for the numerical simulation 
are summarised below:  

Internal friction angle = 23 (given) 
Interface friction angle = 11 (back-calculated) 
Smoothing coefficient = 4 (selected with reference to McDougall & Hungr (2004)) 
Particle volume = 8000 m3; Number of particle = 4400; Time step interval = 0.05 s 

 
ABSTRACT 

 
With the continuous technological improvement, the Geotechnical Engineering Office (GEO) of 
the Government of the Hong Kong Special Administrative Region has developed the 2d-DMM and 
3d-DMM, which are 2-dimensional and 3-dimensional debris mobility models that solve the 
equations of motion using time marching finite difference solution scheme and Smoothed Particle 
Hydrodynamics respectively.  In addition, the GEO has recently been making progress in adopting 
LS-DYNA for complicated landslide simulations including debris barrier interactions.  Based on 
the findings of this benchmarking exercise, the numerical tools are able to produce satisfactory 
results with reasonable accuracy compared with the field observations/measurements in historical 
landslides. 
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Figure 1 shows the simulated debris profiles throughout the flow and deposition processes for Case A1.  The 
thickness of the landslide debris decreases from up to 100 m at the source location to below 60 m at the 
deposition area.  In general, the motion of the landslide debris follows the trimline given in the exercise.  The 
exceptions, where the simulated profiles differ from the trimline, are highlighted in the figure.  The green circle 
on the figure indicates a small portion of the landslide debris (marked as ② on the figure) which flows beyond 
the trimline close to the source location.  It is believed to be caused by the topography where the source debris 
is located.  A cross section of the source topography (i.e. Section A-A) is provided on the figure.  The cross 
section plot shows that there is a ridge line that passes through the source location.  The presence of the ridge 
line help to explain why portion ② of the landslide debris travels away from the trimline at this location.  The 
red, black and brown circles on the figure indicate regions within the trimline where the simulated landslide 
debris cannot reach.  For the red region, it is located at the ridge line and its extension, and simulated landslide  
debris is expected not to travel along the ridge line.  For the black region, the simulated landslide debris is 
expected not to deposit in this region because of the high approaching velocity of the landslide debris when it 
reaches the deposition area (see Figure 2a).  For the brown-circled region, the simulated landslide debris could 
only reach there by upslope flow motion, which is considered unlikely since most of the kinetic energy of the 
landslide debris has already been dissipated in the deposition area.  It is anticipated that the rock fragment at 
the debris front may be mobile enough to reach the brown region, which cannot be simulated using 3d-DMM. 
The presence of landslide debris in these regions suggests that the spreading of the actual landslide could be 

 

 
Figure 1: The simulated debris profiles for Case A1 

Time=10s Time=30s Time=50s

Time=70s Time=90s Time=120s

Debris 
thickness (m) A

2
1

Velocity up 
to 60 m/s

Ridge line

Extension of 
the ridge line

Fast landslide 
detection tends not to 
spread to this region.

Upslope motion required in order for 
landslide debris to reach this region.

A

Ridge line

2

0

20

40

60

80

100

Deposition area with the 
lowest elevation

1

Source debris

Section A-A



223

Second JTC1 Workshop
3-5 December 2018, Hong Kong

Triggering and Propagation of Rapid Flow-like Landslides

more significant than the simulated flow.  The exact mechanism of the flow spreading of this rock avalanche 
may not have been captured by the model.   

Figure 2b shows the average velocity of the whole landslide debris throughout the flow and deposition 
processes.  It is noted that the average velocity increases up to 50 m/s after 50 s of the onset of the failure.  The 
average velocity drops significant after 50 s, which is the time when the debris front reaches the deposition area.  
The whole landslide debris rests on the deposition area at time reaches 120 s. 
 

 
Figure 2: The time history of a). the velocity and thickness at slope toe and b). the average velocity 

of the whole landslide debris  
 
Case B1 - Popocatepetl volcano muddy lahars 
 
Popocatépetl volcano is located 70 km southeast of Mexico City and 45 km west of Puebla.  Popocatépetl is an 
active andesite stratovolcano having very destructive eruptive phases.  On 22 January 2001 the destruction of a 
dome inside the crater triggered a pyroclastic flow that crossed the glacier and flowed down through the drainage 
gorges.  A lahar was initiated in the valley head areas; this carried the pyroclastic flow materials down Huiloac 
Gorge for approximately 14 km to the immediate surroundings of Santiago Xalitzintla.  The lahar transported 
160,000 m3 of material, including 68,000 m3 of water, and reached a maximum velocity of 13.8 m/s that 
decreased to 1.4 m/s at 9.5 km from its starting point. This lahar could have behaved as a debris flood throughout 
its course.   

Using 3D numerical tools for simulating this event is bounded by the challenges of the large runout zone and 
the large debris volume involved.  The computer program 2d-DMM is therefore used to simulate this case.  The 
Voellmy model is adopted in the back-analysis. A range of rheological parameters has been attempted (see 
Figure 3) to match the measured maximum velocity and the measured runout distance of the event.  Given that 
more than one-third of the flow mass is made up of water, the internal friction angle of the flow mass is 
considered to be low.  Entrainment is not considered in the simulation.  The best-fitted parameters are 
summarised below:  

Interface friction angle = 1; Turbulence coefficient: 125 ms-2 
Source volume = 160,000 m3 ;Time step interval = 0.01 s 
 

Figure 3 shows the comparison between the computed and measured maximum velocity and runout distance 
by using a range of interface friction angles and turbulence coefficients.  Both the maximum velocity and runout 
distance would increase by adopting a low interface friction angle and high turbulence coefficient.  By adopting 
interface friction angle of 1 and turbulence coefficient of 125 m/s2, both the computed maximum velocity and 
runout distance match closely with the ibserved values.  The interface friction angle of 1 is considered to be 
extremely low, and this low value of friction angle infers that the flow mass behave almost as watery fluid 
throughout the flow process.  This observation agrees with the case description that the flow mass consists of a 
consideration portion of water (i.e. over 68,000/160,000 = 42.5% of the flow mass is water).  The computed 
runout distance reduces by increasing the interface friction angle.  By increasing the friction angle to 7, the 
landslide debris could only travel up to around 3 km from the source location, regardless of the value of 
turbulence coefficient.  Given the watery nature of the flow, Bingham model which can better simulate slurry 
debris flood could be a better choice.  However, Bingham model is not supported by 2d-DMM.   

0

10

20

30

40

50

60

70

0 20 40 60 80 100 120

V
el

oc
it

y 
(m

/s
)

Simulation time (s)

0

2

4

6

8

10

12

14

16

18

20

0 20 40 60 80 100 120

T
hi

ck
ne

ss
 (m

)

Simulation time (s)

Observation 
Point

0 

10 

20 

30 

40 

50 

60 

0 20 40 60 80 100 120

A
ve

ra
ge

 v
el

oc
it

y 
(m

/s
)

Simulation time (s)

a) b)

Approaching velocity up to 60 m/s 



224

Second JTC1 Workshop
3-5 December 2018, Hong Kong

Triggering and Propagation of Rapid Flow-like Landslides

 
Figure 3: Comparison between the computed and measured computed velocity and runout distance  

 
Case C1 - 2008 Yu Tung Road debris flow, Hong Kong 
 
The June 2008 Yu Tung Road debris flow event involved a single landslide source.  The landslide debris reached 
Yu Tung Road, resulting in blockage of both westbound lanes and flooding of the adjacent Cheung Tung Road.  
About 2,600 m3 of debris was involved which had a runout distance of about 600 m, and all the debris reached 
Yu Tung Road.  The lower portion of the channelised debris flow was captured on video by a member of the 
public.   

The internal friction angle of the flow mass is assumed to be 30.  The interface friction angle and the 
turbulence coefficient are back-calculated to be 8 and 500 ms-2 respectively, based on the measured velocity 
given in Figure 4.  No entrainment has been assumed.  The input parameters are summarised below:  

Internal frictional angle = 30 (assumed); Interface friction angle = 8 (back-calculated); 
Turbulence coefficient: 500 ms-2 (back-calculated); Smoothing coefficient = 4;  
Particle volume = 0.52 m3; Number of particle = 5000; Time step interval = 0.05 s 
 

Figure 4 shows the frontal velocity profiles of debris front along chainage for Case C1.  Both the field 
velocity data (shown in dots) and the computed data are presented in the figure.  The frontal velocity was 
calculated by the average tangential velocity of the foremost 10% of the smoothed particles that simulate the 
landslide debris.  It is noted that the computed frontal velocities match reasonably well with the field data.  
Figure 5 shows the simulated debris profiles for Case C1.  In agreement with the field observation, the simulated 
landslide debris travels along the drainage line and reach the Yu Tung Road.   

 
Figure 4: Comparison between the simulated and measured velocity profiles 
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Figure 5: The simulated debris profiles for Case C1 

 
A three dimensional debris mobility analysis using computer program LS-DYNA has been also carried out 

for comparison with the results of 3d-DMM.  The same rheological model (i.e. Voellmy model) and input 
parameters (interface friction angle=8, turbulence coefficient=500 ms-2) are adopted.  The back-analyzed 
internal frictional angle is 15 to match the runout distance based on the above rheological parameters.  The 
computational simulations of the debris flow are shown in Figure 6.  The comparison of the frontal debris flow 
velocity calculated by 3d-DMM and LS-DYNA is shown in Figure 4.  Both numerical models produce 
comparable results which generally match the debris velocity determined in the field.   

 
Case C2 - Johnsons Landing debris avalanche, Canada 
 
The Johnsons Landing debris avalanche occurred on July 12th 2012 about 2 km northeast of the small community 
of Johnsons Landing, located on Kootenay Lake.  This tragic event destroyed three homes located on the 
Johnsons Landing bench and claimed four lives (Nicol et al., 2013).   

The interface friction angle along the drainage channel is taken as 6.  Taking cognisance of relatively 
rougher ground surface of the bench than the drainage channel, a relatively larger interface friction angle of 28 
is adopted.  The turbulence coefficient is taken as 5000 ms-2.  The above rheological parameters are found to 
obtain the closet runout with the given trimline.  Entrainment is not considered in the simulation.  The input 
parameters are summarised below:  
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Internal frictional angle= 30 (assumed) 
Interface friction angle: 
 Drainage channel = 6 (back-analysed) 
 Bench = 28 (back-analysed) 

Turbulence coefficient=5000 m/s2 (back-analysed) 
Smoothing coefficient = 4; Particle volume = 50 m3 
Number of particle = 7000; Time step interval = 0.05 s 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 7 shows the simulated debris profiles throughout the flow and deposition processes for Case C2.  The 

thickness of the landslide debris decreases from up to 15 m at the source location to below 5 m at the deposition 
area.  In general, the motion of the landslide debris follows the trimline given in the exercise.  The key challenge 
of Case C2 is to reproduce the process of landslide debris travelling along the drainage line until at Point A 
(shown on the figure), where the landslide debris skids off the drainage line (shown as ① on Figure 7 of 
Time = 30 s) and deposits on the bench.  The simulated landslide debris tends to travel along the drainage line 
unless the approaching frontal velocity at Point A is high enough, beyond which the landslide debris could no 
longer be confined to flow along the drainage line.  Figure 8a shows the cross section A-A (see Figure 7 Time 
= 0 s) of the location where the simulated flow reaches the bench region.  It is obvious that the simulated flow 
is required to climb over a slope before reaching the bench region.  According to the leading-front model 
proposed by Takahashi and Yoshida (1979), the minimum velocity of the landslide debris to pass through the 
slope is around 27 m/s.   

 

 

Figure 6: Simulations of Yu Tung Road debris flow using LS-DYNA analysis 

time = 0 s time = 20 s time = 50 s 
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Figure 7: The simulated debris profiles for Case C2 

 
Figure 8b shows the velocity and thickness hydrographs of the landslide debris at Point A.  It is observed 

that the approaching velocities of the simulated flow reaches exceed 27 m/s, which enables the landslide debris 
to leave the drainage line and reaches the bench region.  In order to achieve such high approaching velocity, the 
interface friction angle of the drainage channel is found to be as low as 6.  A high value of the turbulence 
coefficient (i.e. 5000 m/s2) is also required to suppress the flow resistance.  In contrast, once the simulated 
landslide debris reaches the bench region, a relatively high flow resistance is required to force the simulated 
flow to deposit in the bench region.  Therefore, a higher value of the interface friction angle (i.e. 28) is adopted 
in the bench region to achieve such purpose.  The vegetation, topography and other obstacles that existed in the 
bench region may be accountable to the higher interface friction angle required for the simulated flow to match 
the measured trimline.  Similar to the simulated result of Case A1, the extend of spreading of the simulated 
landslide debris is in general less than the measured trimline.  In particular, base on the current set of input 
parameters and the observed flow behaviour, it is unusual for the landslide debris to spread to the brown region 
(as highlighted at time equals 50 s of Figure 7).  The exact mechanism of the flow spreading of this landslide 
may require further research.   
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Figure 8: The topography along Section A-A & the velocity and thickness hydrographs at Point A  

 
Case D1 - A historical landslide catchment in Hong Kong 
 
A landslide occurred on the hillside of Tates’s Cairn, Hong Kong on 22 August 2005.  Landslide debris 
developed into a debris flow in an incised natural drainage line.  The mobility of a hypothetical landslide on the 
same catchment with source volume of 10,000 m3 is simulated.  Entrainment is not considered.  The input 
parameters are summarised below:  

Internal frictional angle= 30 (assumed); Interface friction angle = 8 (given) 
Turbulence coefficient=5000 m/s2 (given); Smoothing coefficient = 4; Particle volume = 2 m3 
Number of particle = 5000; Time step interval = 0.05 s 

 
Figures 9 and 10 show the simulated flow paths through three different observation locations (Points A, B 

and C) during the flow event with observed flow thickness and velocity.  Time zero refers to the onset of the 
event. The debris overflows the pre-existing boulders dam at a distance of about 330 m at the downstream of 
the landslide source due to increased flow momentum by 10 times from the historical landslide volume of 1,000 
m3, which was reported in 2005.  Also, the simulation shows that the flow material would not stop after reaching 
the provided study boundary as shown in Figures 9 and 10 with an average residual flow thickness of 2 m and 
flow velocity of 5 m/s respectively.  Figure 11 shows the flow thickness hydrograph and velocity hydrograph at 
Point B.  The frontal flow velocity is attenuated from 7.1 m/s to 4.5 m/s at the rear portion of the debris, however, 
the flow thickness remains in a similar order of about 2.5 m after passing Point B.  The resulted maximum flow 
thickness and velocity at Points A, B and C are summarised in Table 1.  It can be seen that the downstream 
access road and residential buildings at Point B would be significantly affected by the landslide debris but the 
simulation does not reflect that landslide debris would affect the residential buildings in adjacent to Point C as 
shown in Figure 9.   

 

 
Figure 9: Simulated geophysical trails of the Tate’s Carin debris flow with observed flow thickness  
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Figure 10: Simulated geophysical trails of the Tate’s Carin debris flow with observed flow velocity  

 
 

  
Figure 11: Hydrographs at location Point B (a) flow thickness hydrograph (b) flow velocity hydrograph. 

 
 

Table 1: Summary of maximum flow thickness and velocity at locations Points A, B and C 
Locations Maximum flow thickness (m) Maximum flow velocity (m/s) 

Point A 2.6 9.2 
Point B 2.4 7.5 
Point C 2.4 7.1 

 
Case D2 - A potential rock avalanche site in Canada 
 
This site has been identified as having a rock avalanche hazard. The source area is along a range of mountains, 
with a broad valley below that has been shaped through the actions of Pleistocene glaciation and more recent 
fluvial activity. The area has wet winters, which results in debris flows and the associated accumulation of 
material at the base of the slope. 

The friction rheology is adopted.  The interface friction angle is taken as 17, which is derived based on the 
empirical relationship between landslide volume and the travel angle given in Figure 12a, as well as the mean 
travel angle suggested by Blasio (2011) based on various note able case histories.  Entrainment is not considered 
in the simulation.  The input parameters are summarised below:  
 
Input parameters 

Internal frictional angle= 30 (assumed); Smoothing coefficient = 4; Particle Volume = 1700 m3 
Interface friction angle = 17 (assumed based on notable case histories) 
Number of particle = 5000; Time step interval = 0.05 s 
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Figure 12: The estimation of interface friction angle & the simulated debris profiles for Case D2 

 
 
Figure 12b shows the simulated debris profiles throughout the flow and deposition processes for Case D2.  

The thickness of the landslide debris decreases from up to 60 m at the source location to below 30 m at the 
deposition area.  Following the initiation of the landslide, the majority of the landslide debris travels along 
direction ①, and a small portion of the landslide debris travel in the opposite direction (i.e. direction ②).  It is 
believed that the spreading motion at source location causes the small portion of the landslide debris to travel 
in direction ②.  Based on the assumed input parameters, an estimated hazard zone, as shown in the figure at 
time equals 140 s, is delineated.  However, taking cognisance of the uncertainties of the input parameters and 
the spreading behaviour of landslide debris (i.e. the simulated flows do not cover the whole trimlines in both 
Cases A1 and C2), the estimated hazard zone shall be treated with caution.   
 
3  CONCLUSIONS 
 
The computer programs 2d-DMM, 3d-DMM and LS-DYNA are found to produce generally satisfactory results 
for the benchmarking cases reported above.  This exercise also reveals the uncertainties of the numerical 
simulation to estimate the spreading behaviour of the actual flows.  Further research on the computation of the 
spreading motion of the landslide debris may be required.   
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Reference Proposed Relationship H/L angle (deg.)

Scheidegger (1973) log10(H/L) = -0.15666log10V+ 0.62419 0.35 19

Li (1983) log10(H/L) = -0.1529log10V+ 0.6640 0.40 22

Corominas (1996)
all landslides

log10(H/L) = -0.085log10V- 0.047 0.23 13

Corominas (1996)
rock falls

log10(H/L) = -0.109log10V+ 0.210 0.29 16

Corominas (1996)
obstructed rock falls

log10(H/L) = -0.091log10V+ 0.231 0.40 22

Corominas (1996)
unobstructed rock falls

log10(H/L) = -0.119log10V+ 0.167 0.22 12

17Average:
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1  INTRODUCTION 

 
Since the last benchmarking exercise in 2007 (Hungr et al., 2007), substantial developments have been made in 
modelling landslide runout, with a variety of methods and programs available to practitioners and researchers. 
Despite the advances in numerical modelling, determining model parameters that are robust and broadly 
applicable enough to be applied to forward analyses remains a key challenge within the field. The analyses 
described in this paper use an existing runout model, Dan3D, in conjunction with automated calibration 
techniques to objectively explore the parameter space for the model, and produce a repeatable set of best-fit 
parameters. These techniques are also powerful tools to examine parameter uncertainty, which can in turn be 
used to estimate the uncertainties in model outputs, such as runout distance or velocities, when conducting 
forward analyses.   

We have conducted back analyses of four cases, with detailed results provided for three cases, and performed 
forward analyses of two cases. 

 
2  METHODOLOGY 
 
2.1  Dan3D numerical model  
 
The model used in this work is Dan3D, a semi-empirical, depth-averaged, Lagrangian model that simulates 
landslide motion over 3D terrain (McDougall and Hungr, 2004, 2005). The model uses the smoothed particle 
hydrodynamics (SPH) numerical technique to discretize the failed mass. The model treats the landslide as an 
“equivalent fluid”, whose behavior is governed by simple internal and basal rheologies. The model features an 
open rheological kernel, and the parameters that govern these rheologies are calibrated. Forward predictions are 
performed using parameters derived from past case histories similar to the case of interest.  

ABSTRACT 
 

Determining parameters for numerical models often relies on subjective calibration metrics, which 
makes finding robust and broadly applicable parameter sets for numerical models a challenge for 
performing forward analyses. We have conducted back analyses of four landslide case histories 
using the Dan3D numerical model and automated calibration techniques. The main purpose of the 
automated techniques is to make the calibration process more objective and repeatable. Deposit 
area, runout distance, deposit volume distributions, point velocity estimates and point depth 
measures were used to constrain the calibrations, where applicable. The models generally show a 
range of parameters where the overall fit across multiple observations is similar. This parameter 
uncertainty is used in the forward analyses, where a range of values is used to find a range of 
potential outcomes in the models. Examining a range of potential outcomes for forward analyses is 
consistent with the current state of geohazard practice in Canada. 

 

 

 

 

 

 

 

Benchmarking exercise: Dan3D with objective calibration methods 

A.D. Mitchell & S.D. McDougall 
University of British Columbia, Vancouver 

J.B. Aaron 
Eidgenössische Technische Hochschule , Zurich 
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For the Goldau case history, the flexible block module of Dan3D was used. This module simulates initial 
coherence of the failed mass, before it fragments and turns flow-like. Initially, the landslide is treated as a 
flexible block, able to translate and rotate over 3D topography. Flow-like behavior, simulated using the original 
Dan3D algorithm, occurs at a user-specified time. The flexible block module (referred to as Dan3D-Flex) is 
described in detail in Aaron & Hungr (2016).  

A key component of a Dan3D analysis is the choice of rheology used to calculate basal resistance. In the 
present work, we use the frictional and Voellmy rheologies (discussed in Hungr & McDougall, 2009), as well 
as a new rheology termed the “undrained Voellmy rheology” (described in Aaron, 2017). This rheology is 
similar to the Voellmy rheology, however, the friction parameter is replaced with a constant undrained shear 
strength, consistent with undrained conditions within the slide mass.  
 
2.2  Calibration 
 
We used two newly adapted methodologies to calibrate the rheological parameters in the model. Both 
methodologies treat model calibration as an optimization problem, where the following least squares objective 
function is minimized: 
 
Φ = ∑ (wi + ri)2n

i=1  (1) 
 
where Φ is the value of the objective function, 𝑤𝑤𝑖𝑖 is a user-specified weight given to observation i, 𝑟𝑟𝑖𝑖 is the 
difference between the simulated and actual value of observation i (e.g. the difference between simulated and 
observed velocities at a point), and n is the number of simulation constraints. The user-specified weight can be 
selected based on the standard deviation of the simulated feature (Aaron, 2017). 

The first methodology used to minimize Equation 1 is the Gauss-Marquardt-Levenberg (GML) algorithm, 
summarized in Mikosch et al. (2006). The second methodology uses a sensitivity analysis to determine the value 
of Equation 1 for a wide range of possible parameter values, and the parameter set producing the lowest value 
of the objective function is selected as the best-fit. The advantage of the GML algorithm is that it is 
computationally efficient, and can be used to calibrate more than two parameters. The sensitivity analysis 
approach is less efficient, however, the results are more transparent and easier to interpret than those of the 
GML algorithm. Both the GML optimization and sensitivity analyses have been implemented using PEST 
(Watermark Numerical Computing, 2010). 

The deposit trimline is one of the constraints used in the calibration process. A gridded representation of the 
deposit is generated, where a value of 1 in a cell indicates that the deposit is observed at that location, and a 
value of zero indicates otherwise. This is compared to the calculated trimline from the model, where a value of 
1 is assigned to a cell if the calculated maximum thickness is greater than 0.3 m (a cutoff value is necessary due 
to the numerical method used in Dan3D). The fitness is then calculated by determining the cells where the 
deposit was observed, but not modelled, or it was modelled, but not observed, with lower values indicating a 
better fit. The runout length can also be used to constrain the model. In this case, an origin point is selected for 
the model (zero runout), and the median final position of a user-specified number of particles (25 in the case 
histories detailed following) is used to calculate the runout distance, measured as a straight line from the origin. 
The spatial distribution of the deposit can also be used as a model constraint. In this case, a grid indicating the 
different observed deposit zones is input by the user. Point estimates of velocity and deposit depths can also be 
used to constrain the model. Further details on defining standard deviations of these model constraints are 
provided by Aaron (2017). 
 
3  CASE A1 – GOLDAU ROCK AVALANCHE 
 
3.1  Methodology  
 
The analysis of the Goldau Rock Avalanche was conducted using Dan3D-Flex, briefly described in Section 2, 
and using both the frictional and Voellmy rheologies. The mass was considered to move as a flexible block until 
the point where the front of the mass vacated the source zone (i.e. where it transitioned from sliding on the 
planar basal rupture surface and entered the valley bottom). A sensitivity analysis showed the model results are 
relatively insensitive to the sliding block distance (Aaron 2017). A constant value of 40 seconds in sliding was 
used, corresponding to a displacement of approximately 1,040 m for the slide front. 
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A friction angle of 12 degrees was used in the source zone and steep rock slopes above the valley bottom. 
This low value likely represents the “ultimate strength” obtained after landslide displacements have sheared off 
asperities and polished the rupture surface, as proposed and measured by Cruden and Krahn (1978). The 
Voellmy rheology was used in the valley bottom where the rock avalanche material overrode and entrained 
loose, saturated sediments, as previous work has shown this rheology to represent the final distribution of other 
rock avalanche deposits well (Hungr and Evans, 2004; McDougall, 2006). The calibration of the Voellmy 
parameters were constrained using the trimline for the blocky debris (excluding the area impacted by saturated 
sediments from the valley bottom that were mobilized by the impact of the rock avalanche, referred to as the 
“splash zone”). The model constraints are summarized in Table 1.  

 
Table 1: Constraint used for Goldau GML optimization 
Constraint Target Value Standard Deviation 
Trimline 0 6,340 

 
3.2  Results 
 
A GML optimization was completed by varying the Voellmy model parameters for the valley floor. The best-
fit combination was found to be a friction parameter of 0.157 and a turbulence parameter of 680 m/s2. The 
results of the parametric analysis indicate the model fits well over a wide range of friction and turbulence values.  
The results of the sensitivity analysis and the best fit for the deposit trimline are shown in Figure 1.  
 
 

 
 

Figure 1: a) Parametric analysis objective function plot with GML optimization results superimposed (shown by red 
arrows), and b) the modelled deposit area for the lowest-error parameter set outlined in black, compared to the observed 

deposit area outlined in red 
 
3.3  Discussion 
 
The sensitivity analysis shows that friction and turbulence parameters can be constrained to a best fit zone, and 
the GML optimization results fall within that zone. The inclusion of further simulation constraints, such as point 
estimates of velocity, would further refine this zone. If the results of this calibration were to be used for a 
prediction of a potential rock avalanche event, the uncertainty in the parameters could be used to perform a 
probabilistic analysis (Aaron, 2017).  

The splash zone of saturated sediment is not represented in this model, however, in the actual case, it resulted 
in significant impacts. There is currently limited case study information with detailed descriptions of splash 
zones, partially due to the fact that coarser deposits are better preserved over time compared to finer splash zone 
deposits. The limited ability to directly model the interactions between the rock avalanche and path materials it 
encounters is an important limitation of the model. Additional study of this phenomenon is needed to support 
model improvements in this area. 
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4  CASE B1 – POPOCATÉPETL LAHARS 
 
A simulation of the 2001 lahar event from the Popocatétl volcano was attempted using the Voellmy rheology 
for the entire runout of the event and neglecting entrainment, however, satisfactory results were not obtained at 
the time of writing. The present model discretization appears to be too coarse for this event. Increasing the 
number of computational elements may help address this issue, with the trade-off being an increase in 
computational time.   
 
5  CASE C1 – YU TUNG ROAD DEBRIS FLOW 
 
5.1  Methodology  
 
The Yu Tung Road debris flow was modelled using the Voellmy rheology for the entire runout of the event. 
Entrainment was considered in the upper part of the path, within the area marked as the transport zone in Figure 
9 of GEO Report No. 270. The model topography was extended by 50 m in the negative x and positive y 
directions, corresponding to the distal runout area, with a constant elevation to allow modelling of higher than 
observed mobility, without the modelled flow interacting with the edge of the model domain.   

The calibration was constrained using the total runout distance, point velocity estimates, and estimates of 
material entrained and deposited along the path. The recorded runout distance of 610 m along the path was 
converted to a straight-line distance between the crest of the source zone and toe of the deposit of 560 m. The 
point velocities on the lower part of the path that were estimated using super-elevation data and video records 
were similar, so they were aggregated, and a typical value was evaluated at a single point (to avoid overfitting 
the model to the lower channel velocity). The velocity at the start of the transport zone was used as the second 
velocity constraint (both points are shown on Figure 2). Two deposit zones were defined, one for the transport 
zone (above elevation 37 m, equivalent to the area with entrainment considered) and one for the deposition zone 
(below elevation 37 m), with the volume in each zone obtained from Figure 9 of GEO Report No. 270. Model 
constraints and standard deviation estimates are given in Table 2. 

   
Table 2: Constraints used for Yu Tung Road GML optimization 
Constraint Target Value Standard Deviation 

Runout 560 m 25 m 
Velocity 1 12 m/s 2 m/s 
Velocity 2 10 m/s 1 m/s 
Deposit 1 785 m3 50 m3 
Deposit 2 3470 m3 150 m3 

 
5.2  Results 
 
A GML optimization was performed by varying the friction, turbulence and entrainment rate parameters. The 
best fit evaluated on the basis of the values given in Table 2 was found to be a friction parameter of 0.202, 
turbulence parameter of 979 m/s2, and an entrainment rate of 0.00115, as shown in Figure 2. The parametric 
analysis was conducted using a constant entrainment rate of 0.0011, which was an initial estimate before 
optimization. 
 
5.3  Discussion 
 
This case is well constrained with runout, velocity, and final deposit estimates. The best-fit results obtained 
through the automated calibration tend to over-predict the runout distance by approximately 40 m, and simulate 
the correct deposit volume in the upper reaches of the channel, however, it is less evenly distributed spatially 
than was observed. This could be addressed by adding in more material zones with different rheological 
properties, but that would make the automated calibration process much more time consuming, and has the 
potential to overfit the model. Results of the parametric analysis indicate the model is more sensitive to the 
friction parameter than the turbulence parameter.   
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Figure 2: Parametric analysis objective function plot with GLM optimization results superimposed (shown by red 
arrows), and b) the modelled deposit area for the lowest-error parameter set. The locations at which the velocity was 

measured are shown by the red crosses 
 
6  CASE C2 – JOHNSON’S LANDING DEBRIS AVALANCHE 
 
6.1  Methodology  
 
The Johnson’s Landing debris avalanche was modelled using the undrained Voellmy rheology, described in 
Section 2.1. No changes in rheology were considered in this event, and entrainment was not considered in the 
modelling. The model topography was modified to include a channel obstruction at the downstream end of the 
creek channel, identified from the deposit trimline. 

The calibration was constrained using the deposit trimline, the distribution of deposit volume, a velocity 
estimate in the channel, and point deposit depths on the terrace near where houses were impacted. The estimates 
of the distribution of deposit volumes, velocity estimate and point depths on the terrace were obtained from a 
detailed study of the event (Nicol et al. 2013). Standard deviations for the deposit volume distribution were 
estimated as 25% of the total volume in each zone, and velocity and deposit depth standard deviations were 
subjectively estimated, as summarized in Table 3. 
 

Table 3: Constraints used for Johnson’s Landing GML optimization 
Constraint Target Value Standard Deviation 
Trimline 0 1317 

Upper Channel Deposit Volume 140400 m3 35100 m3 
Mid & Lower Channel Deposit Volume 172400 m3 18100 m3 

Terrace Deposit Volume 169000 m3 42250 m3 
Mid Channel Velocity 30 m/s 10 m/s 

Deposit Depth 1 2.0 m 2.0 m 
Deposit Depth 2 4.0 m 2.0 m 
Deposit Depth 3 5.0 m 2.0 m 

 
6.2  Results 
 
A GML optimization was carried out by varying the bulk undrained strength ratio and the turbulence parameter 
and using the constraints given in Table 3, and the best-fit was found to be a bulk undrained strength ratio of 
0.107 and turbulence parameter of 1908 m/s2. The results of the optimization and sensitivity analysis are shown 
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in Figure 3, along with the model output of the deposit for the best fit parameter set plotted with the observed 
deposit trimline. 
 

 
Figure 3: Johnson's Landing calibration results. a) Parametric analysis objective function plot with GML optimization 

path superimposed (red arrows). b) Model output using the GML optimum parameters. The locations at which the depth 
and velocity was measured are shown by the black and red crosses, respectively 

 
6.3  Discussion 
 
Similar model performance was found using a wide range of bulk undrained strength ratios and turbulence 
parameters. There is a tradeoff, where parameter sets with a lower bulk undrained strength ratio that result in a 
lower error for the deposit trimline tend to under-predict the deposit volume on the terrace. The best fit zone 
could be shifted by changing the weightings so that either the trimline or the deposit volumes were favoured. 
 
7  CASE D1 – HYPOTHETICAL DEBRIS FLOW 
 
7.1  Methodology  
 
The hypothetical debris flow on Kun Yam Shan was modelled using a range of input parameter values to explore 
the range of potential outcomes of the event. The Voellmy rheology was used to model all cases, and entrainment 
was considered for areas above Point A. The rheological parameters used in the modelling were based on the 
industry standard values for Hong Kong (GEO TGN 29). The calibration of the Yu Tung Road case history 
demonstrated a friction parameter of approximately 0.20, corresponding to the suggested value for channelized 
debris flows without adverse site settings, and turbulence values from approximately 500 to 1100 m/s2 were 
able to reproduce the overall behavior of the event well. For this reason, a range of turbulence values was 
considered between 250 and 1000 m/s2 for this analysis. Since a range of turbulence values was used, the super-
elevation of the previous event was not considered for model calibration. The sensitivity of model results to 
entrainment was also examined by running the model with and without entrainment to result in a range of final 
volumes between 10,000 m3 and 20,000 m3. 

Avulsions can occur at areas where channels bend or where there is a constriction or obstacle in the flow 
path. The potential impacts of channel blockages leading to avulsions was examined by modifying the channel 
topography to simulate blockages at a bend in the channel above Point A, and where the flow crosses the Access 
Road at Point A.  A summary of the model inputs is given in Table 4. 

 
Table 4: Model Inputs for Analyses 

Case Friction Turbulence 
(m/s2) 

Turbulence Range 
(m/s2) 

Entrainment Rate 

1 0.20 500 250 – 1000 0.0012 
2 0.15 500 250 – 1000 0.0012 
3 0.22 800 - 0 
4 0.30 500 - 0 
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7.2  Results 
 
The potential change to impacted area resulting from avulsions for Case 1 rheological parameters are shown in 
Figure 4. The Case 2 rheology parameters were also modelled, however the change in impacted area was 
negligible, and the smaller total volume of Cases 3 and 4 leads to a smaller impacted area, thus they are not 
shown here. Hydrographs were generated at points A, B and C on Figure 4 by extracting model outputs along 
section lines at 10 second intervals, as shown in Figure 5. 
 

 
Figure 4: Trimline for model runs using friction of 0.20 and turbulence of 500 m/s2. Observation points A, B and C are 
indicated by the red crosses. Impacted area with provided topography is shown by the black line, a channel blockage at 
the location upstream of A (indicated by the black cross) by the red line, and a blockage at point A by the purple line 

 

 
Figure 5: Depth and velocity hydrographs at Sections A, B and C. The ranges of outputs resulting from varying the 

turbulence parameter for Cases 1 and 2 are shown by the shaded areas. 
No channel blockage was considered for these simulations 
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7.3  Discussion 
 
The cases in which entrainment was considered have greater flow depths and impacted areas, showing the model 
outputs are very sensitive to this parameter. The modelled peak velocities are relatively insensitive to the range 
of parameters tested. The topography of this site results in a very channelized flow, with the key difference 
between Case 1 and 2 rheological parameters being the total runout, and modifications to the channel topography 
to promote avulsions had limited effect.  

While the exact locations of the buildings in the figures shown in Figure A.1 of the information package 
were not provided, the ones closest to the channel, specifically the buildings east of Point B and west of Point 
C are in hazardous areas. A more detailed investigation of the hazard would require determination of the exact 
locations of the buildings and the conditions of the channel, specifically if there is an avulsion potential near the 
buildings.  
 
8  CASE D2 – HYPOTHETICAL ROCK AVALANCHE 
 
8.1  Methodology  
 
The forward analysis for this case was parameterized using a frictional rheology on the steep slopes, and the 
Voellmy rheology on the valley floor, similar to the Goldau case history. A friction angle of 18 degrees, 
approximately equal to the inclination of the potential basal rupture surface, was used in the source area. This 
value provides an upper bound on the friction angle, which allows the slide mass to begin moving in the model. 
The Voellmy rheology was used for the valley bottom, where saturated sediments would potentially be 
encountered. Parameters were selected using the results of best-fit parameter zones obtained from 17 back 
analysed cases (including Goldau), presented in Aaron and McDougall (2018). A range of potential outcomes 
were modelled using the following four parameter sets, as shown on Figure 6: 1) saturated substrate, high 
mobility, low velocity, 2) saturated substrate, high mobility, high velocity, 3) saturated to unsaturated substrate, 
intermediate mobility and velocity, and 4) saturated to unsaturated substrate, low mobility and velocity. 
 

 
 

Figure 6: Parameter ranges for 17 back-analysed rock avalanches (Aaron and McDougall, 2018) 
 
 
8.2  Results 
 
The model runs were compared using the maximum runout distance, inundation area, and velocity at two points 
on the valley bottom, arbitrarily selected where the potential flow path meets a channel, as summarized in Table 
5. The comparison of deposit areas is shown in Figure 7, along with the locations at which the maximum velocity 
values were extracted. 
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Table 5: Comparison of model outputs 
Case Friction Turbulence 

(m/s2) 
Max runout 

(m) 
Deposit area 

(m2) 
Velocity 1 

(m/s) 
Velocity 2 

(m/s) 
1 0.07 500 2436 4.86 x 106 75.6 21.3 
2 0.12 1700 2676 5.20 x 106 78.7 34.9 
3 0.22 800 2187 4.36 x 106 74.9 0 
4 0.30 500 2051 4.12 x 106 75.5 0 

 
 

 
 

Figure 7: Final deposit area trimlines for a range of rheological parameters for the hypothetical rock avalanche 
 
8.3  Discussion 
 
Once the simulated rock avalanche reaches the valley bottom it decelerates rapidly, even assuming input 
parameters consistent with high mobility, saturated substrate. The velocity results at Velocity Point 1 were 
relatively insensitive to the Voellmy parameters being used, with the frictional properties of the steep slopes 
controlling this velocity. Moving further away, the Voellmy parameters had a stronger effect on the total runout 
distance and velocities, however, the results do not indicate a large amount of variation (the largest deposit area 
is 26% larger than the smallest, and the maximum runout distance is 30% larger than the minimum). When 
compared to empirical estimates of runout distances based on regressions (e.g. Scheidegger, 1973; Li, 1983; 
Corominas, 1996), this level of variation is quite small. This suggests that the path topography, specifically the 
abrupt change in the travel path where the rock avalanche impacts the valley floor, has a strong effect on the 
mobility.  

Secondary effects, such as the formation of a splash zone, were not considered in these simulations. The 
actual impact zone could extend beyond the area indicated on the model trimlines, possibly on the order of 
hundreds of metres. 

 
9  CONCLUSIONS 
 
This paper has demonstrated the use of Dan3D with automated calibration techniques. This approach provides 
a repeatable way to determine the best fit set of parameters for a model, and establish zones of parameters that 
have an acceptable fit. Applying the concept of best-fit zones for forward analysis allows for the examination 
of model sensitivities, and can be used to predict a range of credible outcomes. Linking these ranges of credible 
outcomes to probabilities of occurrence is an area of active research. 
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1  INTRODUCTION 
 
Modeling of fast catastrophic landslides is of crucial importance to forecast their propagation path, velocities 
and heights, as they may cause severe economic damage and loss of lives.  

From a geomechanical point of view, and according to the failure mechanism, it is possible to consider the 
cases of slides and flows.  The former presents a failure surface, while the latter mechanism of failure can be 
described as diffuse.  

According to the interaction between solid and pore fluid phases, we can consider the following types: 
(i) Debris flows with solid and water particles with different velocities. Interaction between phases is 

described by laws where the internal interface forces are functions of the difference of velocities between the 
phases. Pore pressures can develop and dissipate as the flow evolves. These models were proposed by 
Biot(1941,1955) and Zienkiewicz and Shiomi (1984). Recently, Pitman and Le (2005) and Pudasaini (2012) 
have proposed two phase models for debris flows, arriving to most interesting two-phase simplified models of 
depth integrated type. 

(ii) Flowslides, where velocities of solid and pore fluids are very similar, with pore pressures affecting the 
effective stresses of soil skeleton. There are mathematical models to describe them, like the one proposed by 
Zienkiewicz and Shiomi (1984), that are formulated in terms of velocities and pore pressures. 

(iii) Mudflows, which are usually considered as one phase fluids of cohesive-viscous type. 
(iv) Granular avalanches, where pore fluid is air, the interaction can be neglected.   
All of them present modeling difficulties. For instance, rock avalanches consist of solid blocks which 

disintegrate in smaller particles as the avalanche propagates. We also find segregation, the larger blocks 
moving to the front and top of the avalanche. Modelling segregation with continuum models require to include 
several volume fractions with characteristic lengths, providing interaction laws causing the observed relative 
displacements.  

In some cases, the solid fraction varies with base entrainment. We find examples of water flowing 
downhill having a solid fraction which is increasing with time, the rheological parameters evolving along time.  

While flowslides, mudflows and granular avalanches can be described by single phase models, debris flows 
require including velocities of solid and fluid phases. The purpose of this paper is to describe a hierarchically 
set of mathematical models, starting with the more complex case of debris flows, continuing with flowslides 
where we will use velocities of the mixture and pore pressures, and we will finish with one phase materials. 

ABSTRACT 
 

Modelling fast catastrophic landslides such as debris flows, debris avalanches, flowslides and 
rock avalanches requires understanding the interactions between solid and pore fluid phases. In 
some cases, relative velocities are important and both phases have to be described using two 
velocity fields. Also, the structure of pore pressure distribution along depth requires accurate 
modelling, as it happens in cases when the flow runs trough basal screens. This paper presents the 
application of a SPH model to some of the proposed benchmark cases provided by the 
Benchmarking Activity Committee. 
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2  MATHEMATICAL MODEL: A HIERARCHICAL SET OF MODELS FOR THE COUPLED 
BEHAVIOUR OF FLUIDIZED  

 
The purpose of this Section is to describe a set of models which describe some features of fast catastrophic 
landslides such as debris flows, flowslides, mudflows and granular avalanches. We will not describe the 3D 
model from which the depth integrated equations are obtained (Pastor et al. 2018a). The general formulation 
which can be applied to describe debris flows was proposed by Zienkiewicz and Shiomi(1984), following 
previous work by Biot (1955,1941). It is important to notice that in the area of granular media, Anderson and 
Jackson (1967) proposed a similar model which has been applied to industrial problems such as fluidized beds. 
Pitman and Le (2005), and Pudasini (2012) have proposed two phase models for debris flows. Depth 
integrated models are a convenient simplification of 3D models, providing an acceptable compromise between 
computational cost and accuracy. They have been extensively used in the fields of coastal, harbour, 
oceanographic and hydraulics engineering since the work of Barré de Saint Venant in 1871.  

In the case of avalanche dynamics, Savage and Hutter (1989, 1991) proposed their much celebrated 1D 
lagrangian model, where a simple Mohr-Coulomb model allowed a description of the granular material 
behaviour. This work was extended to 2D and more complex terrains in Hutter et al. 1993, Gray et al (1999). 
It has been applied by Laigle and Coussot (Laigle et al. 1997), Mc Dougall and Hungr (Mc Dougall et al. 
2004),  Pastor et al. (2002, 2009) and Quecedo et al (2003).  Concerning limitations of the model, the 
interested reader will find in Hutter et al (2005) a detailed discussion, being worth mentioning the text book 
by Pudasaini and Hutter (2007). We will use the reference system given in Figure 1 where we have depicted 
some magnitudes of interest which will be used in this section.   

 

 
Figure 1: Reference system, coordinates and notation used in the analysis 

 
Once integration along depth is performed, we obtain the balance of mass equations for both phases solid 

(s) and fluid (w) as:  

   
( )

div R
d

h h n e
dt



    v     with    
 

,

1s w

s w h n h

n n n n

   

  
 ( 1 ) 

In above equations,    refers to the phase, 
( )d

dt



 is the derivative following phase  , n   the volume fraction,  

h  the depth of the flow,  v  the depth averaged velocity and Re the erosion rate. The balance of momentum 
equations are: 
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where    is the density, b  the body forces,    
b
 the basal friction, and R  the interaction between phases. 

Here we have extended the assumption of Pitman and Le (2005) who assumed hydrostatic pore fluid pressure. 
The interaction term can be written as:  
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The general two-fluid depth integrated equations described above can be simplified if we assume that    
( ) ( )w sd d d

dt dt dt
   and neglect the acceleration of the fluid relative to the solid. Equations results on:  

  
 2
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2 b R

d
h h b h e

dt
      

v
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( 5 ) 

 
Changes in pore pressures are studied by assuming that the process is 1D. We will use a finite difference mesh 
for every discrete SPH node as shown in Figure 2.  

 

Figure 2: Finite difference meshes for pore pressure 
 
3  RHEOLOGICAL MODELLING 
 
Rheology describes the relations between stress and rate of deformation in fluids, while constitutive relations 
provide suitable relations between stress, rate of stress, and rate of strain. Landslide triggering is usually 



246

Second JTC1 Workshop
3-5 December 2018, Hong Kong

Triggering and Propagation of Rapid Flow-like Landslides

modelled with constitutive equations, while propagation of the fluidized material is described by rheological 
laws.  One possible solution has been explored by the authors in Pastor et al (2013), and applied to both 
flowslides and rock avalanches.  
  
3.1  Pure cohesive viscoplastic fluid: Bingham model  
 
Bingham model includes two material parameters, the yield stress below which the material does not flow, 
and the viscosity. The expression for the Bingham model is written as:      

                                                           

1

3
y

v
x

  
 

       
( 6 ) 

(where  y  is the yield stress) 

Depending on the fluid phase viscosity, mudflows, lahars and debris flow can be modelled as viscoplastic 
fluids with Bingham-like models. Considering a Bingham fluid initially at rest and increasing the shear stress, 
the fluid will start moving only when the shear stress reaches  y . This behaviour creates what is generally 

called a "plug" or a zone where the velocity is constant and the rate of deformation is zero.  
Concerning the bottom friction, it is assumed that it can be approximated under the hypothesis of simple 

shear flow conditions.  The shear stress at the bottom   can be related to the depth-averaged velocity with the 
following expression:    
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In order to obtain the basal shear stress, a third order polynomial has to be solved at every material node 
and timestep. A possible solution was proposed by Pastor et al (2004). It consists on obtaining the best second 
order polynomial approximating a third order one. 
 
3.2  Frictional and viscous-frictional fluids 
 
Frictional viscoplastic fluids are used to model fast landslides where friction is important. If the cohesion is 
assumed to be zero, and the shear behaviour is described by 
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the basal shear stress becomes       
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where bs  is the shear strength at the bottom. In the case m=2, above expression reduces to 
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It is interesting to note the similarity with Voellmy’s law:  

                                              
2

cos tanb

v
gh g    


 

  
 

2

2

25 1

4
  b bs v

h
 ( 11 ) 

The difference with the proposed model consists on the Voellmy coefficient being dependent on h.  
 
4  CASE B1.  POPOCATÉPTL  LAHAR 
 
This benchmark, proposed by Profs .B.Haddad and D.Palacios, consists of modelling a lahar in Popocatepétl 
volcano (Mexico). According to the data package, Popocatépetl volcano (19°1′N, 98°37′W; 5450 m) is located 
70 km southeast of Mexico City (population 24 million) and 45 km west of Puebla (population 4million) 
(Fig.3).  
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Figure 3: Shaded relief map of Popocatépetl volcano and surrounding areas with main drainage systems 

  
In the data package, it is reported that " ... On 22 January 2001 the destruction of a dome inside the crater 

triggered a pyroclastic flow that crossed the glacier and flowed down through the drainage gorges. The flow 
abraded the glacier and triggered the melting and release of 717,000 m3 of water, based on calculations from 
photogrammetry records of the reduction of the mass of the glacier (Andrés et al., 2007). Four hours later a 
lahar was initiated in the valley head areas; this carried the pyroclastic flow materials down Huiloac Gorge 
for approximately 14 km to the immediate surroundings of Santiago Xalitzintla. The lahar transported 
160,000m3 of material, including 68,000m3 of water (Muñoz-Salinas et al., 2009), and reached a maximum 
velocity of 13.8 m/s that decreased to 1.4 m/s at 9.5 km from its starting point (Muñoz-Salinas et al., 2007). 
This lahar behaved as a debris flow throughout its course (Capra et al., 2004). Initial lahar volume was 
estimated by different methods (Sheridan et al., 2001 and Muñoz-Salinas et al., 2009) leading to oscillating 
values from 1.85 to 3.30 105 m3 for 1997 lahar and 1.57 to 2.44 105 m3 for 2001 lahar..." 

The 2001 lahar has been simulated by B.Haddad (Haddad et al 2010) using the SPH code described above. 
The initial mass considered is shown in Fig. 4. 
 

 
Figure 4: Initial conditions 

 
The material has been assumed to be of Bingham type, its properties being selected as: y = 60 Pa,  =45 

Pa.s. The results are shown in Fig.5  
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Figure 5: Propagation of the 2001 lahar 

 
 

5  CASE D1.  PREDICTION OF A LANDSLIDE IN KWUN YAM SHAN BELOW TATE'S RIDGE 
 
Forecasting fast landslide is a difficult exercise because the uncertainties in soil properties, triggering actions 
and precise location of the unstable mass. In some cases there is information of previous events, which can 
help to improve the prediction accuracy. This is the case of Kwun Yam Shan landslide, for which there is data 
of a previous landslide which occurred in 2005. This case was one of the benchmarks proposed in the 2007 
benchmarking activity. The purpose of this benchmark exercise is, using the data of the 2005 event, to predict 
the consequences of a possible debris flow involving the whole damaged mass of material, as some populated 
areas are found further down the drainage line. 

Regarding the 2005 event, the source material consisted of (i) a layer of boulder rich colluvium (or young 
colluvium) made of slighty sandy silty clay, about 2.9 m thick, and (ii) an old colluvium made of sandy clayey 
silt.  

The rheological model chosen has been a frictional fluid of Voellmy type, with a turbulence constant 
2500 /m s   and a basal friction tan 0.3   . We have used Hungr’s erosion model, with an erosion constant 

of  10.0006 m . 
The results obtained for the calibration of the past event and the forward prediction are given in Fig. 6, 

taken from the report presented by the authors in 2007. Figure 7  presents the evolution of the debris flow.  
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Figure 6: Kwun Yam Shan debris flow. Predictions using a Voellmy model: (left) 2005 event (right) Forwards prediction 

 

  
Figure 7: Kwun Yam Shan debris flow depth Contour Evolution 
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Figure 8: Model predictions for Kwun Yam Shan forwards prediction. Left: Voellmy model Right: Bingham model 

 
It is important to consider that, as stated by the author in Pastor et al (2014), "... The choice of a different 

rheological model to back analyze an event can still succeed in fitting the final deposit but this choice will 
also control the final result and prediction performance of the model. As a consequence a correct choice of 
the model rheology should be based on the type of phenomenon and field observations of past events. In the 
following we demonstrate what occurs in case of the Tate’s Cairn case study when a Bingham rheology is 
used to calibrate against the past event and the obtained calibrated values are used for a forward runout 
prediction. By calibrating the model with a Bingham fluid rheology, a yield stress of 2860 Pa and viscosity 
coefficient of 44.8Pa s were found.  ...(In both forwards predictions using two different basal rheologies ) it is 
possible to observe a much different behaviour.  This example stresses the point that fitting a model to a set of 
observations is not enough. Given the type of phenomenon, it is not reasonable to use a Bingham model in this 
case, but this rheology is able to provide good results for that particular mass of soil and the initial 
volume..." . 
 
5  CASE C1.  YU TUNG ROAD DEBRIS FLOW 
 
On 7 June 2008, a intense rainstorm triggered a debris flow on the natural hillside in Lantau Island, Hong 
Kong (Figure 9). Over 3000 m3 of debris ran down the hillside and travelled 510 m at an apparent travel angle 
of 17 to the Yu Tung Road which resulted in significant entrainment and deposition along the debris path and 
serious road blockage.  

The numerical analysis of the debris flow propagation was performed through the two-phase SPH model 
proposed by Pastor et al. (2017), which includes pore water pressures. We provide in Figure 10 a 
topographical map showing the landslide path and positions of the sliding mass produced by GeoFlow_SPH 
model from inititial to final deposition. The rheological parameters of basal friction angle of 8 with a 
Voellmy coefficient equal to 500 m/s2 has been considered. 
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Figure 9: Aerial View of the debris flow event after the landslide incident 

 

 
Figure 10: Shows the record of the debris flow frontal velocities 

 
Debris flow velocities were estimated at various locations along the flow path (see the dots in Figure 11) 

based on the super-elevation data and, the video footage which was captured by a member of the public. 
The velocity distribution at different times is shown in Figure 12. The velocity of the flow was computed 

to be about 15 m/s at t = 7 s  with a runout distance of 100 m. Then, the debris flow travelled at a higher speed 
with an average velocity of about 17 m/s reaching after  15 s  350 m. Finally, It slowed down to 11m/s at  t = 
25 s. 
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Figure 11: Results sequence of the debris flow simulation at different positions 

 

 
Figure 12: Computed velocities at times 7s, 15s and 25s 

 

Field mapping revealed that significant entrainment of loose materials and erosion of the side slopes had 
occurred. It is estimated that the active volume increased to about 340 m3. Therefore, in this case, bed 
entrainment was a key aspect in effecting the dynamics of the moving mass. 

The model takes into account bed entrainment along the landslide path and decreasing of the ground 
surface elevation consistently over time. Fig. 13 shows the amount of erosion. We have used Hungr's erosion 

law (1995), with an entrainment coefficient of 10.0011ms  . 
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Figure 13: Final erosion depths at time 40s 

 
6  CONCLUSIONS 
 
This paper has addressed the modelling of benchmarks proposed by the Benchmarking Activity Committee of 
the 2018 JTC1. We have used a general depth integrated model, which can include two independent phases 
(soil and water particles), implementing several basal rheological laws. The results obtained in the simulatios 
show in general good agreement with observations. Two main problems are: (i) the lack of rheological 
experiments and (ii) the lack of measurements of pore water pressures and phase velocities. 
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1  INTRODUCTION 

 
1.1  The SHALTOP numercial model 
 
The SHALTOP code models the propagation of homogeneous granular flows over complex topographies 
(Bouchut & Westdickenberg 2004, Mangeney et al. 2007). In a fixed cartesian frame, the rigourous asymptotic 
analysis of the hydrostatic Navier-Stokes equations in the thin layer approximation makes it possible to account 
for the whole topography curvature tensor, extending the classical Savage-Hutter model. 

The equation derivation in Bouchut & Westdickenberg 2004 was carried out assuming a Coulomb-type basal 
friction. It remains valid for friction angles depending on flow thickness and velocity. Thus, it is possible to 
adapt easily the code to other rheologies. 

In the following we note h the flow thickness perpendicular to topography, θ the steepest slope angle, z(x,y) 
the topography height and H the curvature tensor. Flow velocity v⃗  is tangent to the topography and 
parametrized with u = (u,ut), following : 
 

c = cos(θ) = 1/√1+‖∇z‖2 ,  H = c3 ∇∇z , ν  = c(u, ∇z∙u)  (1) 
 
1.2  Implemented rheologies 

 
To simulate the Goldau rock avalanche we use a simple Coulomb law with a constant friction coefficient 
=tan() (with  the friction angle). This kind of rheology has proved to reproduce accurately laboratory 
experiments and real landslides (Lucas et al. 2007). The basal stress is collinear to the velocity and its norm T 
is given by : 
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T = cρhμg (1 + uHtu
gc

) (2) 

 
with  the material density that simplifies in the resulting flow equations and g the gravity field. For the Yu 
Tung Road event we add a turbulent term  to get the Voellmy rheology that is commonly used to model debris 
flows : 
 

T = cρhμg (1 + uHtu
gc

)  + ρg ‖�⃗⃗�𝜈 ‖2

ξ
 (3) 

 
Eventually the Bingham rheology models visco-plastic behaviors, with a yield stress  under which the flow 
stops and a dynamic viscosity : 
 

T = 3
2

τ + 3η ‖ν ‖
h

 (4) 

 
In this case the material density no longer simplifies in the flow equations. Thus after dividing by , the  

parameters in SHALTOP for the Bingham rheology become / and /, the kinematic viscosity. 
 

2  METHOD 
 
2.1  Goldau rock avalanche 
 
Simulations of the Goldau rock avalanche were carried out on a regular 320x281 grid, with a 25-meter step, 
over 200 seconds. Flow thicknesses and velocities were recorded every 10 seconds. From these records we 
derive the flow maximum thickness on each grid cell, from which we get the flow extent provided a thickness 
threshold (grid with 1 where the flow passed, 0 otherwise). We test friction angles between 8° and 16° with a 
1° step, and thresholds between 0.5 m and 10 m, every 0.5 m. We quantify the relative difference between 
observations and simulations with the Root Mean Square (RMS) between observed and computed extents. 
 
2.2  Yu Tung Road debris flow 
 
For this case study we were provided a regular 325x88 grid with a 2-meter step. Simulations are run over 70 
seconds, with records every 1 second. Provided a profile following the bottom of the ravine, we derive flow 
thickness sections for each record. After defining a thickness threshold of the flow (varying between 5 cm and 
40 cm with a 5 cm step) we can then track the flow front and get both its position and velocity. We compare our 
simulations with 5 measured front velocities : one near the landslide onset and 4 further downstream. We chose 
to compute only the relative RMS between the latters and our simulations, the first velocity being always 
reasonably reproduced regardless of the chosen parameters. 

For the Voellmy rheology we took  between 200 m/s² and 1350 m/s² with a 50 m/s² step, and  between 1° 
and 12° with a 1° step. Simulations were carried out iteratively to analyze only reasonable parameters. A more 
systematic approach was used for the Bingham rheology, taking / between 0 m²/s² and 0.4 m²/s² with a 0.025 
m²/s² step and / between 0.02 m²/s and 0.04 m²/s with a 0.02 m²/s step. A more refine sampling (steps divided 
by 2) was done around the best fitting parameters (between 0 m²/s² and 0.1 m²/s² for /, and between 0.06 m²/s 
and 0.12 m²/s for /). 

 
2.3  Convergence analysis 
 
Using the best fit parameters (with the Voellmy rheology for the Yu Tung Road case), we performed simulations 
with varying refined grids to analyze the convergence of the algorithm. Topography and initial mass were 
interpolated with bivariate splines from the data provided. Grid sizes ranged from 160x140 to 2000x1756 for 
the Goldau rock avalanche and from 160x43 to 2000x542 for the Yu Tung Road debris flow. The finest mesh 
were used as references to estimate the error.  
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3  RESULTS 
 
For the Goldau case, the best fitting friction angle changes for thickness thresholds smaller than 3 m (red dots 
in Figure 1a), then stabilizes to 11° which is coherent with Aaron (2017). Using these parameters we plot the 
maximum flow thickness and compare it to the the observed extent (Figure 1b). The runout is correct but lateral 
spreading is too important. This is consistent with the conclusions of Aaron (2017) who infers the source block 
started sliding before it turned into a rock avalanche. 

Figure 1: Simulations of the Goldau rock avalanche with a Coulomb rheology. (a) Relative RMS between simulated and 
observed extent for various friction angles and thickness thresholds. Red dots show the bet fitting parameter for each 

thickness threshold. (b) Maximum flow thickness with 11° for . The blue dotted line is the observed extent 
 
 
Results of the Yu Tung Road back analysis for parameters and thresholds with a relative RMS smaller than 

0.4 are presented Figure 2 (a-c) and (d-f) - for the Voellmy rheology and the Bingham rheology respectively. 
No significant influence of the thickness threshold was highlighted. The Voellmy rheology reproduces 
accurately the observed velocities, the best fit parameters being 4° for  and 400 m/s² for  with a relative RMS 
of 0.03. A whole range of parameters however give similar velocity profiles (red dots in Figure 2c), but they do 
not match the values presented in AECOM (2012) (6° for  and 300 m/s² for ). In comparison, the Bingham 
rheology yields inconclusive results, with at best a 0.32 relative RMS with 0 m²/s² for / and 0.09 m²/s for /. 
Other simulations were performed to explore small order of magnitude for /, but no significant change in the 
results were found. 

Finally, convergence analysis (Figure 3) confirms the convergence of the algorithm. In both case the 
estimated error is almost inversely proportional to the number of points along the x-axis, and thus to the space 
step. Convergence appears to be faster in the Yu Tung Road case. Finer meshes could yield a more robust 
estimation of the convergence speed, but computing time increases rapidly (1 day and a half for the Yu Tung 
Road debris flow, more than 2 days for the Goldau Rock avalanche). Besides the interpolation process to 
generate the topographies can not account for the irregularities of the real topography, hence the finest meshes 
don’t necessarily give more realistic results. 
 
4  CONCLUSIONS 
 
Our simulation of the Goldau rock avalanche confirms that a simple Coulomb friction law can reproduce quite 
accurately rock avalanchesdeposits, as previously showned by Lucas et al. (2007). Shallow-water models 
however fail to model the initiation stage, which in this case may have a significant impact on the propagation. 
Furthermore, more complex rheologies including turbulence terms seem to be needed to model the dynamics of 
water-logged flows such as the Yu Tung Road debris flow. In the latter case, the Bingham rheology fails to 
reproduce observed velocities. Other visco-plastic laws, such as the Herschel-Bulkley law, could be tested.  
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Figure 2: Simulations of the Yu Tung Road debris flow with a Voellmy rheology (first row, a-c) and a Bingham rheology 
(second row, d-f). (a,d) Front velocity along profile for parameters and thickness thresholds yielding a relative RMS 

lower than 0.4. Line colors indicate the relative RMS. Black crosses are observed velocities. (b,e) Flow front position 
against time. (c,f) Relative RMS averaged over tested thickness thresholds. Points are the 10 smallest RMS 

 
Figure 3: Convergence analysis for the Goldau (a) and Yu Tung Road (b) simulations, for the thickness h (blue plain line) 

and the momentum h||v⃗ || (orange plain line).  is the slope of the best fiting logarithm fit (dotted lines), and nx the 
number of points along the x-axis 
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1  INTRODUCTION 
 
Landslide-related phenomena, including debris flows, mudflows and rock avalanches, are one of the major 
sources of concern for infrastructure and communities located on mountainous terrain. Notwithstanding the 
efforts devoted on understanding and mitigating these hazards, the related casualties keep growing worldwide, 
and in particular in developing countries. This is probably due to a combination of environmental changes and 
of the rise of urbanization in formerly sparsely populated areas (Froude & Petley, 2018). Predicting the evolution 
of these phenomena with the use of numerical modeling is of vital importance. Information on the material 
velocity during an event, its run-out distance, and the final shape of the deposit, can all allow to develop more 
precise hazard maps, and design more effective countermeasure. 

For the Second JTC1 Workshop - Triggering and Propagation of Rapid Flow-like Landslides, the group at 
Politecnico di Torino agreed to benchmark its current modeling capabilities. Two methods, both implemented 
in in-house codes, are therefore tested in this work. The methods are different on various theoretical and practical 
aspects. The first method, implemented in the code RASH3D (Pirulli, 2005, Pirulli et al., 2007), solves a set of 
depth-averaged versions of the Navier-Stokes equations. The second, implemented in the code HYBIRD 
(Leonardi et al., 2016), is based on the Lattice-Boltzmann Method (LBM) and, rather than solving the Navier-
Stokes equation directly, performs a solution of the Boltzmann equation. More details about the numerical 
methods are given in the next sections. However, a key difference in the two approaches is already remarked 
here. RASH3D follows a standard depth-averaging technique, where the topography is implemented using (x,y,z) 
points, but only a single value for depth-averaged quantities (height, velocity, shear rate, basal stress) is stored 
for each (x,y) point in the computational grid. This greatly boost the performance of the code. In this respect, 
the apex “3D” only refers to the capability of the code to read and solve 3D topographies. In HYBIRD, on the 
other hand, there is no preferential direction and the code is solved in an equally-spaced 3D grid. Local values 
for velocity, pressure and shear rate are obtained for each fluid point in (x,y,z). This requires a larger allocation 
of resources, and much longer computational times. However, the model requires no assumption on the shape 
of the velocity profile, and allows to directly implement rheological laws, returning a complete 3D velocity 
filed. 

Three different study cases are studies with RASH3D. HYBIRD, which is still under development, has been 
used to tentatively reproduce one of the cases. After a short presentation of the two models, the results for each 
case are presented. 
 
2  THEORETICAL ASPECTS OF RASH3D 
 
The  numerical code RASH3D is based on a one-phase continuum mechanics approach, and on depth-averaged 
St. Venant equations. The real heterogeneous mass is replaced with an incompressible equivalent fluid, whose 
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behaviour is described by the depth-averaged balance equations of mass and momentum: 
 

{
 
 

 
 𝜕𝜕ℎ

𝜕𝜕𝜕𝜕 +
𝜕𝜕(𝑣𝑣𝑥𝑥ℎ)
𝜕𝜕𝜕𝜕 + 𝜕𝜕(𝑣𝑣𝑦𝑦ℎ)

𝜕𝜕𝜕𝜕 = 𝐸𝐸𝜕𝜕

ℎ (𝜕𝜕𝑣𝑣𝑥𝑥𝜕𝜕𝜕𝜕 + 𝑣𝑣𝜕𝜕
𝜕𝜕𝑣𝑣𝑥𝑥
𝜕𝜕𝜕𝜕 + 𝑣𝑣𝜕𝜕

𝜕𝜕𝑣𝑣𝑥𝑥
𝜕𝜕𝜕𝜕  ) =

1
2
𝜕𝜕(𝐾𝐾𝑥𝑥𝑔𝑔𝑧𝑧ℎ2)

𝜕𝜕𝜕𝜕 = 1
𝜌𝜌 𝜏𝜏𝑧𝑧𝜕𝜕 + 𝑔𝑔𝜕𝜕ℎ − 𝑣𝑣𝜕𝜕𝐸𝐸𝜕𝜕

ℎ (𝜕𝜕𝑣𝑣𝑦𝑦𝜕𝜕𝜕𝜕 + 𝑣𝑣𝜕𝜕
𝜕𝜕𝑣𝑣𝑦𝑦
𝜕𝜕𝜕𝜕 + 𝑣𝑣𝜕𝜕

𝜕𝜕𝑣𝑣𝑦𝑦
𝜕𝜕𝜕𝜕  ) =

1
2
𝜕𝜕(𝐾𝐾𝑦𝑦𝑔𝑔𝑧𝑧ℎ2)

𝜕𝜕𝜕𝜕 = 1
𝜌𝜌 𝜏𝜏𝑧𝑧𝜕𝜕 + 𝑔𝑔𝜕𝜕ℎ − 𝑣𝑣𝜕𝜕𝐸𝐸𝜕𝜕

      (1) 

 
where: 

-  𝑣𝑣𝜕𝜕 , 𝑣𝑣𝜕𝜕  denote the depth-averaged flow velocities in the x and y directions (z is normal to the 
topography); 

-  ℎ is the fluid depth;  
- 𝜏𝜏𝑧𝑧𝜕𝜕, 𝜏𝜏𝑧𝑧𝜕𝜕 are the shear resistance stresses;   
- 𝐸𝐸𝜕𝜕 is the time rate of bed erosion or “erosion rate”, that is, the rate at which the path material is added 

to the moving mass;  
- 𝐾𝐾𝜕𝜕, 𝐾𝐾𝜕𝜕 are the earth pressure coefficients, that is, the ratio of the longitudinal stresses to the normal 

stress;  
- 𝜌𝜌 is the mass density; 
- 𝑔𝑔𝜕𝜕, 𝑔𝑔𝜕𝜕, 𝑔𝑔𝑧𝑧 are the projections of the gravity vector in the 𝑥𝑥-, 𝑦𝑦-, 𝑧𝑧- directions, respectively. 

The governing equations (1) are solved in RASH3D using an Eulerian framework, on a triangular finite element 
mesh, through a kinetic scheme that is based on a finite volume (Mangeney-Castelnau et al. 2003).  
 
2.1  Rheological kernel  
 
The rheology of the material is modelled by a single term, which describes the basal shear stress that develops 
at the interface between the moving mass and the sliding surface. A geographic information system (GIS) 
integrated function makes it possible to change the type of rheology and/or the rheological parameter values 
along the run-out path to allow changes to be made to the flow characteristics during flow propagation (Pirulli 
et al., 2017). 

The following relationships are implemented in RASH3D: 
 
(a) Frictional rheology, the resisting shear forces at the base of the flowing mass are assumed to depend on 

the normal stress, but not on velocity 
 

𝜏𝜏𝑧𝑧𝑧𝑧 = −(𝜌𝜌𝑔𝑔ℎ tan𝜑𝜑)
𝑣𝑣𝑖𝑖
‖𝒗𝒗‖          (2) 

 
where 𝜑𝜑 is the dynamic basal friction angle; 

 
(b) Turbulent rheology, which is characterized by intense mixing, at relatively high inertial to viscous stress 

ratios. The turbulent basal shear resistance is proportional to the square of the depth-averaged flow 
velocity, and it can be calculated using the Manning equation: 
 

𝜏𝜏𝑧𝑧𝑧𝑧 = −(
𝜌𝜌𝑔𝑔𝑛𝑛2ℎ𝑣𝑣𝑖𝑖2
ℎ1/3 ) 𝑣𝑣𝑖𝑖

‖𝒗𝒗‖          (3) 

 
where 𝑛𝑛 is the Manning roughness coefficient, and the subscript 𝑖𝑖 =  𝑥𝑥, 𝑦𝑦, respectively. 
A commonly used alternative to equation (2) is the Chézy equation: 

 

𝜏𝜏𝑧𝑧𝑧𝑧 = −(
𝜌𝜌𝑔𝑔𝑣𝑣𝑖𝑖2
𝐶𝐶2 )

𝑣𝑣𝑖𝑖
‖𝒗𝒗‖           (4) 

 
where 𝐶𝐶 is the Chézy coefficient, which is related to the Manning coefficient (𝑛𝑛) by 𝐶𝐶 = ℎ1/6/𝑛𝑛 .  
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One disadvantage of this approach is that it cannot reproduce the cessation of motion on gently sloping 
surfaces. Nevertheless, Costa (1997) and Jin and Fread (1999) showed that the flow depth and the velocity 
of a channelized flowing mass can be simulated reasonably well after calibration with Manning or Chézy 
coefficients;  

 
(c) Voellmy rheology, where the turbulent rheology disadvantage can be overcome by adding a frictional 

term in the rheological formulation that describes the stopping of the flow on a sloping surface (e.g. Hungr 
and McDougall 2009, Naef et al. 2006, Rickenmann et al. 2006). It results 
 

𝜏𝜏𝑧𝑧𝑧𝑧 = −(𝜌𝜌𝜌𝜌ℎ tan𝜑𝜑 + 𝜌𝜌𝜌𝜌𝑣𝑣𝑖𝑖2
𝐶𝐶2 ) 𝑣𝑣𝑖𝑖

‖𝒗𝒗‖          (5) 

 
which consists of a turbulent term, 𝜉𝜉 = 𝐶𝐶2 that accounts for velocity-dependent friction losses, and a 
Coulomb or basal friction term, (tan𝜑𝜑), which is used to describe the stopping mechanism, where the 
basal friction angle 𝜑𝜑 is generally only a fraction of the Coulomb angle; 

 
(d) Bingham rheology, which combines plastic and viscous behaviors. A so-called Bingham fluid behaves 

like a rigid material below a given threshold yield strength, but like a viscous material above this 
threshold. The basal shear resistance can be determined by solving the following cubic equation: 
 

𝜏𝜏𝑧𝑧𝑧𝑧3 + 3 (𝜏𝜏02 + 𝜈𝜈𝐵𝐵𝑣𝑣𝑖𝑖
ℎ ) 𝜏𝜏𝑧𝑧𝑧𝑧2 − 𝜏𝜏03

2 = 0          (6) 

 
where 𝜏𝜏0 is the Bingham yield stress and 𝜈𝜈0 is the Bingham viscosity. The third-order polynomial has 
been solved and implemented in RASH3D using the polynomial economization technique proposed by 
Pastor et al. (2004); 
 

(e) Quadratic rheology, in which the shear resistance stress is provided by the following expression: 
 

𝜏𝜏𝑧𝑧𝑧𝑧 = −(𝜏𝜏0 +
𝑘𝑘𝜈𝜈0
8ℎ |𝑣𝑣𝑧𝑧| + 𝜌𝜌𝜌𝜌 𝑛𝑛𝑡𝑡𝑡𝑡2 𝑣𝑣𝑖𝑖2

ℎ
1
3
) 𝑣𝑣𝑖𝑖
‖𝒗𝒗‖        (7) 

 
where 𝑛𝑛𝑡𝑡𝑡𝑡 is the equivalent Manning coefficient for turbulent and dispersive shear stress components and 
𝑘𝑘 is the flow resistance parameter (O’Brien et al. 1993). 

 
2.2  Erosion rate formula 
 
In consideration of the fact that 1) numerical models are nowadays still empirically based and cannot describe 
the complex internal mechanics of a flowing mass, and 2) a lack of information of entrainment process 
complexity and dynamics exists, if a concept can be devised to define how much mass is available to be 
entrained, simple entrainment models are adequate to describe the overall mass of an event.  

This is why, after a review of existing approaches to entrainment, the simple law proposed by McDougall & 
Hungr (2005) has been selected for implementation in RASH3D (Pirulli and Pastor, 2012), because it presents a 
very good combination of simplicity and accuracy: 
 

𝐸𝐸𝑡𝑡 = 𝐸𝐸𝑠𝑠ℎ𝒗𝒗            (8) 
 

Assuming that the total volume 𝑉𝑉𝑓𝑓 mobilized by a landslide is given by the sum of the released volume 𝑉𝑉0 
(accounting for expansion due to fragmentation of the initial failure) and the entrained volume 𝑉𝑉𝑒𝑒, 𝐸𝐸𝑠𝑠 can be 
obtained directly from the initial (𝑉𝑉0) and final (𝑉𝑉𝑓𝑓 = 𝑉𝑉0 + 𝑉𝑉𝑒𝑒) volumes of the material and the length of the 
erosion path (𝑙𝑙) as 

 
𝐸𝐸𝑠𝑠 = ln(𝑉𝑉𝑓𝑓/𝑉𝑉0)/𝑙𝑙           (9) 
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In RASH3D, areas with erodible material and maximum erosion depths or maximum erosion volumes have 
to be defined by user. Entrainment occurs when moving mass crosses the above mentioned areas. The erosion 
can have finite or infinite values that means a finite value of maximum erosion depth or volume or an infinite 
value of erosion depth or volume, respectively. 

 
3  THEORETICAL ASPECTS OF HYBIRD 

 
HYBIRD is a code originally conceived as a combination of the Discrete Element Method (DEM) and LBM 
(Leonardi et al., 2014; Leonardi et al., 2015). The development eventually aims at a multi-phase description of 
the mass, with the largest grains resolved with DEM, and the remaining mass with LBM. This work sees the 
first application of the code at the full topographical scale. Therefore, to limit the number of unknowns, only 
the LBM part of the code is tested. 

HYBIRD utilizes concepts from the kinetic theory, and discretizes an Eulerian probability density function 
(pdf) 𝑓𝑓(𝒙𝒙, 𝒄𝒄, 𝑡𝑡), which indicates the probability of finding a fluid particle with microscopic velocity 𝒄𝒄 at position 
𝒙𝒙 and time 𝑡𝑡. In addition to the usual discretization in the time- and space domains, also the velocity space is 
discretized by selecting only a finite set of allowed microscopic velocities 𝒄𝒄𝑖𝑖. Thus, the discretized for of the 
pdf reads 𝑓𝑓𝑖𝑖(𝒙𝒙, 𝑡𝑡) = 𝑓𝑓(𝒙𝒙, 𝒄𝒄𝑖𝑖, 𝑡𝑡). The standard macroscopic velocity and density fields are then reconstructed by 
simple summation at every node: 

 
𝜌𝜌(𝒙𝒙, 𝑡𝑡) = ∑ 𝑓𝑓𝑖𝑖(𝒙𝒙, 𝑡𝑡)𝑖𝑖 ;     𝒗𝒗(𝒙𝒙, 𝑡𝑡) = ∑ 𝑓𝑓𝑖𝑖(𝒙𝒙, 𝑡𝑡)𝒄𝒄𝑖𝑖𝑖𝑖 /𝜌𝜌(𝒙𝒙, 𝑡𝑡)      (10) 

 
The evolution of the pdf is controlled by the Boltzmann equation: 
 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑡𝑡 = Ω𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐            (11) 

 
where Ω𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is the collision operator, implementing the effect of viscous dissipation. The time discretization is 
explicit. For the full formulation and the theoretical background, please refer to Chen & Doolen (1998). The 
algorithm also features a free surface tracker based on a volume-of-fluid approach. However, no erosion model 
is currently implemented, and the flowing mass conserves exactly. Note that the shear rate tensor �̇�𝛾𝑖𝑖𝑖𝑖 can be 
computed locally directly from the pdf, and thus the calculus of no velocity gradient is required (Leonardi et al., 
2014).  
 
3.1  Rheological models 
 
As there is no depth-integration procedure, stresses are applied everywhere on the domain, and are controlled 
by the rheological model, which can be chosen among the following: 
 

a) Bingham rheology. Linear shear-thinning behavior, analogous to the one implemented in RASH3D 
 

𝜏𝜏𝑖𝑖𝑖𝑖 = 𝜏𝜏0�̇�𝛾𝑖𝑖𝑖𝑖
|�̇�𝜸| + 𝜈𝜈0�̇�𝛾𝑖𝑖𝑖𝑖          (12) 

 
b) Turbulent rheology. A turbulent viscosity is computed according to the Smagorinsky-Lily model 

(Leonardi et al. 2011), with a constant subgrid turbulence constant 𝐶𝐶𝑠𝑠 = 0.16. 
 

𝜏𝜏𝑖𝑖𝑖𝑖 = 𝜈𝜈0�̇�𝛾𝑖𝑖𝑖𝑖 + 𝜌𝜌Δ𝑥𝑥2𝐶𝐶𝑆𝑆
2|�̇�𝜸|�̇�𝛾𝑖𝑖𝑖𝑖         (13) 

 
c) Frictional rheology with rate-dependent friction coefficient 
 

𝜏𝜏𝑖𝑖𝑖𝑖 = 𝜇𝜇(𝐼𝐼)𝑝𝑝�̇�𝛾𝑖𝑖𝑖𝑖
|�̇�𝜸| ;              (14) 

 
Here the friction coefficient 𝜇𝜇 is chosen to be a function of the Inertial number, a dimensionless quantity 
locally defined as  𝐼𝐼 = 𝑑𝑑|�̇�𝜸|/√𝑝𝑝/𝜌𝜌, with 𝑑𝑑 the grain diameter (Jop et al., 2006). The relationship 𝜇𝜇(𝐼𝐼) 
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contains the three empirical constants Δ𝜇𝜇, 𝜇𝜇0 , and 𝐼𝐼0. Note that if Δ𝜇𝜇 = 0 the model  reduces to a 
simpler frictional model with constant coefficient. 
 

d) Voellmy rheology. It combines frictional properties and turbulent dissipation: 
 

𝜏𝜏𝑖𝑖𝑖𝑖 = tan 𝜑𝜑𝑝𝑝�̇�𝛾𝑖𝑖𝑖𝑖
|�̇�𝜸| + 𝜌𝜌𝑑𝑑2|�̇�𝜸|�̇�𝛾𝑖𝑖𝑖𝑖         (15) 

 
The turbulent dissipation is mesh-independent and is controlled by a Bagnold-like collisional length 
scale, which can be assumed to be the grain diameter 𝑑𝑑. 

 
One of the main difficulty of working outside the depth-averaged framework is the calibration of the 

rheological parameters. As those are usually back-calculated, and are not directly obtained from the physical 
properties of the material, there is no guarantee that the same parameters will yield similar results when 
transferred from RASH3D to HYBIRD. 
 
4  BENCHMARKING 
 
This section presents and discusses the results obtained with RASH3D in the numerical analysis of two cases of 
back-analysis: the Yu Tung debris flow (Hong Kong) and the Johnsons Landing debris avalanche (Canada); and 
one case of forward-analysis at an historical hillside catchment (Kun Yam Shan) in Hong Kong. The Yu Tung 
debris flow is also back-calculated using HYBIRD. 
 
4.1  Benchmark C1 – 2008 Yu Tung Road debris flow, Hong Kong 

 
The Yu Tung debris flow was recorded in June 2008, when a mass of about 2350 m3 detached from a hillslope 
and invaded a nearby road. There is rich documentation about the event (AECOM, 2012), with velocity 
estimations at various locations, as shown in Fig. 1. 

 

 
Figure 1: Picture of the Yu Tung debris flow. The five sections indicate chainages (CH) where velocity estimates are 

available: A: CH100; B: CH413; C: CH439; D: CH462; E: CH477 

Accordingly to previously calibrated case histories in Hong Kong and to specific analyses carried out for the 
2008 Yu Tung Road debris flow by Tattersall et al. (2009) (Table 1), the RASH3D numerical back analyses were 
carried out using either a Frictional (Case1) or a Voellmy rheology (Case2) in the source area combined with a 
Voellmy rheology along the runout channel for both the Case1 and Case2. In particular, the change of rheology 
or values of rheological parameters between the source and the runout channel was necessary to simulate 
observed deposition of about 300 m3 of debris within the landslide source area. Furthermore, accordingly to 
on-site estimate, erosion rates was considered between CH65 and CH340 to allow the active volume to increase 
to a maximum of about 3.345 m3 by CH340. A space discretization Δ𝑥𝑥 = Δ𝑦𝑦 = 2 m is adopted. 

Source location

Disruption to traffic

A

B
C

D
E
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Table 1: Yu Tung debris flow. Calibrated parameters from Tatterstal et al. (2009) 
 Source Channel 

Model Debriflo  /2d-DMM DAN3D Debriflo / 2d-DMM DAN3D 
Case 

Rheology Voellmy Frictional Voellmy Voellmy 

Parameters 𝜑𝜑 = 23°, 𝜉𝜉 = 845 m/s2 𝜑𝜑 = 28° 
𝜑𝜑 = 11.3°, 𝜉𝜉 = 500 m/s2 𝜑𝜑 = 8.5°, 𝜉𝜉 = 750 m/s2 1 
𝜑𝜑 = 7.5°, 𝜉𝜉 = 750 m/s2  2 

 
Starting from the Tatterstal et al. set of rheological values, RASH3D results are calibrated by trial-and-error 

to reproduce the flow dynamics in terms of on-site estimated velocities at the above mentioned chainages and 
capability of the simulated landslide debris to reach the road. The best fit rheological parameters for RASH3D 
are resumed in Table 2. It can be observed that the calibrated values are very close to those obtained by Tatterstal 
et al. (2009) with Debriflo, 2d-DMM and DAN3D (Table 1). 
 

Table 2: Yu Tung debris flow. Calibrated parameters for RASH3D 
 Source Channel 

Rheology Voellmy Frictional Voellmy 
Case 1  𝜑𝜑 = 25° 𝜑𝜑 = 8.5°, 𝜉𝜉 = 750 m/s2 
Case 2 𝜑𝜑 = 23°, 𝜉𝜉 = 845 m/s2  𝜑𝜑 = 8.5°, 𝜉𝜉 = 750 m/s2 

 
The Yu Tung debris flow is also back-analyzed using HYBIRD. In this case, the rheological parameters used 

in precedent works and for RASH3D cannot be directly tested. However, some principles can be transferred, in 
particular the use of a Voellmy rheology, with a low angle of friction. The space discretization is Δ𝑥𝑥 = Δ𝑦𝑦 =
Δ𝑧𝑧 = 0.4 m. In HYBIRD different rheologies were tested, as shown in Table 3. In each case, the same rheology 
has been used consistently over the whole domain. Shear resistance is active in any direction, and at every 
location inside the 3D mass. Probably due to this reasons, lower friction angles should be used to obtain results 
consistent with depth-averaged models and with the field data.  

 
Table 3: Yu Tung debris flow. Calibrated parameters for HYBIRD 

 Dissipation source 
Frictional Collisional Plastic Viscous 

Case 1: Voellmy 𝜑𝜑 = 6° 𝑑𝑑 = 0.005 m / / 
Case 2: Voellmy 𝜑𝜑 = 4° 𝑑𝑑 = 0.02 m / / 
Case 3: Voellmy 𝜑𝜑 = 1.5° 𝑑𝑑 = 0.005 m / / 
Case 4: Bingham / / 𝜏𝜏0 = 500 Pa 𝜈𝜈0 = 20 Pa s 
Case 5: Turbulent / / / 𝜈𝜈0 = 50 Pa s 

 
The flow velocity along the talweg is shown in Figure 2, with results of the two cases studied with RASH3D 

(Case 1 and Case 2) and the best results obtained with HYBIRD (Case 3). The available field data is also 
reported with yellow markers. A rather good fit of velocities is observed for both models. The results evidence 
that, albeit substantial differences in the approach,  RASH3D and HYBIRD give approximately the same values 
of flow velocities overall, and especially at chainages where the on-site flow velocity was estimated based on 
flow super-elevation. Note that for HYBIRD surface velocities are also available (i.e. not depth averaged). These 
are reported in the graph.  

 As for the landslide debris spatial distribution during the runout process up to the final deposition, it is 
observed that for both models the whole mass reaches the road, see Figure 3. For RASH3D, since Case 1 better 
fits the deposition of debris in the source area (Figure 3 left column), its representation in terms of flow process 
is given in the figure.  
 
4.2 Benchmark C2 – Johnsons Landing debris avalanche, Canada  
 
The Johnsons (Canada) debris avalanche occurred in 2012, when about 320000 m3 of unstable material flowed 
inside the Gar creek, overtopping its left bank at a sharp bend, and finally depositing both inside the main 
channel and on a lateral bench. While the area was already known for its activity, the flow path was unusual. 
Debris invaded a settled area, with four casualties (Nicol et al., 2013). An estimation of the mass deposited on 
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the bench, middle- and upper channel is also available, respectively 169000 m3 55000 m3, and 40000 m3 
(Nicol et al., 2013). 
 

 
Figure 2: Yu Tung debris flow. (a) Comparison between RASH3D and HYBIRD in terms of maximum flow speed 

(depth-averaged) and estimated velocities of the Yu Tung Debris Flow (brown squares). Please see Figure 1 and 2a for 
the approximate locations of velocity records. (b) Comparison between RASH3D and HYBIRD in terms of simulated 

flow depth along the runout path. For RASH3D, also erosion depth are available (same for the two cases) 

 

 
Figure 3: Yu Tung debris flow. Flow runout path, with flow-depth contours at different times: (a) 0 s, (b) 20 s, (c) 

40 s, (d) 60 s, (e) 100 s, (f) 300 s. The left column shows the results obtained with RASH3D, the right 
column those obtained with HYBIRD 
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Figure 4: Aerial view of the area interested by the Johnsons debris avalanche. Copyright © Province of British Columbia 

 
The RASH3D back analysis of the Johnsons landing debris avalanche is carried out with the Voellmy and the 

Quadratic rheologies, and results are compared. A calibration of the Voellmy rheology parameters gave good 
back analysis results using a frictional coefficient tan 𝜙𝜙 = 0.2 and a turbulence coefficient  𝜉𝜉 = 800 m/s2 

(Table 4 Case 3V). While, in case of Quadratic rheology the combination, 1.2 kPa, 40 Pa s and 0.03 s m−1/3 for 
Bingham yield stress, Bingham viscosity and equivalent Manning coefficient, respectively,  was obtained (Table 
4 Case 4Q). 

 
Table 4: Johnsons Landing debris avalanche. Parametric analyses carried out with 

the two adopted rheologies in RASH3D 
 

 
A comparison between on-site estimate and numerical simulations of debris volume deposited along the 

runout path (Table 5Table 5: Johnsons Landing debris avalanche. Comparison between estimated and 
computed volumes (RASH3D) as deposited along the runout path) evidenced that the Voellmy combination 

of parameters rather approximated the volumes that deposited in the mid-channel but underestimated those 
deposited on the bench. Similarly, too much debris reached the channel downstream of the bend (lower channel) 
and too little material deposited in the upper channel (Figure 5a). As to the Quadratic rheology, the same 
observations can be made in terms of volume deposited on the bench and on the mid-channel, while volumes 
deposited along the upper channel resulted more realistic (Figure 5b). 

However, Marinelli et al. (2015) and Nicol et al. (2013) observed that a channel obstruction existed 
downstream of the 70° bend due to an accumulation of timber, stripped from the upper slopes of the gully and 
entrained at the flow front, getting jammed due to a narrowing of the channel.  

 
Table 5: Johnsons Landing debris avalanche. Comparison between estimated and 

computed volumes (RASH3D) as deposited along the runout path 
 
 
 
 
 

Voellmy Quadratic 
Case 𝜉𝜉 [m/s2] tan 𝜑𝜑 [°] Case 0 [kPa]  [kPa s] 𝑛𝑛𝑡𝑡𝑡𝑡 [s m−1/3] 
1V 500 0.15 1Q 1.2 0.01 0.1 
2V 500 0.20 2Q 1.2 0.04 0.1 
3V 800 0.20 3Q 1.2 0.04 0.03 
4V 500 0.25 4Q 8.0 0.04 0.03 

   5Q 6.0 0.04 0.03 
   6Q 8.0 0.03 0.03 

 Upper channel [m3] Mid channel [m3] Bench [m3] 
Estimate 140000 55000 169000 
Case 3V 2541 25444 81091 
Case 4Q 98885 37348 81693 
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This obstruction was assumed by those Authors and it has been implemented in a second set of numerical 
analyses carried out with RASH3D. The new results obtained with the Voellmy (Case 3V) and the Quadratic 
(Case 4Q) are reported in Figure 5c and Figure 5d, respectively. In both the cases the channel obstruction 
modifies the volume deposited in the mid-channel, while that on the bench and in the upper channel remains 
rather unchanged. 

 

 
Figure 5: Johnsons Landing debris avalanche. Comparison between on-site surveyed runout area and RASH3D 

results without channel obstruction: (a) Voellmy rheology - Case 3V; (b) Quadratic rheology – Case 4Q; and with 
channel obstruction: (c) Voellmy rheology - Case 3V; (d) Quadratic rheology – Case 4Q 

4.3  Benchmark D1 – A historical hillside catchment in Hong Kong  
 
This study case analyses the Tates’s Cairn area in Hong Kong, where an historical debris flow was already 
recorded in 2005. The historical case has already been analysed in the past using RASH3D by (Pirulli & Scavia, 
2007). A second potentially unstable mass, located in nearby Kun Yam Shan, is the subject of the following 
study. 

Based on previously calibrated case histories in Hong Kong and on indications given by the Technical 
Guidance Note (TGN 29) of the Hong Kong Geotechnical Engineering Office, a Voellmy rheology was assumed 
in the carried out analyses. Furthermore, for safety reasons, both the suggested sets of Voellmy parameters, 𝜑𝜑 =
8° , 𝜉𝜉 = 500 m/s2  (Case 1) and 𝜑𝜑 = 11° , 𝜉𝜉 = 500 m/s2  (Case 2), to be used for channelized debris flow 
catchments that are deemed to be prone to watery debris and that are not associated with this adverse site 
settings, respectively, were tested (TGN 29).  

Even if these sets of parameters are suggested for use in the computer programs 2d-DMM, DAN and 3d-
DMM (TGN 29), their use in RASH3D was justified by the fact that RASH3D adopts an analytical approach that 
is close to that of the above mentioned codes and it has been found to produce generally similar results in terms 
of runout distance, velocity and thickness profile of debris in the back analyses of some landslides in Hong 
Kong and elsewhere (e.g. Sauthier et al., 2010, 2015; McDougall et al., 2008).   

Both Case 1 and Case 2 analyses are carried out with RASH3D assuming (i) entrainment does not occur and 
(ii) entrainment occurs and the entrainment volume is 10,000 m3 when the debris front reaches the road (Figure 
6, point A). The carried out analyses, with the adopted rheological values, are summarized in Table 6. 

 
Table 6: Kun Yam Shan. Sets of rheological parameters for the analysis carried out with RASH3D 

 
 
 
 
 

Case 𝜑𝜑 [°] 𝜉𝜉 [m/s2] 𝐸𝐸𝑠𝑠 [m−1] 
1A 8 500 - 
1B 8 500 0.0025 
2A 11 500 - 
2B 11 500 0.0025 
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Figure 6: Kun Yam Shan. (a) Plan view of the 2008 debris flow (brown area) and extent of distressed hillside (orange 

area); (b) plan view of flow direction with indication of observation points A, B and C position 
 
 
Simulation results in terms of velocity and debris thickness hydrographs at points A, B and C (Figure 6) are 

illustrated in Figure 7. For all the observation points, it results that a maximum velocity of about 8 m/s, and a 
minimum debris thickness of about 1 − 1.5 m, are reached with the analysis of Case 1A. A minimum velocity 
of about 2 − 4 m/s, and a maximum debris thickness of about 2 − 3 m, are obtained with the analysis of Case 
2B. 

The time history of average velocity of the debris along the flow path is resumed for the Case 1B in Figure 
8 (a) for the most significant time steps; the same analysis is made in terms of time history of the debris active 
volume (i.e. source volume + entrained volume) along the flow path in Figure 8 (b) and (c), respectively. Case 
1B is selected since it is the case with active entrainment in which the flowing mass reaches the highest velocity. 
This is spite of the flow depth not reaching the maximum at the above mentioned observation points (the faster 
the mass, the thinner it will be). 

The profiles of landslide debris throughout the flow process are also reported in Figure 9. It results that with 
the adopted rheology and rheological parameters, the landslide debris reaches the road and the buildings 
downstream of the road. As already shown in Figure 7, the same considerations can be made for all carried out 
analyses. 

 
5  CONCLUSIONS 
 
In this work, we presented the results obtained for three study cases. The Yu Tung debris flow (Hong Kong) 
has been analyzed with RASH3D, a depth-averaged model, and also with HYBIRD, a full-3D code based on 
LBM.  Two additional cases have been studied only with RASH3D: the Johnsons debris flow (Canada), and a 
potential instable area in Kun Yam Shan (Hong Kong). For all cases, a good comparison with the field data has 
been obtained. The cross comparison carried out for Yu Tung represents one of the first attempt at moving 
beyond the depth-averaging paradigm. Once validated, HYBIRD can also be used to simulate structural 
countermeasures of arbitrary shape. Future studies will focus on this aspect. 
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Figure 7: Kun Yam Shan. Velocity and debris thickness hydrographs obtained with RASH3D 

at points A, B and C (see Figure 6) for all Cases 
 
 

 
Figure 8: Kun Yam Shan, Case 1B (RASH3D). (a) Time history of average velocity of landslide debris along the flow 

path; (b, c) Time history of active volume (i.e. source volume + entrained volume) of landslide debris along the flow path 
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Figure 9: Kun Yam Shan, Case 1B (RASH3D). Profiles of flow depth throughout the flow process 
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1  INTRODUCTION 
 
Debris flows are characterized by their lack of characteristic grain size and the abundance of interstitial pore 
fluid (Iverson & George 2001). Constituent particles can be as large as stones and boulders or can be as fine as 
silt and clay. The dynamics of debris flows are largely driven by the fluctuations and interactions of the larger 
particles. The fine particles mix with the pore fluid and effectively become part of the fluid phase, forming a 
more viscous muddy suspension. The re-arrangement of particles generate transient excess pore water pressures 
and their relative velocities with respect to the fluid affects the velocity of the fluid itself. At the same time, the 
fluid provides a buoyant force which reduces the amount of energy lost due to particle collisions and hence 
enhances the over-all mobility of the flow. Needless to say, what makes the dynamics of debris flows unique 
compared to other geophysical mass flows is the coupling, and not only the additive effects, of both its solid 
and fluid phases (Iverson 1999). In modelling debris flows and other related phenomena (e.g. mudflows, debris 
avalanches, etc.) it is therefore important to consider the effects solid-fluid interactions. 

An additional consideration in debris flow modelling is choosing the appropriate rheological laws that would 
enable us to correctly simulate the physics involved in such systems. Commonly, the Coulomb and Voellmy 
friction models are used to define the basal contact friction of granular flows. Coulomb models only apply to 
quasi-static conditions, treating the system as a solid block and are therefore unable to capture the effects of 
particle contacts within the granular body. The Voellmy model performs relatively well against the Coulomb 
model, as it adds a dynamic shear resistance term expressed as a function of an empirical turbulence coefficient 
(Hungr & Evans, 1997; Crosta et al. 2004). It still suffers from a fundamental problem, however, as this 
turbulence coefficient is not physically well-defined. To account for the contact friction, shear rate dependency, 
and channel confinement, a modified 𝜇𝜇(𝐼𝐼) friction model (Jop et al. 2006) based on the non-local rheology of 
granular flows was developed (Zhou et al. 2013). In this model the shear stress is a function of the normal stress 
and the internal friction which in itself varies with the shear rate. The shear rate dependence enables the frictional 
model to transition from a quasi-static regime to a rapid shear regime allowing it to capture a wider range of the 
flow’s dynamics at an improved accuracy. 

In this paper we present: (i) a hierarchical set of depth averaged equations for the motion of a two-phased 

ABSTRACT 
 

The dynamics of debris flows are heavily dependent on the interaction between its solid and fluid 
constituents. To capture the additive effects of the individual dynamics of each phase to the over-
all mobility, a series of two-phase depth-averaged equations are proposed. The fluid phase is 
modelled as a Newtonian fluid while the solid phase is modelled as a granular flow with a contact 
friction law that is based on a modified non-local 𝜇𝜇(𝐼𝐼) rheology. This rheological model features a 
shear-rate dependent internal friction with input parameters that include the solid volume fraction, 
the mean particle diameter, and the coefficients of friction for quasi-static and rapid granular flows. 
The governing equations are solved using a non-staggered central scheme that is based on the 
central finite difference method. The proposed model was used to simulate the dynamics of the Yu 
Tung channelized debris flow of Hong Kong. It was found that the presence of interstitial fluid 
greatly affected the modelled flow velocities, and a relatively high fluid content (lower solid 
volume concentration) is necessary to generate values that are in good agreement with field 
measured data. 
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continuum which incorporates the non-local 𝜇𝜇(𝐼𝐼) frictional model, and (ii) a numerical scheme to discretize and 
solve the set of equations and the frictional model. The applicability of the developed model was tested on the 
Yu Tung Debris Flow in Hong Kong whose data and details were provided by the Geotechnical Engineering 
Office of Hong Kong (GEO Report No. 271). The test case was chosen as it was the closest in relevance to the 
developed model. The rest of this report is structured as follows: first, the governing equations for dynamic 
granular flows, along with the featured rheological model and the numerical scheme used are presented and 
briefly explained. This is then followed by the results of the benchmarking exercise done on the case of choice. 
Finally, the advantages and limitations of the presented model are discussed.    
 
2  MATHEMATICAL MODEL 
 
2.1  Two-phase Dynamic Model for Granular Flows  
 
The two-phase continuum model considering the shear rate dependent contact friction is adopted from the 
conservation of mass and momentum: 

𝜌𝜌𝑠𝑠(𝜕𝜕𝑡𝑡(𝐶𝐶𝐶𝐶) + ∇ ∙ (𝐶𝐶𝐶𝐶𝑣𝑣𝑠𝑠)) = ∆𝑚𝑚1 
𝜌𝜌𝑓𝑓(𝜕𝜕𝑡𝑡((1 − 𝐶𝐶𝐶𝐶)) + ∇ ∙ (1 − 𝐶𝐶𝐶𝐶)) = ∆𝑚𝑚2 

𝜌𝜌𝑠𝑠𝐶𝐶𝐶𝐶(𝜕𝜕𝑡𝑡(𝑣𝑣𝑠𝑠) + ∇(𝑣𝑣𝑠𝑠 ∙ 𝑣𝑣𝑠𝑠)) = −∇ ∙ 𝑇𝑇𝑠𝑠 + 𝑓𝑓𝑖𝑖 + 𝜌𝜌𝑠𝑠𝐶𝐶𝐶𝐶𝐶𝐶 
𝜌𝜌𝑓𝑓(1 − 𝐶𝐶𝐶𝐶)(𝜕𝜕𝑡𝑡(𝑣𝑣𝑓𝑓) + ∇(𝑣𝑣𝑓𝑓 ∙ 𝑣𝑣𝑓𝑓)) = −∇ ∙ 𝑇𝑇𝑓𝑓 − 𝑓𝑓𝑖𝑖 + 𝜌𝜌𝑓𝑓(1 − 𝐶𝐶𝐶𝐶)𝐶𝐶 

 
where 𝜌𝜌 is density, g is the gravitational acceleration, v is the velocity vector and 𝑇𝑇 is the stress tensor. The 
subtitle s and f represent the solid and fluid phase, respectively. For most geophysical mass flows, the flow 
length and width greatly exceed its flow depth h (Savage & Hutter, 1989). These systems can be regarded as 
shallow water flows where the depth averaged equations can be used to define the corresponding dynamics. 
Therefore, the following equations of hyperbolic conservation laws which are derived from the conservation of 
mass and momentum equations are proposed: 

𝜌𝜌𝑠𝑠(
𝜕𝜕(ℎ𝑠𝑠)
𝜕𝜕𝜕𝜕 + 𝜕𝜕

(ℎ𝑠𝑠𝑣𝑣𝑠𝑠)
𝜕𝜕𝜕𝜕 + 𝜕𝜕

(ℎ𝑠𝑠𝑢𝑢𝑠𝑠)
𝜕𝜕𝜕𝜕 ) = 0 

 𝜌𝜌𝑓𝑓(
𝜕𝜕(ℎ𝑓𝑓)
𝜕𝜕𝜕𝜕 +

𝜕𝜕(ℎ𝑓𝑓𝑣𝑣𝑓𝑓)
𝜕𝜕𝜕𝜕 +

𝜕𝜕(ℎ𝑓𝑓𝑢𝑢𝑓𝑓)
𝜕𝜕𝜕𝜕 ) = 0 

𝐶𝐶𝐶𝐶 = ℎ𝑠𝑠
ℎ𝑓𝑓 + ℎ𝑠𝑠

 

    𝜌𝜌𝑚𝑚 = 𝜌𝜌𝑠𝑠𝐶𝐶𝐶𝐶 + 𝜌𝜌𝑓𝑓(1 − 𝐶𝐶𝐶𝐶); 𝑣𝑣𝑚𝑚 =
𝜌𝜌𝑠𝑠𝐶𝐶𝑠𝑠𝑣𝑣𝑠𝑠+𝜌𝜌𝑓𝑓(1−𝐶𝐶𝑠𝑠)𝑣𝑣𝑓𝑓
𝜌𝜌𝑠𝑠𝐶𝐶𝑠𝑠+𝜌𝜌𝑓𝑓(1−𝐶𝐶𝑠𝑠)

 

𝜌𝜌𝑠𝑠 (
𝜕𝜕(ℎ𝑠𝑠𝑢𝑢𝑠𝑠)
𝜕𝜕𝜕𝜕 +

𝜕𝜕 (ℎ𝑠𝑠𝑢𝑢𝑠𝑠2 + 𝑘𝑘𝑠𝑠𝐶𝐶ℎ𝑠𝑠
2

2⁄ )
𝜕𝜕𝜕𝜕 + 𝜕𝜕

(ℎ𝑠𝑠𝑢𝑢𝑠𝑠𝑣𝑣𝑠𝑠)
𝜕𝜕𝜕𝜕 ) = 𝜌𝜌𝑠𝑠𝐶𝐶ℎ𝑠𝑠

𝜕𝜕(𝑧𝑧 + ℎ𝑠𝑠 + ℎ𝑓𝑓)
𝜕𝜕𝜕𝜕 − 𝑇𝑇𝑠𝑠𝑠𝑠 + 𝑓𝑓𝑖𝑖𝑠𝑠 

𝜌𝜌𝑠𝑠 (
𝜕𝜕(ℎ𝑠𝑠𝑣𝑣𝑠𝑠)
𝜕𝜕𝜕𝜕 + 𝜕𝜕

(ℎ𝑠𝑠𝑣𝑣𝑠𝑠𝑢𝑢𝑠𝑠)
𝜕𝜕𝜕𝜕 +

𝜕𝜕 (ℎ𝑠𝑠𝑢𝑢𝑠𝑠2 + 𝑘𝑘𝑠𝑠𝐶𝐶ℎ𝑠𝑠
2

2⁄ )
𝜕𝜕𝜕𝜕 ) = 𝜌𝜌𝑠𝑠𝐶𝐶ℎ𝑠𝑠

𝜕𝜕(𝑧𝑧 + ℎ𝑠𝑠 + ℎ𝑓𝑓)
𝜕𝜕𝜕𝜕 − 𝑇𝑇𝑠𝑠𝑠𝑠 + 𝑓𝑓𝑖𝑖𝑠𝑠 

𝜌𝜌𝑓𝑓

(

 
 𝜕𝜕(ℎ𝑓𝑓𝑢𝑢𝑓𝑓)

𝜕𝜕𝜕𝜕 +
𝜕𝜕 (ℎ𝑓𝑓𝑢𝑢𝑓𝑓2 +

𝑘𝑘𝑓𝑓𝐶𝐶ℎ𝑓𝑓2
2⁄ )

𝜕𝜕𝜕𝜕 +
𝜕𝜕(ℎ𝑓𝑓𝑢𝑢𝑓𝑓𝑣𝑣𝑓𝑓)

𝜕𝜕𝜕𝜕
)

 
 = 𝜌𝜌𝑓𝑓𝐶𝐶ℎ𝑓𝑓

𝜕𝜕(𝑧𝑧 + ℎ𝑠𝑠 + ℎ𝑓𝑓)
𝜕𝜕𝜕𝜕 − 𝑇𝑇𝑓𝑓𝑠𝑠 − 𝑓𝑓𝑖𝑖𝑠𝑠 

𝜌𝜌𝑓𝑓

(

 
 𝜕𝜕(ℎ𝑓𝑓𝑣𝑣𝑓𝑓)

𝜕𝜕𝜕𝜕 +
𝜕𝜕(ℎ𝑓𝑓𝑣𝑣𝑓𝑓𝑢𝑢𝑓𝑓)

𝜕𝜕𝜕𝜕 +
𝜕𝜕 (ℎ𝑓𝑓𝑢𝑢𝑓𝑓2 +

𝑘𝑘𝑠𝑠𝐶𝐶ℎ𝑓𝑓2
2⁄ )

𝜕𝜕𝜕𝜕
)

 
 = 𝜌𝜌𝑓𝑓𝐶𝐶ℎ𝑓𝑓

𝜕𝜕(𝑧𝑧 + ℎ𝑠𝑠 + ℎ𝑓𝑓)
𝜕𝜕𝜕𝜕 − 𝑇𝑇𝑓𝑓𝑠𝑠 + 𝑓𝑓𝑖𝑖𝑠𝑠 

(1) 
（
） (2) 

(3) 

(4) 

(5) 
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For convenience, the following set of equations can be re-written in vector form: 
 

𝜕𝜕𝑡𝑡𝑈𝑈 + 𝜕𝜕𝑥𝑥(F(𝑈𝑈)) + 𝜕𝜕𝑦𝑦(G(𝑈𝑈)) = S 

𝑈𝑈 =

{
  
 

  
 ℎs
ℎs𝑢𝑢𝑠𝑠
ℎs𝑣𝑣𝑠𝑠
ℎ𝑓𝑓
ℎ𝑓𝑓𝑢𝑢𝑓𝑓
ℎ𝑓𝑓𝑣𝑣𝑓𝑓}

  
 

  
 

, F(𝑈𝑈) =

{
 
 
 

 
 
 ℎs𝑢𝑢𝑠𝑠
ℎs𝑢𝑢𝑠𝑠2 + 𝑘𝑘𝑠𝑠𝑔𝑔ℎ𝑠𝑠

2

2⁄
ℎs𝑢𝑢𝑠𝑠𝑣𝑣𝑠𝑠
ℎ𝑓𝑓𝑢𝑢𝑓𝑓

ℎ𝑓𝑓𝑢𝑢𝑓𝑓2 +
𝑘𝑘𝑓𝑓𝑔𝑔ℎ𝑓𝑓2

2⁄
ℎ𝑓𝑓𝑢𝑢𝑓𝑓𝑣𝑣𝑓𝑓 }

 
 
 

 
 
 

, 𝐺𝐺(𝑈𝑈) =

{
 
 
 

 
 
 ℎs𝑢𝑢𝑠𝑠

ℎs𝑢𝑢𝑠𝑠𝑣𝑣𝑠𝑠
ℎs𝑣𝑣𝑠𝑠2 + 𝑘𝑘𝑠𝑠𝑔𝑔ℎ𝑠𝑠

2

2⁄
ℎ𝑓𝑓𝑢𝑢𝑓𝑓
ℎ𝑓𝑓𝑢𝑢𝑓𝑓𝑣𝑣𝑓𝑓

ℎ𝑓𝑓𝑣𝑣𝑓𝑓2 +
𝑘𝑘𝑓𝑓𝑔𝑔ℎ𝑓𝑓2

2⁄ }
 
 
 

 
 
 

, 𝑆𝑆

=

{
 
 
 
 
 

 
 
 
 
 

0
𝜌𝜌𝑠𝑠𝑔𝑔ℎ𝑠𝑠

𝜕𝜕(𝑧𝑧 + ℎ𝑠𝑠 + ℎ𝑓𝑓)
𝜕𝜕𝜕𝜕 − 𝑇𝑇𝑠𝑠𝑥𝑥 + 𝑓𝑓𝑖𝑖𝑥𝑥

𝜌𝜌𝑠𝑠𝑔𝑔ℎ𝑠𝑠
𝜕𝜕(𝑧𝑧 + ℎ𝑠𝑠 + ℎ𝑓𝑓)

𝜕𝜕𝜕𝜕 − 𝑇𝑇𝑠𝑠𝑦𝑦 + 𝑓𝑓𝑖𝑖𝑦𝑦
ℎ𝑓𝑓

𝜌𝜌𝑓𝑓𝑔𝑔ℎ𝑓𝑓
𝜕𝜕(𝑧𝑧 + ℎ𝑠𝑠 + ℎ𝑓𝑓)

𝜕𝜕𝜕𝜕 − 𝑇𝑇𝑓𝑓𝑥𝑥 − 𝑓𝑓𝑖𝑖𝑥𝑥

𝜌𝜌𝑓𝑓𝑔𝑔ℎ𝑓𝑓
𝜕𝜕(𝑧𝑧 + ℎ𝑠𝑠 + ℎ𝑓𝑓)

𝜕𝜕𝜕𝜕 − 𝑇𝑇𝑓𝑓𝑦𝑦 + 𝑓𝑓𝑖𝑖𝑦𝑦}
 
 
 
 
 

 
 
 
 
 

 

where ℎ, ℎ𝑢𝑢, and ℎ𝑣𝑣 represent the thickness from the base to the free surface, and the discharge per unit width 
in the ,x y directions respectively; The subtitle s and f represent the solid and fluid phase, respectively; 𝐶𝐶𝑠𝑠 is the 
solid volume fraction; 𝒈𝒈 = (𝑔𝑔𝑥𝑥, 𝑔𝑔𝑦𝑦, 𝑔𝑔𝑧𝑧) is the gravitational acceleration; 𝑢𝑢, 𝑣𝑣 are the depth-averaged velocity 
components in the x, y directions; 𝑘𝑘𝑎𝑎𝑎𝑎 is the lateral earth pressure coefficient; 𝒇𝒇𝑖𝑖 = (𝑓𝑓𝑖𝑖𝑥𝑥, 𝑓𝑓𝑖𝑖𝑦𝑦) represents the 
particle-fluid interaction. The basal friction adopted for the liquid phase is simply the fluid viscosity while the 
solid part uses the shear-rate dependent, non-local 𝜇𝜇(𝐼𝐼) rheology. 
 
2.2  Non-local 𝜇𝜇(𝐼𝐼) Rheology 
 
The 𝜇𝜇(𝐼𝐼) friction model is based on the rheology of granular flows which takes into account the contact friction, 
shear rate dependency, and effects of channel confinement on the flow behavior (MiDi, 2004). It expresses the 
shear stress as a function of the normal stress (which is primarily from the lithostatic pressure) and an internal 
friction coefficient. The friction coefficient is in turn a function of the inertial number 𝐼𝐼, a dimensionless number 

which physically represents the ratio of two microscopic time scales: 𝑇𝑇1 =
𝑑𝑑

√𝑃𝑃 𝜌𝜌𝑑𝑑⁄
 and 𝑇𝑇2 = 1 �̇�𝛾⁄  (MiDi 2004). 

The shear stress and the complete expression of 𝜇𝜇 can be written as: 
 
𝜏𝜏 = 𝑃𝑃 ∙ 𝜇𝜇(𝐼𝐼)  
 

𝜇𝜇(𝐼𝐼) = 𝜇𝜇𝑠𝑠 +
𝜇𝜇2 − 𝜇𝜇𝑠𝑠
𝐼𝐼0
𝐼𝐼 + 1

 

where P is the normal stress acting on the basal surface; 𝜇𝜇𝑠𝑠 and 𝜇𝜇2, are the coefficients of friction for quasi-
static and rapid flows respectively. I0 is a solid particle constant. From eqn. (1), transition from a quasi-static 
regime to a rapid shear regime occurs when the shear rate or pressure changes (Forterre & Pouliquen, 2008). 
The values of I provide a quantitative representation of the state of motion / flow regime the particles within a 
granular flow belong to: 𝐼𝐼 < 0.1 suggests a dense flow where particles have lasting contacts while 𝐼𝐼 > 0.1 
suggests that the flow is collision dominated where particles are highly energetic and undergo transient contacts. 

(6) 

(7) 

(8) 
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In the new frictional model, the expressions for 𝐼𝐼 and 𝐼𝐼0 is modified to incorporate material properties with clear 
physical meanings: 
 

𝐼𝐼 ≈ 𝑢𝑢𝑑𝑑50
ℎ
3
2√𝐶𝐶𝑠𝑠𝑔𝑔

;     𝐼𝐼0 =
5
2
𝑑𝑑
𝑙𝑙0

𝛽𝛽
√𝜙𝜙𝜙𝜙𝜙𝜙𝜙𝜙𝜙𝜙

 

 
where 𝛽𝛽 and 𝑙𝑙0 are material constants; 𝑑𝑑50 is the mean particle diameter; ℎ and 𝑢𝑢 are the granular flow depth 
and velocity respectively. Considering the revised expressions in eqn. (5), the shear stress τ can be rewritten as: 
 

𝜏𝜏 = 𝜌𝜌𝜌𝜌ℎ(𝜇𝜇𝜙𝜙 +
(𝜇𝜇2 − 𝜇𝜇𝜙𝜙)𝑢𝑢𝑑𝑑50
𝐼𝐼0ℎ

3
2√𝐶𝐶𝜙𝜙𝜌𝜌 + 𝑢𝑢𝑑𝑑50

) 

 
2.3 Fluid-Solid Interaction force 
 
The interaction force between fluid and solid particle consists of two parts: hydrostatic and hydrodynamic 
forces. The hydrostatic forces accounts for the fluid pressure gradient around the individual particle. The 
hydrodynamic forces acting on a particle are the drag, lift, and virtual mass forces. The latter two forces are 
normally vert small when compared to the drag force in simulating fluid flow at relatively low Reynolds number 
(Kafui et al. 2002).Thus, the lift and virtual mass forces are neglected in the current coupling model. 
 
𝑓𝑓𝑖𝑖 = 𝑓𝑓𝑏𝑏 + 𝑓𝑓𝑙𝑙 + 𝑓𝑓𝑑𝑑 + 𝑓𝑓𝑣𝑣 ≈ 𝑓𝑓𝑏𝑏 + 𝑓𝑓𝑑𝑑  
𝑓𝑓𝑏𝑏 = 𝑣𝑣𝑣𝑣𝑙𝑙𝜙𝜙∇𝑃𝑃 = 𝜑𝜑∇𝑃𝑃 
where 𝑣𝑣𝑣𝑣𝑙𝑙𝜙𝜙 is the volume of particle; 𝑃𝑃 is the fluid pressure 
 
𝑓𝑓𝑑𝑑 = 𝛽𝛽(𝑢𝑢𝜙𝜙 − 𝑢𝑢𝑓𝑓) 
where 𝛽𝛽 is the fluid-solid momentum transfer coefficient, 𝑢𝑢𝜙𝜙 − 𝑢𝑢𝑓𝑓 is the relative velocity of two phases 

The momentum transfer coefficient is derived from the experimental correlations as: 

𝛽𝛽 =
3𝐶𝐶𝑑𝑑(1 − 𝑛𝑛)𝜌𝜌𝑓𝑓

4𝐷𝐷 |𝑈𝑈 − 𝑉𝑉| 12 

where 𝐶𝐶𝑑𝑑 is the drag force coefficient; n is the porosity of soil; D is the particle diameter 
 

𝐶𝐶𝑑𝑑 =

{
 
 
 
 
 

 
 
 
 
 

24
𝑅𝑅𝑒𝑒𝑒𝑒

{
24
𝑅𝑅𝑒𝑒𝑒𝑒

(1.0 + 0.15𝑅𝑅𝑒𝑒𝑒𝑒0.687) 𝑅𝑅𝑒𝑒𝑒𝑒 ≤ 103 

0.44                                       𝑅𝑅𝑒𝑒𝑒𝑒 > 103

(0.63 + 4.8
√𝑅𝑅𝑒𝑒𝑒𝑒

)2

24
𝑅𝑅𝑒𝑒𝑒𝑒

(1.0 + 0.15𝑅𝑅𝑒𝑒𝑒𝑒0.681) +
0.407

1 + 8710 𝑅𝑅𝑒𝑒𝑒𝑒⁄

 

The equations of (11) is obtained by experiments of fluidization on dense granular beds, it is not applicable for 
dilute granular sample. The equations of (12.2) would cause discontinuity in calculating drag forces if the 
granular sample porosity varies. To get rid of this problems, the drag force model proposed by Di Felice (1994) 
is used in the simulation. The drag force is defined as: 

𝑓𝑓𝑑𝑑 =
1
2𝐶𝐶𝑑𝑑𝜌𝜌𝑓𝑓

𝜋𝜋𝐷𝐷2
4 |𝑢𝑢𝜙𝜙 − 𝑢𝑢𝑓𝑓|(𝑢𝑢𝜙𝜙 − 𝑢𝑢𝑓𝑓)𝑛𝑛−𝑋𝑋+1 

where 𝑛𝑛−𝑋𝑋+1 is the porosity correction function which represent the influence of the concentration of granular 
materials on the drag force. The term 𝑋𝑋 is defined as: 

𝑋𝑋 = 3.7 − 0.65𝑒𝑒[−
(1.5−𝑙𝑙𝜙𝜙𝑔𝑔10𝑅𝑅𝑒𝑒𝑒𝑒)2

2 ]
 

(9) 

(10) 

(12) 

(13) 

(14) 

(15) 



277

Second JTC1 Workshop
3-5 December 2018, Hong Kong

Triggering and Propagation of Rapid Flow-like Landslides

2.4  Numerical Scheme 
 
In this study, a new family of central schemes is adopted which can be treated as a natural extension of the Lax-
Friedrich first-order scheme. The central Nessyahu—Tadmor (NT) scheme offers higher resolution while 
retaining the simplicity of the Riemann-solver-free-approach (Nessyahu & Tadmor 1990). The cells in the NT 
scheme alternate every adjacent time step t . The importance of staggering is due to the fact that cell interfaces 
are stable in neighborhoods around the smooth regular mid-cells of the previous time step .The use of this central 
difference scheme is attributed to the advantage of avoiding the costly Riemann characteristic decomposition as 
well as retaining high resolution. The staggered form is then converted into a non-staggered form by re-
averaging the reconstructed value of the staggered grid, which helps to overcome some inconvenience near the 
boundaries, and the discomfort of having the values change due to the alternate cells at every adjacent time step

t . 
 
3  BENCHMARK RESULTS 
 
The Yu Tung Debris Flow of Hong Kong is a series of 19 landslides that occurred at the hillside area adjacent 
the Yu Tung road. The events were reported to be triggered by extreme and prolonged rainfall. Four of them 
developed into 3 channelized debris flows which resulted to flooding and serious road blockage. For the 
purposes of this benchmark, the largest of debris flow events was singled out. This event had a total detached 
mass of 2,350 m3 and a total run-out distance of 600m. Its maximum velocity was estimated to be about 12m/s 
at a distance of 100m from the source location which reduced to about 10m/s at 400 m. This debris flow was 
characterized as being very mobile whose mobility was attributed to the volume of its debris, drainage line 
morphology, and water content. 

The event was simulated using the two-phase model with the parameters listed in Table 1. The solid volume 
concentration 𝐶𝐶𝑠𝑠  is set low implying the presence and prevalence of interstitial fluid in the mixture. The 
interstitial fluid is assumed to be a slurry – a mixture formed from the suspension of very fine particles in water 
– which is why the fluid viscosity is set relatively high. The values of the rheological parameters 𝜇𝜇𝑠𝑠, 𝜇𝜇2 and 
𝐼𝐼0which are based from Zhou et al. (2013). 

 
Table 1: List of parameters and corresponding values used in the numerical model 

Solid Parameters Values 
Solid Volume Concentration 𝐶𝐶𝑠𝑠 (𝑚𝑚) 0.35 

𝜇𝜇𝑠𝑠 0.22 
𝜇𝜇2 0.3 
𝐼𝐼0 0.3 

Mean Particle Diameter 𝑑𝑑50 (𝑚𝑚) 0.01  
Fluid Parameters Values 

Fluid Viscosity  (𝑃𝑃𝑃𝑃 ⋅ 𝑠𝑠) 0.1 
 
From the simulated velocity profiles for different solid volume concentrations 𝐶𝐶𝑠𝑠 (0.35 and 0.6) in Fig. 1b, 

it can be seen that generally the flow ramps up at initiation and then slowly increases up until a distance of 
250m. It is at this distance along the flow path that the moving material reaches its peak velocity. After this, the 
flow then begins to slow down as it progresses further downwards until it reaches its deposition point at around 
590m. The mixture with higher 𝐶𝐶𝑠𝑠 has lower flow velocities and a slightly shorter flow distance. This shows the 
effect of the presence of interstitial fluid in enhancing flow mobility. 

The flow profiles and corresponding velocities at 100m, 400m, 420m and at deposition are further shown in 
Fig. 2 for 𝐶𝐶𝑠𝑠 = 0.35. A certain degree of spreading is observed at the onset of the flow. As it progresses, it can 
be seen that the flow is highly channelized and leaves a trail of the material along the path. The flow velocity is 
more or less consistent up until it stops and deposits. The deposition area is observed to be a few meters less 
than that which is reported and doesn’t exactly reach the road. 

The calculated velocities are compared with the actual velocities which are estimated at certain points along 
the flow path (obtained from the material provided in this benchmarking exercise). These points are labelled as 
A, B, C, D and E and are indicated in Figs. 1. For a 𝐶𝐶𝑠𝑠 = 0.35, it can be seen that the velocities at points A, B, 
and C are calculated with good accuracy although a slight deviation is observed for the latter. Great deviations 
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from the actual values are observed for points C and D. The velocities at these areas appear to be greater than 
the preceding values, approximately 20m away, implying that the flow is still accelerating despite the 
consistency of the flow path. The calculated velocities however only exhibit a continuous decline resulting in 
the observed underestimation. For higher solid concentrations (𝐶𝐶𝑠𝑠 = 0.60), no agreement is observed at all 
between the measured and simulated velocities. This confirms with recorded accounts that the said event 
involved relatively large amounts of pore fluid resulting from the exposure of the source area to heavy rainfall.   

 
 

Fig. 1: a) Ortho-graphic projection of the channelized debris flow event no. 25 that happened adjacent to the Yu Tung 
road, Hong Kong (the image is taken from the material provided for this benchmarking exercise). The demarcations 

indicate the locations were flow velocities are estimated. b.) Velocity profiles as calculated from the two-phase model for 
𝐶𝐶𝑠𝑠 = 0.35 (dashed-dot), 𝐶𝐶𝑠𝑠 = 0.6 and the elevation profile of the flow path (solid line). The points in the graph are the 

known velocities in certain regions as previously shown in a 
 

 

 
Fig. 2: The flow profiles at 100m, 400m, 420m and at deposition for 𝐶𝐶𝑠𝑠 = 0.35. The final image is 

the deposit profile which stops a few meters from the road 
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A
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4  CONCLUSIONS 
 
Debris flows are characterized by the additive and coupled effects of its solid and fluid constituents to the flow 
dynamics. As such, a two-phase depth-averaged debris flow model is proposed which aims to simulate the 
motion of each constituent during a single event. The solid phase is treated as a dense granular flow with the 
frictional resistance defined by the shear-rate dependent non-local 𝜇𝜇(𝐼𝐼) rheology. The fluid phase is treated as 
a slurry made up of water and fine particles. Fluid friction is simply defined by the fluid viscosity. 

The model was tested against a debris flow case which was known to be highly saturated and thus has a fluid 
phase that can affect the mobility significantly. The model parameters were chosen based on previously 
determined values. The solid volume concentration was varied to demonstrate the effect of the degree of 
saturation to the flow mobility. Increasing the solid concentration accordingly decreases the flow velocity and 
the deposit distance. This implies that the presence (or abundance) of pore fluid effectively reduces internal 
friction and hence numerically “fluidizes” the flow. 

The model provides generally acceptable results but still suffers from several shortcomings. In this brief 
report, a comparison between other frictional models was not presented nor was an in-depth assessment of the 
numerical values used provided. Further investigation into these matters will be the focus of future work. 
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1  OVERVIEW 
 
1.1  Introduction 
 
As part of the Second JTC1 Workshop, a Benchmarking Exercise on Landslide Runout Analysis (referred to 
Benchmarking Exercise hereafter) is organised. This is the second Benchmarking Exercise since its first launch 
in 2007, which aims to stocktake the latest methodologies for simulation of landslide debris runout and the 
corresponding development trend as well as the state-of-the-art practice in assessing landslide debris mobility, 
in particular, for the purposes of forward prediction. 

In this second Benchmarking Exercise, participants completed numerical modelling of selected 
benchmarking cases and provided their result reports before the Forum. During the Forum, the participants 
presented key summaries of their findings and took part in discussions on various aspects of the dynamic 
modelling of landslide mobility. The Terms of Reference of the Benchmarking Exercise is included in 
Appendix A. Professor Manuel Pastor (Chairman), Professor Kenichi Soga, Professor Scott McDougall and Dr 
Julian Kwan serve on the Review Committee for the Benchmarking Exercise. The Review Panel was supported 
by a Hong Kong specialist team which assisted in compiling and summarising the benchmarking results. The 
support team comprised Dr Carlos Lam and Dr Eric Sze, both from the Geotechnical Engineering Office. 

Some twenty research groups in the subject were invited in March 2018 to participate in the Benchmarking 
Exercise to assemble dynamic numerical models for a total of six cases (details of all the cases involved are 
provided in Appendix B). The cases are divided into four groups, as follows: 

 
Group A – Rock avalanches 

A1 The Goldau rock avalanche in Switzerland 
Group B – Mudflow 

B1 Popocatépetl volcano muddy lahar 
Group C – Debris Flows 

C1 2008 Yu Tung Road debris flow, Hong Kong 
C2 Johnsons Landing debris avalanche, Canada 

Group D – Hypothetical Prediction Cases 
D1 A historical landslide catchment in Hong Kong 
D2 A potential rock avalanche site in Canada 

 
Packages of input materials were distributed to those interested parties in April 2018. By October 2018, a 

total of nine teams (from Canada, China, France, Hong Kong, Italy, Korea, Spain and Switzerland) had 
submitted their modelling results using their respective numerical methods and rheological models. The 
participating groups were invited to back-analyse any of the cases in Groups A to C using their model, so as to 
yield the best simulation of observed behaviour. They were also invited to make forward predictions for any of 
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the two hypothetical landslides (a historical landslide catchment in Hong Kong, and a potential rock avalanche 
site in Canada) in Group D. 

This report recaps the key findings of the 2007 Benchmarking Exercise and summarises the submissions 
made by various teams in terms of the cases that they have attempted and the methods of analysis, including the 
rheological models and numerical methods that they have adopted, reviews of the modelling results to diagnose 
notable common points and discrepancies among them. This report then examines key observations and insights 
gained in relation to the application of mobility modelling to landslide risk management and identifies potential 
areas for further research and development. 

1.2  Key findings of the 2007 benchmarking exercise 

The first Benchmarking Exercise was held in 2007 (See QR Code below) in Hong Kong to review the 
state-of-the-art in landslide numerical models and to promote interaction among the groups who were 
developing their own models (Hungr et al. 2007). Twenty-one different teams were invited to submit modelling 
results for a series of selected benchmarking cases, which included theoretical and experimental validation tests 
and full-scale landslide case histories. One forward-prediction case was also included in the Exercise in 2007. 
Thirteen teams made submissions using 17 different models, including one discontinuum model. The workshop 
participants and key sources of more detailed information as well as the modelling methodologies and workshop 
results were summarised by Hungr et al. (2007), who drew the following general conclusions from a subjective 
comparison of the submissions: 

(1) When the same basal rheology and similar input parameter values were used, several of the models
produced similar travel distances, emplacement times, and deposit shapes, in spite of the very different
numerical solution methods. For example, Dan3D, a meshless Lagrangian model, and RASH3D, a fixed
mesh Eulerian model, produced consistently similar results.

(2) Despite this general good correspondence, some notable discrepancies were observed in the spatial
extent and profile of the simulated deposits. Hungr et al. (2007) suggested that these discrepancies may
be related to different assumptions about internal stress states based on the Savage-Hutter theory, which
could have a strong influence on contraction and expansion of the simulated flow.

(3) The entrainment simulation capabilities had not yet well developed. Some models required the input of
user-prescribed entrainment rates, whereas other models simulated erosion based on the properties of
material along the path. Simulation results appeared to be sensitive to the assumed mode of entrainment.

(4) Depth-averaged continuum models may not be suitable for simulating landslides with very steep failure
surfaces or where the debris thickness was large relative to the runout distance i.e. when the assumption
of shallow flow conditions may be violated.

For the single forward-prediction case that was included in the 2007 Benchmarking Exercise, workshop 
participants were given a prescribed set of input parameter values. As such, different runout prediction 
methodologies could not be compared. 

1.3  Summary of submissions on the 2018 benchmarking exercise 

For the present Benchmarking Exercise, nine groups have submitted their modelling results using their 
respective numerical methods (Table 1). The cases that they have attempted are listed in Table 2. 

The submissions have been summarised in terms of the following key areas of modelling approaches and are 
presented in Table 3: 

(a) Solution dimensions and basic solution approach (Table 3(a));
(b) Solution reference frame (Table 3(b));
(c) Basal rheology (Table 3(c)); and
(d) Entrainment of material along flow path (Table 3(d)).

2007 Benchmarking Exercise 
https://bit.ly/2PCMy85 
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Table 1: List of participants and numerical models used 
Team Denoted as Model 

Institute of Mountain Hazards and Environment, China 
(Xie et al, 2018) 

IMHE Two-phase 

Geotechnical Engineering Office, Hong Kong 
(Law & Koo, 2018) 

GEO 
2d-DMM 
3d-DMM 

LS-DYNA 

Arup, Hong Kong 
(Cheung & Yiu, 2018) 

Arup LS-DYNA 

Yonsei University, Seoul, Korea 
(Hong & Jeong, 2018) 

Yonsei Navier-Stokes 

Politecnico Di Torino, Italy 
(Pirulli et al, 2018) 

Torino 
RASH3D 
HYBIRD 

University of British Columbia, Vancouver and 
Eidgenössische Technische Hochschule, Zurich 

(Mitchell et al, 2018) 
UBC/ETH Zurich Dan3D 

Institut de Physique du Globe, Paris, France, 
BRGM, Orléans, France and 

Université Paris-Est – Marne-la-Vallée, Marne-laVallée, France 
(Peruzzetto et al, 2018) 

IPGP/BRGM/UPEM SHALTOP 

The Hong Kong University of Science and Technology, Hong Kong 
(Kong et al, 2018) 

HKUST CFD/DEM 

Universidad Politécnica de Madrid, Spain 
(Pastor et al, 2018) 

UPM SPH 

  
 

Table 2: Cases included in the submissions by participants 

Team Model 

Group A 
A1 

The Goldau 
rock avalanche 
in Switzerland 

Group B 
B1 

Popocatépetl 
volcano 

muddy lahars 

Group C Group D 

C1 
2008 Yu 

Tung Road 
debris flow, 
Hong Kong 

C2 
Johnsons 
Landing 
debris 

avalanche, 
Canada 

D1 
A historical 

landslide 
catchment in 
Hong Kong 

D2 
A potential 

rock 
avalanche 

site in 
Canada 

IMHE Two-phase   •    

GEO 
2d-DMM 
3d-DMM 

LS-DYNA 
• 

•  
• 
• 

• • • 

Arup LS-DYNA     •  

Yonsei Navier-Stokes •  • • • • 

Torino 
RASH3D 
HYBIRD 

  
• 
• 

• • 
 

UBC/ETH 
Zurich 

Dan3D • • • • • • 

IPGP/BRGM 
/UPEM 

SHALTOP •  •    

HKUST CFD/DEM   •    

UPM SPH  • •  •  
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Table 3(a): Summary of method of analysis – solution dimensions and basic solution approach 
Team Model Solution Dimensions( 1) Basic Solution Approach 

IMHE Two-phase 3D Continuum(2) 

GEO 
2d-DMM 
3d-DMM 

LS-DYNA 

2D 
3D 
3D 

Continuum 
Continuum 
Continuum 

Arup LS-DYNA 3D Continuum 

Yonsei Navier-Stokes 3D Continuum 

Torino 
RASH3D 
HYBIRD 

3D 
3D 

Continuum 
 Continuum(3) 

UBC/ETH Zurich Dan3D 3D Continuum 

IPGP/BRGM/UPEM SHALTOP 3D Continuum 

HKUST CFD/DEM 3D Hybrid(4) 

UPM SPH 3D Continuum(2) 

Notes: 
(1) Two-dimensional (2-D) – analysing cross-section of a single pre-defined width; 

Three-dimensional (3-D) – analysis in plan and in cross-section. 
(2) Two-phase continuum model capable of simulating the soil-phase and water-phase. 
(3) HYBIRD is a combination of the Discrete Element Method (DEM) and Lattice-Boltzmann 

Method (LBM).  It is capable of explicitly modelling the fluid-particle interaction.  However, 
only the LBM part was adopted in this benchmarking exercise. 

(4) CFD/DEM means coupled Computational Fluid Dynamics (CFD) and Discrete Element 
Method (DEM).  It is capable of explicitly modelling the fluid-particle interaction. 

 
 

Table 3(b): Summary of method of analysis – solution reference frame 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Team Model Eulerian(1) 

Lagrangian(2) 

Hybrid With 
mesh 

Mesh 
Free 

IMHE Two-phase x    

GEO 

2d-DMM  x   

3d-DMM   x  

LS-DYNA    x(3) 

Arup LS-DYNA    x(3) 

Yonsei Navier-Stokes x    

Torino 
RASH3D x    

HYBIRD x    

UBC/ETH Zurich Dan3D   x  

IPGP/BRGM/UPEM SHALTOP x    

HKUST CFD/DEM  x(4)    

UPM SPH   x  

Notes: 
(1) Eulerian – fixed reference frame 
(2) Lagrangian – moving reference frame 
(3) LS-DYNA adopts the Arbitrary Lagrangian-Eulerian (ALE) approach. 
(4) For CFD-DEM, the CFD part adopts the Eulerian approach. 
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Table 3(c): Summary of method of analysis – basal rheology 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 3(d): Summary of method of analysis – entrainment of material from the path 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Team Model Frictional(1) Voellmy(2) Bingham(3) Others 

IMHE Two-phase  x(4)    

GEO 

2d-DMM  x   

3d-DMM x x   

LS-DYNA  x   

Arup LS-DYNA  x   

Yonsei Navier-Stokes  x(5)    

Torino 
RASH3D x x x x(6) 

HYBIRD  x x x(7) 

UBC/ETH Zurich Dan3D   x(8)   

IPGP/BRGM/UPEM SHALTOP x x   

HKUST CFD/DEM    x(9) 

UPM SPH  x x  

Notes: 
(1) Frictional – shear stress as a linear function of total normal stress. 
(2) Voellmy – frictional term plus a term proportional to the square of velocity. 
(3) Bingham – constant shear strength plus viscous term. 
(4) A shear rate dependent contact friction is adopted. 
(5) A combination of Coulomb friction and viscosity is adopted. 
(6) Quadratic rheology is adopted. 
(7) Turbulent rheology is adopted. 
(8) Both frictional Voellmy rheology and undrained Voellmy rheology are adopted. 
(9) No specific rheological model is adopted. 

Team Model Not Considered Considered 

IMHE Two-phase x  

GEO 

2d-DMM x  

3d-DMM x  

LS-DYNA x  

Arup LS-DYNA x  

Yonsei Navier-Stokes  x(1) 

Torino 
RASH3D  x(2) 

HYBIRD x  

UBC/ETH Zurich Dan3D  x(2) 

IPGP/BRGM/UPEM SHALTOP x  

HKUST CFD/DEM  x(3) 

UPM SPH  x(4) 

Notes: 
(1) Soil erosion is calculated by a modified infinite slope stability calculation. 
(2) Entrainment is proportional to flow depth and velocity. 
(3) Soil erosion is controlled by debonding thresholds (dependent on e.g. particle shape, local 

topography, non-homogeneity and flow condition) of the erodible bed (represented by bonded 
particles). 

(4) Soil erosion is proportional to flow depth and velocity. 
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2  RESULTS OF MODELLING 
 
2.1  Group A – rock avalanches 
 
Group A comprises only one case: Case A1 – The Goldau rock avalanche, Switzerland. 
 
2.1.1  Case A1 – The Goldau rock avalanche, Switzerland 
 
The Goldau Rock Avalanche occurred in Central Switzerland in 1806. This case involves a detachment of 35 to 
40 Mm3 of material along a planar rupture surface of a dip slope in marlstone and conglomerate. An extent of 
debris runout zone is given in the exercise for back-calculation of simulation parameters. Four teams have 
submitted simulation results. Their models and key input parameters adopted are summarised in Table 4. 
 

Table 4: List of participants and the input parameters for Case A1 

Team Model Key input parameters 

GEO(1) 3d-DMM 

Frictional rheology 
Internal friction angle = 23 
Basal friction angle = 11 
Number of particles = 4,400 
Particle volume = 8,000 m3 
Smoothing coefficient = 4 
Time step interval = 0.05 s 

Yonsei(2) Navier-Stokes 

Frictional rheology 
Internal friction angle = 21 
Basal friction angle = 12   
Cohesion of soil = 24 kPa 
 = 1.25,  = 1.0 

UBC/ETH Zurich(3) Dan3D-Flex 

Frictional rheology (for source zone and steep rock 
slopes above the valley bottom) 

Friction angle = 12o 
Voellmy rheology (for valley bottom)(4) 

Friction parameter = 0.157 (8.9o) 
Turbulence coefficient = 680 m/s2 

IPGP/BRGM/UPEM(5) SHALTOP 
Frictional rheology 

Basal friction angle = 11 

Notes: 
(1) Entrainment was not considered. 
(2) Entrainment was considered such that the debris volume increased from 38.5 Mm3 to 43 Mm3. 
(3) The flexible block module of DAN3D (DAN3D-Flex) was used.  The debris mass was modelled as a 

flexible block until its front vacated the source zone.  Both frictional and Voellmy rheologies were used at 
different sections of the flow path. 

(4) The parameters were the best-fit combination obtained by the Gauss-Marquardt-Levenberg (GML) 
optimisation. 

(5) The basal friction angle was a best-fit parameter with a relative root mean square (RMS) of about 0.7. 

 
Figure 1 summarises the simulation results reported by the teams. Key results, including the debris travelling 

time, maximum debris flow velocity and debris deposition depth, if available, are summarised in Table 5.  
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 (a1) Simulated debris runout profiles (3d-DMM by GEO) 
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(a2) Simulated the time histories of a) the velocity and thickness at slope toe; and b) the average velocity  
of the whole landslide debris (3d-DMM by GEO) 
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 (b1) Simulated debris runout profiles (Navier-Stokes by Yonsei) 
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(b2) Simulated time histories of debris flow velocity and volume (Navier-Stokes by Yonsei) 
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(c) Simulated debris deposition profile (based on the lowest-error parameter set) (Dan3D-Flex by UBC/ETH Zurich) 
 

 

 
(d) Simulated debris runout profile and maximum flow thickness (SHALTOP by IPGP/BRGM/UPEM) 

 
Figure 1: Simulation results by various models for Case A1 
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Table 5: Summary of debris travelling time, maximum debris flow velocity and deposition depth for Case A1 

Team Model 
Debris Travelling  

Time (s) 

Maximum Debris 
Flow Velocity 

(m/s) 

Maximum 
Debris 

Deposition 
Depth (m) 

GEO 3d-DMM Rest at about 120 s 
Frontal velocity 

 = 60 m/s 
< 60 m 

Yonsei 
Navier 
-Stokes 

Rest at about 120 s 
Frontal velocity 

 = 60 m/s 
> 20 m(1) 

UBC/ETH Zurich(2) 
Dan3D 
-Flex 

- - > 32.5 m(1) 

IPGP 
/BRGM/UPEM(2) 

SHALTOP - - < 60 m(1) 

Notes: 
(1) Results inferred from contour plots. 
(2) Information about debris travelling time and flow velocity was not given. 

 
 
2.1.1.1  Observations 
 

(1) Three out of the four teams adopted Frictional rheology for simulation of the entire landslide runout 
process, except UBC/ETH Zurich who used Frictional rheology at the source location and Voellmy 
rheology for the valley bottom. UBC/ETH Zurich and IPGP/BRGM/UPEM conducted parametric 
studies to obtain a set of parameters that best-fit the observed results, based on different calibration 
methodologies (UBC/ETH Zurich: Gauss-Marquardt-Levenberg optimisation; IPGP/BRGM/UPEM: 
root mean square). 

(2) All teams reported the debris runout / deposition profiles. The modelling results were found largely 
consistent with the field observed trimline, except that more extensive lateral spreading during debris 
deposition was resulted in the models. In all models, some debris tended to deposit on the west side of 
the trimline. It could probably be explained by the presence of a ridge line that passed through the 
source location and partially altered the debris flow direction, as discussed by the GEO team. 

(3) The extent of lateral spreading during debris deposition was similar for GEO, Yonsei and 
IPGP/BRGN/UPEM, who adopted Frictional rheology in their models. The simulation result by 
UBC/ETH Zurich was found to be more confined with the least lateral spreading. The UBC/ETH 
Zurich team specifically adopted Voellmy rheology for the valley bottom, but they also qualified that 
the splash zone of saturated sediment was not represented in their model because the interaction 
between rock avalanche and path materials was not considered. 

(4) The debris deposition depth modelled by all teams was found to be in a similar order, with a maximum 
depth of less than 60 m. 

(5) Only GEO and Yonsei reported the debris travelling time and the debris flow velocity. Their 
modelling results were found to be similar, with the maximum frontal debris velocity of about 60 m/s 
and the debris travelling for about 120 s before coming to rest. They also used similar basal friction 
angles (GEO: 11o, Yonsei: 12o) but Yonsei considered entrainment in their model. 

(6) UBC/ETH Zurich discussed their calibration of parameters using the GML algorithm. They concluded 
that the basal friction angle that gave the best result was 12o, which is consistent with the parameter 
used by the other teams (11o – 12o). 
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2.2  Group B – Mudflows 
 
Group B comprises only one case: Case B1 – Popocatépetl Volcano Muddy Lahars in Mexico. 
 
2.2.1  Case B1 – Popocatépetl volcano muddy lahar in Mexico 
 
This case involves two lahars triggered by glacier melting in Mexico in 1997 and 2001, with the estimated initial 
lahar volumes estimated to be 1.85×105 to 3.30×105 m3 and 1.57×105 to 2.44×105 m3, respectively. The runout 
distance and maximum flow velocity for the 2001 event were provided to the participants. Three teams 
attempted this case. Their models and key input parameters are summarised in Table 6. 

 
Table 6: List of participants and the input parameters for Case B1 

Team Model Key input parameters 

GEO(1) 2d-DMM 
Voellmy rheology 

Basal friction angle = 1 
Turbulence coefficient = 125 m/s2 

UBC/ETH Zurich(2) DAN3D - 

UPM(3) SPH 
Bingham rheology 

Yield stress = 60 Pa 
Viscosity = 45 Pa·s 

Notes: 
(1) GEO used a 2D model and undertook a parametric study to evaluate the best-fit parameters 

for the 2001 lahar event. The source volume was taken as 160,000 m3. Entrainment was not 
considered. 

(2) Simulation was attempted for the 2001 lahar event using the Voellmy rheology for the 
entire runout of the event and neglecting entrainment but satisfactory results were not 
obtained. The team considered that the model discretisation could be too coarse for this 
event. Future improvement may require increasing the number of computational elements. 

(3) The 3D simulation by Haddad et al. (2010) of the 2001 lahar event was reported. 
Entrainment was not considered. 

 
Among the three teams, only GEO and UPM successfully simulated the 2001 lahar event. Figure 2 

summarises the simulation results reported by them. UPM reported the simulated debris flow velocity, ranging 
from 5 – 11 m/s at the upper part of the hillside to 1 – 3 m/s at the lower part. The results are largely consistent 
with field observations. 
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(a) Comparison between the computed and measured debris flow velocity and runout distance (2d-DMM by GEO) 
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(b) Simulated debris runout profiles (SPH by UPM) 

 
Figure 2: Simulation results by various models for Case B1 

 
 
2.2.1.1  Observations 
 

(1) GEO used a 2D model to simulate this case. They presented a parametric study of the Voellmy 
parameters and found that with a very low basal friction angle of 1o and a turbulence coefficient of 125 
m/s2, the simulated maximum flow velocity and runout distance could reasonably replicate the field 
measurements. This finding suggests that the flow mass could have been highly fluidised, which also 
matches the field record that over 40% of the flow mass was water. Although UBC/ETH Zurich also 
used the Voellmy model, they could not produce satisfactory results for this case citing that the model 
discretisation was too coarse. 

(2) UPM adopted the Bingham model. This model was also suggested by GEO as a better choice than the 
Voellmy model given the watery nature of the lahar. 

(3) None of the participating teams considered soil entrainment. This may be attributed to the observation 
of Haddad et al. (2010) that this lahar event had low erosive power. 
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2.3  Group C – Debris flows 
  
Group C comprises two cases of debris flows: Case C1 – 2008 Yu Tung Road debris flow, Hong Kong; and Case 
C2 – Johnsons Landing debris avalanche, Canada. 
 
2.3.1  Case C1 - 2008 Yu Tong Road debris flow, Hong Kong 
 
The 2008 Yu Tung Road debris flow event involved a single landslide source. About 2,350 m3 of debris 
detached from the source location, which had a runout distance of about 600 m, and all the debris reached Yu 
Tung Road resulting in serious road blockage. The participants were required to produce a profile plot that 
presents both the computed frontal velocities and the measured velocities for comparison. The participants were 
also required to demonstrate that the simulated landslide debris could reach the Road. Since the final deposit 
profile was not available, the participants were not required to compare the computed and measured deposit 
profiles.  

 
Table 7: List of participants and key input parameters for Case C1 

Team Model Key input parameters 

IMHE Two-phase 

Solid volume concentration = 0.35 
Fluid viscosity = 0.1 Pa·s 
Mean particle diameter = 0.01 m 
µ s = 0.22, µ2 = 0.3, I0 = 0.3(1) 

GEO 

3d-DMM 

Internal friction angle = 30(2) 

Basal friction angle = 8 
Turbulent coefficient: 500 m/s2 
Number of particles = 5000 
Particle volume = 0.52 m3 
Smoothing coefficient = 4 

LS-DYNA 
Internal friction angle = 15(2) 

Basal friction angle = 8 
Turbulent coefficient: 500 m/s2 

Yonsei Navier-Stokes 

Internal friction angle = 30 
Basal friction angle = 8   
Soil cohesion = 3 kPa 
 = 1.0,  = 1.0(3) 

Torino 

RASH3D 

Case 1 (Frictional and Voellmy) 
Basal friction angle = 25 (Source) 
Basal friction angle = 8.5 (Channel) 
Turbulent coefficient = 750 m/s2 (Channel) 

Case 2 (Voellmy) 
Basal friction angle = 23 (Source) 
Basal friction angle = 8.5 (Channel) 
Turbulent coefficient = 845 m/s2 (Source) 
Turbulent coefficient = 750 m/s2 (Channel) 

HYBIRD 

Cases 1 to 3 (Voellmy) 
Basal friction angle = 1.5 to 6  
Grain diameter = 0.005 to 0.02 m(4) 

Case 4 (Bingham) 
Bingham yield stress = 500 Pa 
Viscosity = 20 Pa·s  

Case 5 (Turbulent) 
Turbulent viscosity = 50 Pa·s 

UBC/ETH 
Zurich 

Dan3D 

Friction parameter = 0.202  
(equivalent to basal friction angle = 11.4) 
Turbulent coefficient = 979 m/s2 
Entrainment rate = 0.0015(5) 

IPGP/BRGM 
/UPEM 

SHALTOP Basal friction angle = 4 
Turbulent coefficient: 400 m/s2(6) 
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Table 7: List of participants and key input parameters for Case C1 (cont’) 
Team Model Key input parameters 

HKUST CFD/DEM Particle radii = 0.2, 0.24, 0.26, 0.28 and 0.3 m 

UPM SPH Basal friction angle = 8 
Turbulent coefficient: 500 m/s2 

Notes:  
(1) Rheological parameters µ s, µ2 and I0 are solid particle constants and are determined 

based on previous experience. Solid volume concentration (Cs) varied to show the 
effect of degree of saturation on flow mobility. 

(2) The internal friction angle used in the 3d-DMM model was assumed, while that used 
in LS-DYNA was back-analysed to match the runout distance. 

(3) Coefficients  and  are determined based on the debris flow types. Soil cohesion is 
used in erosion calculations. 

(4) Turbulent dissipation is controlled by a Bagnold-like collisional length scale, which is 
assumed to be the grain diameter (d).  

(5) Parameters calibrated using an optimisation algorithm. 
(6) Best-fit parameters with a root mean square (RMS) of 0.03. The observed velocities 

cannot be satisfactorily reproduced using Bingham rheology. 
 
 

Eight teams set up their numerical models to back-analyse this debris flow. Table 7 summarises the key input 
parameters adopted in their simulation models. Figures 3 and 4 show the back-analysed frontal velocity profile 
and the runout path of the debris flow, respectively.  
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(a) Two-phase by IMHE 
 

  
 

(b) 3d-DMM and LS-DYNA by GEO 
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(c) Navier-Stokes by Yonsei 
 

 
 

(d) RASH3D and HYBIRD by Torino 
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(e) SHALTOP by IPGP/BRGM/UPEM 
 

 
 

(f) CFD/DEM by HKUST 
 

Figure 3: Simulated frontal velocity by various models for Case C1 
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(a) Two-phase by IMHE 
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(b) 3d-DMM by GEO
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(c) LS-DYNA by GEO 



300

Second JTC1 Workshop
3-5 December 2018, Hong Kong

Triggering and Propagation of Rapid Flow-like Landslides

0 m
100 m200 m300 m

400 m

500 m

~ 0.5
0.5 ~ 1
1 ~ 1.5
1.5 ~ 2
2 ~ 

Thickness (m)Time = 0 sec

0 m

253 m

N

 

0 m
100 m200 m300 m

400 m

500 m

~ 0.5
0.5 ~ 1
1 ~ 1.5
1.5 ~ 2
2 ~ 

Thickness (m)Time = 10 sec

0 m

253 m

N

 

0 m
100 m200 m300 m

400 m

500 m

~ 0.5
0.5 ~ 1
1 ~ 1.5
1.5 ~ 2
2 ~ 

Thickness (m)Time = 20 sec

0 m

253 m

N

 

0 m
100 m200 m300 m

400 m

500 m

~ 0.5
0.5 ~ 1
1 ~ 1.5
1.5 ~ 2
2 ~ 

Thickness (m)Time = 30 sec

0 m

253 m

N

 

0 m
100 m200 m300 m

400 m

500 m

~ 0.5
0.5 ~ 1
1 ~ 1.5
1.5 ~ 2
2 ~ 

Thickness (m)Time = 40 sec

0 m

253 m

N

 
 

(d) Navier-Stokes by Yonsei 
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 (e) RASH3D and HYBIRD by Torino 
 

 

 
 

(f) Dan3D by UBC/ETH Zurich 
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Runout profile 

 

 
Eroded topography after 40s 

 
(g) SPH by UPM 

 
Figure 4: Simulated runout distance by various models for Case C1 
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2.3.1.1  Observations: 
 

(1) The computed velocity profile has not been reported by all teams, but for those who have reported 
(Figure 3), the computed profiles can reasonably match the measured velocities. Most participants 
successfully demonstrated in their simulations that the simulated landslide debris can reach the Yu 
Tung Road (Figure 4), while one team reported that the simulated debris stopped just before reaching 
the road. 

(2) Some participants, such as the Torino and IPGP/BRGM/UPEM teams, performed their simulations 
using both the Voellmy and the Bingham models. It was found that the Voellmy model was found to 
give more satisfactory results than the Bingham model. The Voellmy model is also the most popular 
rheological model among the different teams for this back-analysis case, probably due to its simplicity 
and long history of use in modelling debris flows.  

(3) It is interesting to note that when the Voellmy model was used, the basal friction angle adopted for the 
runout channel varies from 1.5° to 11.4° and the adopted turbulent coefficient varies between 400 and 
979 m/s2, despite the fact that all the teams can reproduce this debris flow event reasonably well using 
these input parameters. This shows that there is no guarantee that the same input parameters will give 
similar simulation results when implemented in different numerical models. The Torino team, which 
used the Voellmy model in two different numerical models (RASH3D and HYBIRD), also made a 
similar statement on the transportability of input parameters between their numerical models. 

(4) Two different teams that used the Voellmy model optimised their input parameters. The UBC/ETH 
Zurich team reported that the result is more sensitive to the basal friction than the turbulent coefficient. 
The IPGP/BRGM/UPEM team reported that similar velocity profiles can be reproduced by using 
different combinations of input parameters, though some are statistically better than the others. These 
findings suggest that optimisation of input parameters remains to be an important topic to be explored 
in debris flow simulation. 

(5) Many teams considered soil erosion and entrainment in their simulations using a range of techniques, 
e.g. slope stability analysis, discrete element, and estimated entrainment rate. Consideration of soil 
erosion and entrainment is considered by some participants to be important in correctly simulating the 
volume change of the landslide debris. However, the change in the topographic profile due to soil 
erosion does not seem to have been considered by the participants except the UPM team, who updated 
the topography continuously with the eroded material (see Figure 4(g)). 

(6) All models except Navier-Stokes simulated that the debris flow could have been 100 m to 200 m long 
during its travel in the incised drainage line, this is consistent with the estimation based on the 
YouTube video record. 

(7) Some teams (e.g. IMHE and HKUST) explicitly considered the multi-phase nature of debris flows in 
their simulations. For this debris flow case, a relatively high fluid content (low solid volume 
concentration) was required to give results that are in good agreement with the measured data.  

 
2.3.2  Case C2 - Johnsons Landing debris avalanche, Canada 
 
The Johnsons Landing debris avalanche occurred on July 12th 2012 northwest of the small community of 
Johnsons Landing in Canada. Debris flows occurred previously at this site but always followed the curving path 
of the gully. The 2012 debris avalanche was initially confined in the upper channel, but avulsed from the channel 
at a 70 bend and spread out over the terrace surface and destroyed three homes located on the Johnsons Landing 
bench. 
 This debris avalanche had a source volume of about 320,000 m3 and a total deposit volume of 364,000 m3. 
It was estimated that 140,000 m3 of material deposited in the upper channel, 55,000 m3 deposited in the mid 
channel and 169,000 m3 deposited on the bench. Only 5% of the material from the initial failure travelled 
through the sharp bend and all the way down the channel to the fan at the gully’s mouth. According to 
eyewitness account and super-elevation data, the flow velocity ranged between 25 and 35 m/s as the landslide 
debris travelled down the channel.  

Four teams have carried out back-analyses of this debris avalanche. Table 8 summarises the key input 
parameters adopted in the numerical models. Figure 5 shows the back-analysed debris deposition profile.  
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Table 8: List of participants and key input parameters for Case C2 

Team Model Key input parameters 

GEO 3d-DMM 

Internal friction angle = 30 
Basal friction angle = 6 (channel), 28 (bench) 
Turbulent coefficient: 5000 m/s2 
Number of particles = 7000 
Particle volume = 50 m3 
Smoothing coefficient = 4 

Yonsei Navier-Stokes 
Internal friction angle = 30 
Basal friction angle = 8 (channel), 30 (bench) 
Soil cohesion = 3 kPa,  = 1.0,  = 1.0 

Torino RASH3D 

Case 3V (Voellmy) 
Basal friction angle = 11.3 
Turbulent coefficient = 800 m/s2 

Case 4Q (Quadratic) 
Bingham yield stress = 1.2 kPa 
Bingham viscosity = 40 Pa·s 
Manning coefficient = 0.03 s·m−1/3(1) 

UBC/ETH Zurich Dan3D 
Bulk undrained strength ratio = 0.107  
Turbulent coefficient = 1908 m/s2(2) 

Notes: 
(1) Four simulation cases (Cases 1V to 4V) were analysed using Voellmy rheology, and six cases 

(Cases 1Q to 6Q) were analysed using quadratic rheology. 
(2) Undrained Voellmy rheology was used, where the friction parameter is replaced with a constant 

undrained strength ratio. 
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(a) 3d-DMM by GEO 
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(b) Navier-Stokes by Yonsei 
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(c) Dan3D by UBC/ETH Zurich 
 
 
 

 
 

(d) RASH3D by Torino 
 

Figure 5: Simulated runout distance by various models for Case C2 
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2.3.2.1  Observations: 
 

(1) The flow velocity was estimated to range between 25 and 35 m/s as it travelled down the channel. The 
GEO team reported that the minimum flow velocity required for the landslide debris to overtop the 70° 
bend was around 27 m/s. Both the GEO and the Yonsei teams reported maximum flow velocities 
higher than this threshold value. 

(2) All participating teams successfully reproduced the overtopping of the landslide debris at the 70° bend 
and the deposition of the debris on the Johnsons Landing bench, although the back-analysed amount 
and extent of the debris deposited on the bench varies quite considerably as shown in Figure 5. 

(3) Three out of four teams used the frictional Voellmy model in their back-analyses. In order to 
reproduce the overtopping of the landslide debris at the sharp bend, the GEO and Yonsei teams 
adopted a low basal friction angle of 6° and 8° respectively for the upper channel. A considerably 
higher friction angle (28° by GEO and 30° by Yonsei) was used to simulate the high flow resistance in 
the bench area. 

(4) Three of four teams reported that the back-analysed amount of landslide debris deposited along the 
upper channel was considerably lower than the estimated value (140,000 m3)  It is evident that the 
requirements of simulating the overtopping of the landslide debris at the sharp bend (for which a high 
flow velocity along the upper channel is required) and a considerable deposit volume along the upper 
channel (for which a low flow velocity is preferred) present a real challenge to the participants in this 
case. 

(5) The Dan3D result satisfactorily reproduced the observed deposition profile along the entire runout 
path. This may be attributed to the implementation of an automatic optimisation algorithm with the 
estimated deposit volumes and deposit depths at different locations used as constraints. The use of a 
newly developed undrained Voellmy model also improved the simulation result – the advantages of 
this new model are discussed in Aaron (2017). It is evident that the development of theoretically 
correct, yet easy-to-implement rheological models and the optimisation of input parameters are two 
areas that merit further attention in the landslide community. 

 
2.4  Group D – Hypothetical prediction cases 
 
Group D comprises two cases for forward prediction analyses: Case D1 – A historical landslide catchment in 
Hong Kong; and Case D2 – A potential rock avalanche site in Canada. 
 
2.4.1  Case D1 – A historical landslide catchment in Hong Kong 
 
This case assumes 10,000 m3 ground mass of a distressed hillside in a historical landslide catchment (at Tate’s 
Cairn, Hong Kong) detaches and develops into a debris flow along a natural drainage line.  The participants 
were asked to analyse two sub-cases: (a) with entrainment; and (b) without entrainment. Six teams submitted 
their simulation results. Their adopted models and key input parameters are summarised in Table 9. 
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Table 9: List of participants and the input parameters for Case D1 
Team Model Key input parameters 

GEO(1) 3d-DMM 

Voellmy rheology 
Internal friction angle = 30 
Basal friction angle = 8  
Turbulence coefficient = 500 m/s2 

Number of particles = 5000 
Particle volume = 2 m3 
Smoothing coefficient = 4 

Arup(2) LS-DYNA 

Voellmy rheology 
Internal friction angle = 15 
Basal friction angle = 8 
Turbulence coefficient = 500 m/s2 

Density of debris mass = 1900 kg/m3 

Yonsei(3) Navier-Stokes 

Frictional rheology 
Internal friction angle = 30 
Basal friction angle = 11   
Cohesion of soil = 3 kPa,  = 1.0,  = 1.0 

Torino(4) RASH3D 

Case I (Voellmy rheology) 
Basal friction angle = 8 
Turbulence coefficient = 500 m/s2 
Case II (Voellmy rheology) 
Basal friction angle = 11 
Turbulence coefficient = 500 m/s2 

UBC/ETH Zurich(5 & 6) Dan3D 

Case 1 (Voellmy rheology) 
Friction parameter = 0.20 (11.3o) 
Turbulence coefficient = 500 m/s2(6) 

Entrainment rate = 0.0012 
Case 2 (Voellmy rheology) 

Friction = 0.15 (8.5o) 
Turbulence coefficient = 500 m/s2(6) 

Entrainment rate = 0.0012 
Case 3 (Voellmy rheology) 

Friction = 0.22 (12.4o) 
Turbulence coefficient = 800 m/s2 

Entrainment rate = 0 
Case 4 (Voellmy rheology) 

Friction = 0.30 (16.7o) 
Turbulence coefficient = 500 m/s2 

Entrainment rate = 0 

UPM(7) SPH 

Voellmy rheology 
Basal friction = 0.3 (16.7) 
Turbulence coefficient = 500 m/s2 

Bingham rheology, Yield stress = 2,860 Pa 
Viscosity = 44.8 Pa·s 

Notes: 
(1) Only the “without entrainment” case was modelled. 
(2) For the “with entrainment” case: the source volume was increased to 20,000 m3 to simulate the 

effect of entrainment. 
(3) For the “with entrainment” case: the total debris volume increased from 1,000 m3 to 10,290 m3. 
(4) Two additional cases using different combinations of Voellmy parameters were modelled (i.e. Case 

I and Case II) for the “with entrainment” and “without entrainment” cases. 
(5) A total of four cases using different combinations of Voellmy parameters for the “with entrainment” 

and “without entrainment” cases (i.e. Cases 1 to 4).  The resulted final debris volumes ranged from 
10,000 m3 to 20,000 m3.  A range of turbulence coefficient (250 – 1,000 m/s2) was used for 
sensitivity check. 

(6) The channel topography was modified to simulate blockages at a bend in the channel above Point A, 
and where the flow crosses the Access Road at Point A (to promote avulsions). 

(7) Only the “with entrainment” case was modelled using a Hungr’s erosion coefficient of 0.0006.  
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Figure 6 summarises the simulation results. Table 10 summarises the debris flow velocity and thickness at 
three pre-defined point along the flow path. 
 
 

 
 

 
 

(a1) Simulated debris runout profiles with flow thickness and velocity contours for the “without entrainment” case 
(3d-DMM by GEO) 
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(a2) Time histories of debris flow thickness and velocity at Point B for the “without entrainment” case 
(3d-DMM by GEO) 

 
 

 

 
 

(b1) Simulated debris runout profiles for the “with entrainment” case (LS-DYNA by Arup) 
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(b2) Simulated debris runout profiles for the “without entrainment” case (LS-DYNA by Arup) 
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(b3) Time histories of debris flow velocity and thickness at Points A, B and C for “with entrainment” and “without 
entrainment” cases (LS-DYNA by Arup) 

 
 

 
 

(b4) Debris frontal velocity at different chainages for “with entrainment” and “without entrainment” cases 
(LS-DYNA by Arup) 
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 (c1) Simulated debris runout profiles for “with entrainment” and “without entrainment” cases (Navier-Stokes by Yonsei) 
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(c2) Time histories of debris flow depth at Points A, B and C (Navier-Stokes by Yonsei) 
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(c3) Time histories of debris flow velocity at Points A, B and C (Navier-Stokes by Yonsei) 
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(d1) Simulated debris runout profiles for the “with entrainment” case using the Voellmy parameters of Case I 
(RASH3D by Torino). 

 
 

 
 

(d2) Time histories of debris flow velocity and depth at Points A, B and C (RASH3D by Torino) 
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 (e1) Simulated debris runout profiles for the “with entrainment” case using the Voellmy parameters of Case 1  
(Dan3D by UBC/ETH Zurich) 

 
 

 
 

(e2) Time histories of debris flow velocity and depth of at Points A, B and C (Dan3D by UBC/ETH Zurich) 
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Voellmy model                         Bingham model 

 
(f) Simulated debris runout profiles for the “with entrainment” case using Voellmy model and Bingham model 

(SPH by UPM) 
 

Figure 6: Simulation results by various models for Case D1 
 
 

Table 10: Summary of maximum debris flow velocity and deposition depth for Case D1 

Team Model 
Maximum Debris Flow 

Velocity (m/s) 
Maximum Debris Flow  

Depth (m) 

GEO 3d-DMM 

Without entrainment 
Point A: 9.2 m/s 
Point B: 7.5 m/s 
Point C: 7.1 m/s 

Without entrainment 
Point A: 2.6 m 
Point B: 2.4 m 
Point C: 2.4 m 

Arup LS-DYNA 

Without entrainment 
Point A: 9.7 m/s 
Point B: 8.2 m/s 
Point C: 7.3 m/s 

With entrainment 
Point A: 10.8 m/s 
Point B: 9.8 m/s 
Point C: 8.4 m/s 

Without entrainment 
Point A: 3 m 
Point B: 3 m 
Point C: 3 m 

With entrainment 
Point A: 4.5 m 
Point B: 4 m 
Point C: 4 m 

Yonsei Navier-Stokes 

Without entrainment 
Point A: 11 m/s 
Point B: 13 m/s 
Point C: 9 m/s 

With entrainment 
Point A: 15 m/s 
Point B: 8 m/s 
Point C: 10 m/s(1) 

Without entrainment 
Point A: 6.5 m 
Point B: 7 m 
Point C: 4 m 

With entrainment 
Point A: 6 m 
Point B: 7.5 m 
Point C: 4 m(Note 1) 

Torino RASH3D 

Without entrainment 
Point A: 8 m/s 
Point B: 8 m/s 
Point C: 7.5 m/s 

With entrainment 
Point A: 5.5 m/s 
Point B: 6.5 m/s 
Point C: 6.5 m/s(1 & 2) 

Without entrainment 
Point A: 1.75 m 
Point B: 1.7 m 
Point C: 1.6 m 

With entrainment 
Point A: 2.5 m 
Point B: 2.8 m 
Point C: 2.4 m(1 & 2) 
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Table 10: Summary of maximum debris flow velocity and deposition depth for Case D1 (cont’) 

Team Model 
Maximum Debris Flow Velocity 

(m/s) 
Maximum Debris Flow 

Depth (m) 

UBC 
/ETH 
Zurich 

Dan3D 

Without entrainment 
Point A: 10 m/s 
Point B: 7 m/s 
Point C: 5 m/s 

With entrainment 
Point A: 11 m/s 
Point B: 10 m/s 
Point C: 7 m/s(1 & 3) 

Without entrainment 
Point A: 3 m 
Point B: 2 m 
Point C: 1 m 

With entrainment 
Point A: 3.5 m 
Point B: 3 m 
Point C: 2 m(1 & 3) 

UPM(4) SPH - - 
Notes: 
(1) Results inferred from plots. 
(2) Maximum values among Cases I and II (different combinations of Voellmy parameters 

used) shown. 
(3) Maximum values among Cases 1 to 4 (different combinations of Voellmy parameters used) 

shown. These values do not consider the results of sensitivity check on the turbulence 
coefficient. 

(4) Results not given. 
 
2.4.1.1  Observations 
 

(1) All teams selected input parameters for their models based on prior knowledge and experience on 
modelling channelised debris flows (CDF) in Hong Kong. All teams, except Yonsei, adopted the 
Voellmy rheology. Torino and UBC/ETH Zurich conducted sensitivity analyses on the rheological 
parameters within the range commonly used in practice. UBC/ETH Zurich further made reference to 
their experience in modelling the Yu Tung Road debris flow (Case C1). The set of Voellmy 
parameters used, that produced the highest debris flow velocity, are consistent (basal friction angle = 
8°, turbulence coefficient = 500 m/s2). GEO and Arup also adopted the same set of Voellmy 
parameters. Yonsei adopted the Frictional rheology with a basal friction angle = 11o, based on 
previous GEO’s study of a landslide in the same catchment. UPM compared the Voellmy and 
Bingham models and concluded that it is not reasonable to use the Bingham model in this case. 

(2) All teams consistently modelled the debris runout path, which basically followed the drainage line. All 
the modelled debris flow passed Point C but the runout distance varied. 

(3) For the “without entrainment” case, Yonsei used frictional rheology and they generally predicted 
higher debris flow velocity and debris flow depth than others at Points A, B and C (Yonsei: 8–15 m/s 
and 4–7.5 m; other teams: 5–11 m/s and 1–4.5 m). GEO, Arup, Torino and UBC/ETH Zurich adopted 
the same set of Voellmy parameters and their modelled debris flow velocities were roughly consistent. 
However, Torino predicted smaller debris thickness than others. 

(4) All teams, except GEO and UPM, modelled the “with entrainment” and “without entrainment” cases. 
However, Yonsei only modelled a final debris volume of about 10,000 m3 in the “with entrainment” 
case (same as the “without entrainment” case). As a result, the debris flow velocity and thickness were 
roughly consistent in both cases. 

(5) For other teams who attempted to achieve 20,000 m3 as the final debris volume in the “with 
entrainment” case, they predicted that this case resulted in higher debris flow depth. As regard the 
debris flow velocity, the results were not consistent. Arup and UBC/ETH Zurich predicted more rapid 
flow in the “with entrainment” case. However, Torino found otherwise. As suggested by UBC/ETH 
Zurich, the model outputs are sensitive to the “entrainment” factor. 

 
2.4.2  Case D2 - A potential rock avalanche site in Canada 
 
A site in Canada has been identified as potentially having a rock avalanche hazard. The landslide source area is 
along a mountain ridge. Below the source area there is a broad valley that has been shaped through the actions of 
Pleistocence glaciation and recent fluvial activity. The source zone material is composed of fine- to 
medium-grained diorite that has a well-developed steeply dipping foliation. For this forward prediction exercise, 
an unbulked unstable volume of 8.3 Mm3 of material is considered. The possible debris travel path consists of a 
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steep slope and a flatter valley bottom filled with a combination of fluvial and glaciofluvial sediments. 
Three teams carried out forward predictions of this potential rock avalanche. Table 11 summarises the key 

input parameters adopted in their models. Figure 7 shows the predicted debris deposition profile and the runout 
distance. 

 
Table 11: List of participants and key input parameters for Case D2 

Team Model Remarks 
GEO 3d-DMM Internal friction angle = 30 

Basal friction angle = 17  
Number of particles = 5000 
Particle volume = 1700 m3 
Smoothing coefficient = 4 

Yonsei Navier-Stokes Internal friction angle = 21 
Basal friction angle = 5.8  
Soil cohesion = 24 kPa 
 = 1.25,  = 1.0 

UBC/ETH Zurich Dan3D Basal friction angle = 18 (source) 
Case 1 (valley floor) 

Friction parameter = 0.07  
(Equivalent basal friction angle = 4) 
Turbulent coefficient = 500 m/s2 

Case 2 (valley floor) 
Friction parameter = 0.12 
(Equivalent basal friction angle = 6.8) 
Turbulent coefficient = 1700 m/s2 

Case 3 (valley floor) 
Friction parameter = 0.22 
(Equivalent basal friction angle = 12.4) 
Turbulent coefficient = 800 m/s2 

Case 4 (valley floor) 
Friction parameter = 0.30 
(Equivalent basal friction angle = 16.7) 
Turbulent coefficient = 500 m/s2(1) 

Note: 
(1) Frictional and Voellmy models were used for the steep slopes and the valley floor respectively.  

For the valley floor, four cases were analysed to assess the effect of different debris mobility and 
velocity.  

 
2.4.2.1  Observations: 

 
(1) As shown in Figure 7, all teams predicted that the landslide debris would deposit on the valley floor, 

and that a small amount of the landslide debris would also move to the south of the source area, which 
is along a mountain ridge. 

(2) The GEO and Yonsei teams only used a single set of input parameters in their forward predictions.  
Both teams used the simple frictional model in their predictions but their chosen basal friction angles 
are quite different. The GEO team used a basal friction angle of 17° while the Yonsei’s value was only 
5.8°.  It is interesting to note that both teams determined their values based on previous experience of 
rock avalanches. 

(3) To reflect the varying frictional characteristics along the debris trail, the UBC/ETH Zurich team 
adopted the frictional and Voellmy models for the steep slope and the valley floor respectively in their 
calculation domain. To assess the effects of soil saturation, debris mobility and velocity on the runout 
distance, four cases were analysed by them using different Voellmy parameters for the valley floor. 
The parameters were selected using the results of best-fit parameter zones obtained from 17 
back-analysed cases. 
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a)

b)

Reference Proposed Relationship H/L angle (deg.)

Scheidegger (1973) log10(H/L) = -0.15666log10V+ 0.62419 0.35 19

Li (1983) log10(H/L) = -0.1529log10V+ 0.6640 0.40 22

Corominas (1996)
all landslides

log10(H/L) = -0.085log10V- 0.047 0.23 13

Corominas (1996)
rock falls

log10(H/L) = -0.109log10V+ 0.210 0.29 16

Corominas (1996)
obstructed rock falls

log10(H/L) = -0.091log10V+ 0.231 0.40 22

Corominas (1996)
unobstructed rock falls

log10(H/L) = -0.119log10V+ 0.167 0.22 12

17Average:

 
 

(a) 3d-DMM by GEO 
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(b) Navier-Stokes by Yonsei 
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(c) Dan3D by UBC/ETH Zurich 
 

Figure 7: Simulated runout distance by various models for Case D2 
 
 

(4) In terms of the simulated debris runout distance and the deposition extent, it is interesting to see that 
the results given by 3d-DMM and Dan3D (Case 3) are quite similar (Figure 7), although different 
rheological models and input parameters were used in these analyses. Based on the results of four 
simulation cases, the UBC/ETH Zurich team also concluded that for this avalanche the level of 
variation in the predicted runout distance and velocity is quite small. This finding shows that the path 
topography, specifically the abrupt change in the travel path where the rock avalanche impacts the 
valley floor, has a strong effect on the mobility of the landslide debris. 

 
3  SALIENT OBSERVATIONS AND DISCUSSIONS 
 
(1) In the past decade, with the significant improvement in computational power, many advanced numerical 

models have been developed for debris mobility analyses in the landslide community. These include, but 
not limited to, the use of three-dimensional finite element method (e.g. LS-DYNA) and modelling of 
particle-fluid interaction (e.g. CFD-DEM, HYBIRD (note this capability is not presented in this 
Benchmarking Exercise)). It is also interesting to note that almost all numerical models used for this 
Benchmarking Exercise are three-dimensional, while many models used for the last Benchmarking 
Exercise in 2007 were still two-dimensional.  

(2) Further development of some previous models is also observed. For example, Dan3D-Flex is a flexible 
block module of Dan3D by UBC/ETH Zurich. The team also presented a new rheology termed the 
“undrained Voellmy rheology”, which was demonstrated effective in some cases (e.g. Case C2). 

(3) Development a number of 2-phase flow models has been reported in different literatures in recent years.  
However, only one model involving simulation of 2-phase flows (without consideration of pore-water 
pressure calculation) was used in this Benchmarking Exercise. 

(4) The selection of input parameters for the models is often based on prior knowledge and/or previous 
experience in modelling similar landslides. New technical development in model calibration is evolving.  
Two teams have developed calibration methods to optimise the set of rheological parameters such that the 
model results best-fit the observations (e.g. the GML algorithm in Dan3D; the use of convergence analysis 
with SHALTOP). So far, these optimisation tools have been used successfully for calibration of 
two-parameter debris flow simulation models. The use of the optimisation tools for calibration of the 
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multi-parameters models such as two-phase flow model, CFD/DEM model could be explored. 
(5) For forward-prediction analyses, it is a common practice to adopt input parameters from prior knowledge 

or based on case histories. However, whether these input parameters are suitable or suitably robust enough 
for predicting debris mobility considering the effects of climate change is a potential challenge ahead. 

(6) Some models are capable of modelling soil entrainments (Table 3(d)). In general, two approaches of 
entrainment calculation are adopted for this Benchmarking Exercise. The first approach determines 
entrainment with consideration of an assumed shear strength of native soil overlain on the runout path, 
while the second approach does not. A study on how such a shear strength can be determined through a 
scientific framework may be worthwhile. 
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Report on panel discussion on review of 
benchmarking exercise on landslide runout analysis 2018 

 

C. Lam 
Geotechnical Engineering Office, Civil Engineering and Development Department,  

Hong Kong SAR Government, China 
 

1  INTRODUCTION 
 
A Benchmarking Exercise on Landslide Runout Analysis 2018 was organised as part of the Second JTC1 
Workshop. A discussion panel was held in the morning session of Day 2 of the Workshop after participants of 
the Benchmarking Exercise presented their submissions. 
 
2  MODERATOR AND PANELLISTS 
 
Moderator: Professor David Petley, University of Sheffield, UK 
Panellists: Professor Manuel Pastor, Universidad Politécnica de Madrid, Spain 
 Professor Kenichi Soga, University of California, Berkeley, USA 
 Professor Scott McDougall, University of British Columbia, Canada 
 Dr Julian Kwan, Geotechnical Engineering Office, Hong Kong 
 
3  PANEL DISCUSSION  
 
3.1  Entrainment modelling 
 
Professor Petley started the panel discussion by asking whether the state-of-the-art knowledge is adequate to 
enable realistic modelling of the entrainment process. Professor Pastor answered with a resounding ‘no’ and 
opined that it is important to have a better understanding of the entrainment mechanisms despite the different 
approaches currently available for modelling entrainment in both landslide and snow avalanche problems. He 
further stated that soil liquefaction also plays a role in the entrainment process since the amount of erosion will 
be affected by the strength of the liquefied soil being eroded.   

Sharing his observations, Dr Kwan mentioned that there was a significant variation in the erosion depths 
along the previous debris flow paths in Hong Kong and this was probably due to the spatial variability of the 
materials. He also stated that debris velocity is a crucial parameter in determining the erosive power. However, 
the debris velocity estimated by debris mobility models may not be accurate enough to enable a good prediction 
of the erosive power of debris flows. On the other hand, some research work presented in this Workshop already 
demonstrates that it is possible to explicitly simulate the erosion process of homogeneous materials using the 
discrete-element method, which is a good start. 

Professor McDougall echoed Dr Kwan’s view and added that, in addition to improving the numerical model 
by incorporating entrainment into the formulation, it is also important to characterise the materials in the field 
for making entrainment predictions. An audience member from the floor stated that some bed materials can be 
eroded more easily by the rolling motion of the aggregates in debris flows, and that a more realistic estimation 
of entrainment can be made if the rolling mechanism is considered. 
 
3.2  Single- and two-phase approaches 
 
Professor Petley noted that some of the work presented in this Worksop is developed based on two-phase models. 
He then asked the panellists whether this is the future of modelling and what challenges are associated with this 
approach. In response, Professor Pastor first shared his experience in modelling landslide debris using a two-
phase model in both Lagrangian and Eulerian reference frames. He then pointed out that issues such as particle 
interactions and the mass and volume of the landslide debris need to be carefully considered in a two-phase 
model. 
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Professor Soga opined that the term ‘two-phase’ can be interpreted in different ways, for example, effective 
stress and pore water pressure versus particles and fluid (e.g. in a CFD-DEM model). In a particle-fluid model, 
the composition of the fluid (e.g. muddy fluid or not) needs to be considered when modelling the separation of 
the two phases.   

Professor McDougall opined that there is still a place for the single-phase equivalent-fluid-type model 
because it is commonly used in practice, and that both single- and two-phase models should continue to be 
developed. He also noted that the climate change and hurricane communities base their forecasts on the 
composites of a number of different models, and the landslide community could also go in that direction. 

Dr Kwan mentioned that the single-phase model has been used to back-analyse previous landslides in Hong 
Kong and suitable rheological model parameters have been established for design purposes. Despite this practice, 
he acknowledged that the two-phase model is more suitable for studying the interaction between landslide debris 
and barriers because the hard inclusions in the debris could be critical to the stability and structural integrity of 
debris-resisting barriers. 

An audience member from the floor also shared his experience in modelling the runout of debris flows using 
an equivalent-fluid model. He found that it can be difficult to calibrate the numerical model even when good-
quality frontal velocity and flow depths data are available, but the calibration result can be improved when 
entrainment is considered. Professor Pastor responded by pointing out that it is important to have experience in 
the local geology when selecting rheological models in a calibration exercise. With such understanding, one can 
have a more reliable calibration but still forward predictions should be applied with caution.  
 
3.3  Consideration of initial slope instability in debris run-out analysis 
 
Relaying a question from the audience, Professor Petley asked the panellists whether it is important to consider 
the statically balanced initial state of the landslide mass in a runout model for practical purposes. Sharing the 
Hong Kong experience, Dr Kwan mentioned that although the locations of previous landslides can be 
determined from aerial photographs, there is a huge amount of uncertainty in predicting the locations and 
volumes of future landslides; modelling the initiation of landslides is thus not applied in local practice. Instead, 
only the materials which are likely to become detached from a hillside are considered in natural terrain hazard 
study and the velocity of the landslide debris is determined form a runout model for barrier design. 

Sharing his experience in doing predictions for quantitative risk assessment, Professor McDougall stated that 
it is of greater interest to know what happens downslope of the fan apex and the action that takes place up in the 
channel above that point is less relevant. He also found from parametric analyses that the results are not very 
sensitive to the initial condition by the time the debris reaches the fan.   

An audience member from the floor opined that the current approach is fine as long as the strength loss 
process from the statically balanced state to the dynamic state takes place over a small displacement relative to 
the total runout distance. The same audience member also remarked that Professor Soga did not mention the 
Voellmy model in his previous talk on large displacement modelling using the material point method, and asked 
whether this represents a paradigm shift in runout modelling. Professor Soga stated that the Voellmy model is 
important for modelling debris flows that travel a long distance but for problems such as earth dam failures 
under earthquakes, the initial conditions (e.g. geometry, density) are more important. Professor Pastor added 
that it is possible to incorporate the Voellmy model or other visco-plastic models (e.g. Bingham and Herschel-
Buckley) into the geomechanical models by considering viscosity in the constitutive equations.    
 
4  CLOSING 
 
Concluding the panel discussion, Professor Petley thanked the panellists for the enlightening discussion and the 
presenters in the previous sessions. He also thanked the organiser of the Workshop. 
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