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ABSTRACT 

 

 
Submarine debris flows are hazards when they threaten the facilities that are built on sea 

floor to facilitate submarine transportation. The dynamics of submarine debris flow is simple 

once the debris material gets in the flow motion and that it can be represented using simple 

physics. A two-dimensional model with two-layer Bingham fluid representations, SDFlow2D, 

was developed by using an Eulerian frame of reference to predict the consequences of complex 

submarine debris flows. The model was viscoplastic in nature based on depth-averaged 

approximation to the Shallow Water Equations (SWE), and it assumes that the flow consists of a 

non-deforming upper layer riding on a deforming layer. The model was verified by comparing 

the numerical solution with experimental observations as well as with an analytical solution. The 

comparison shows a good agreement with analytical solution and an acceptable agreement with 

experimental observations. The model was found to be capable of simulating real-word 

submarine debris flows. The consequence of bed material entrainment is worth studying as this 

process adds antecedent sediment to the debris flow mass that in turn increases the intensity of 

hazard. The modeling code SDFlow2D was enhanced by using simple physics to include the 

capability of computing bed material entrainment. It was assumed that no inertial force was 

involved in the process, and that the entrainment was instantaneous. The modified SDFlow2D 

was applied to two idealized cases and to a prognostic case. A total variation diminishing (TVD) 

scheme with flux limiter was applied with MacCormack predictor-corrector scheme to smooth 

out the spurious solution near the source area of debris flow. While the TVD scheme served that 

purpose to some extent, it was not helpful to make the model robust as the computational time 

was 15 times greater than that of using the code without TVD scheme. The Bayesian inverse 

modeling was implemented to quantify the Bingham parameters uncertainty. The technique helps 
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find not only the most probable pair of Bingham parameters but also the distribution of the 

parameters by conducting a small number of model simulations. The overall outcome of the 

study benefits the deep sea explorers as well as the designers and planners in charge of designing 

the submarine structures. 
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CHAPTER 1 

 

INTRODUCTION 

 

 
The occurrences of mud and debris flows have been the concern to people around the 

world since ancient times. The destructive processes of mud and debris flows result in hazards, 

and cause damage to human lives and properties. The observed incidents are the subaerial type of 

debris flows that normally originates on high and steep mountainous areas. Heavy rainfalls cause 

slope failures that lead to the mud and debris flows. Debris flows occur in both terrestrial and 

submarine locations. The mobilized materials from mud and debris flow play an important part 

in shaping the landscape in many places. Concerns and understanding about submarines debris 

flows are comparatively recent when people started exploring deep sea as well as developing 

coastal zones. 

Submarine debris flows are hazards when they threaten seafloor oil field structures in the 

deep sea. Consequently debris flows become of interest to engineers designing deep water 

installations and to geologists trying to understand the deposits. Investigation of past failure 

events is important as it tells the story how these events occur. From the geotechnical point of 

view this is important as it draws the investigators to look for the future threats from similar 

events. It is difficult to understand how the materials turn from solid state that can be explained 

by soil mechanics to a state of fluid flow. 

Submarine debris flows are infrequent events, so it is not realistic to attempt to make 

direct measurements of their properties. The dynamics of the submarine debris flows are not 

complicated, and they can be simulated with an effectively robust and reasonably accurate 

numerical model assuming debris flow deposits and seafloor morphology are the chronicles of 

past events.  
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1.1 Background 

 
Systematic study of subaerial debris flows started in the 1950s, and the effort 

encompassed discussion of the qualitative definition of debris flow (Takahashi 2009). Nomitsu et 

al. (1959) and Tani (1968) defined subaerial debris flows as the gravity driven motion of 

porridge-like mixture of sediment and water in which percent of sediment is higher. Yano et al. 

(1965) denoted debris flow as a flow of muddy clay. Comprehensive research that included 

subaqueous debris flows were not undertaken until 1970s when sediment hazards and the risk of 

flooding disaster came under consideration.  

Studies on submarine debris flows have a history that goes with the history of the 

development in deep sea exploration. The first offshore drilling in the Gulf of Mexico (GOM) 

defined as out-of-sight-of-land started on September 9, 1947 by a tender assist drilling (TAD). 

With the development and chronological upgrade of mobile offshore drilling unit (MODU), the 

drilling activities were extended to further offshore on the continental shelf. A number of 

upgraded drilling rigs, built in early 1980s, increased the capacity for deepwater drilling to the 

continental slope and continental rise. Figure 1.1 shows a schematic diagram of sea floor section 

and the relative location of continental shelf, continental slope, and continental rise. The drilling 

history of Gulf of Mexico in deepwater (Figure 1.2) indicates that exploration in continental 

slope and beyond started in 1975 and approximately that was the time when people started 

thinking about submarine debris flows. Burk et al. (1974), Prior et al. (1982), and Niedoroda et 

al. (2006) focused entirely on submarine geo-hazards, and recognized submarine debris flows as 

a subclass of mass gravity flows. The materials involved in the mass gravity flow consist of fluid 

sediment masses that are carried downslope by the force of gravity. The terminology of fluid 

sediment masses is not clear to many researchers as the rheology hence the nature of flow may 
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vary depending on the ratios of the ingredients and the effect of ambient fluid. The fundamental 

categories of mass gravity flows are turbidity currents, debris flows, mud flows, and grain flows. 

These flows are distinguished by four characteristics: sediment concentration, sediment support 

mechanism, flow rate, and rheology (Gani 2004). Among these properties, rheology is the most 

complex as the problem lies in defining the suitable parameters to represent it properly (Kelfoun 

2011).   

 

 

 
 

Figure 1.1 Schematic diagram of a sea floor section. 

` 

 

 
 

Figure 1.2 Deepwater Discoveries by year in Gulf of Mexico (Source: Mineral Management 

Service, Deepwater Gulf of Mexico 2009: Interim Report of 2008 Highlights). 

 



4 

 

Debris flows and mud flows are common in both terrestrial and subaqueous environments 

but the dynamics of these flows are different in those two environments. In the subaerial 

environment these are controlled mostly by the downslope pull of gravity and the rheology of the 

debris slurry with a negligible influence from ambient fluid (air). In the submarine environment 

the ambient fluid is water which introduces buoyance into consideration and allows a range of 

other interactions with the flowing mud (Mohrig et al. 1999).    

Submarine  debris flows exhibits longer run-out (distances up to 150 km) on low slopes , 

(i.e., less than one degree), than their sub-aerial counterparts (Elverhøi et al. 2000). This 

behavior represents a hydrodynamic riddle as the submarine debris flows have their driving force 

reduced by buoyancy and experience a total effective drag higher than sub-aerial flows (Issler et 

al. 2003, Elverhøi et al. 2000, Mohrig et al. 1999, Marr et al. 2002). This phenomenon specifies 

that explanation regarding high mobility of submarine debris flow is complex. De Blasio et al. 

(2006) indicated that ocean bottom is more regular than on land and is usually free of slope 

breaks. This type of topographic effect may contribute to the high mobility of submarine debris 

flow. But large difference in mobility of sub-aerial and submarine debris flow recommend that 

the explanation must consider the interaction of the flowing mass and water. Prior et al. (1984) 

endorsed the long run-out distance of debris flow in Kitimat Fjord to weak underlying sediment. 

Studies on Storegga debris flow and the smaller flow in Ormen Lange area off Norway have 

shown that there are gradual changes in material properties of the mud as it moves (De Blassio et 

al. 2003). Ilstad et al. (2004) mentioned that the wedge of water underneath the head of the 

rapidly flowing mud can locally reduce the friction. 

Since the beginning much attention has been paid to the submarine mass movement as 

the extent of the hazard from these flows is uncertain and is not completely understandable. The 
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ongoing studies and field investigations help understand the physics of submarine debris flows 

and have provided much advantage to the scientists and design engineers face problem 

evaluating hazard associated with planned deep sea infrastructure.  

 

1.2  Physics of debris flow 

 

Regardless of the types, most of the debris flows are formed from landslides or from 

gravitational slope failure. Some of the causes are specific to the marine environment which 

relate to both the geological attributes of the landslide materials and transient ambient factors 

affecting the submarine environment. Common causes of marine landslide include: presence of 

weak geological layers, overpressure due to rapid accumulation of sedimentary deposits, gas 

hydrate dissociation, wave action, groundwater seepage and high pore-water pressure,  volcanic 

island growth, and over-steepening of slope . Gas hydrates are solid crystalline compounds, 

consisting of gas molecules and water molecules, which are stable under certain pressure and 

temperature conditions that occur in deep ocean sediments near the sea floor. Subtle changes in 

these conditions can bring about sublimation of the hydrate and release of gas. The hazard 

triggered by gas hydrates for submarine mass movement is a major challenge at present (Locat et 

al. 2002, Grozic 2010). 

It has been a consensus that submarine debris flow occurs in stages and in the context of 

risk assessment it is important to assess these different stages. Locat et al. (2002) developed a 

framework that assembles complex phenomena of debris flow movement to maximize 

understanding and knowledge of their cause, geomorphology, and geotechnical characteristics, 

and the associated physics. Leroueil et al. (1996) proposed an approach describing the four 

stages of mass movement as: 

i) The pre-failure stage  
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ii) The failure stage,  

iii) The post-failure stage,  

iv) The reactivation stage.     

In pre-failure stage the marine sediment mass is in a state of equilibrium on a steep slope. 

The failure stage is characterized by the formation of continuous shear bands through the entire 

mass. The post failure stage involves the movement of the mass just after failure until it stops 

and the reactivation stage relates to movement on pre-existing failed mass. The reactivation stage 

is not common and has not been recognized by other researchers. Elverhøi et al. (2000) and 

Niedoroda et al. (2001) explained four stages of submarine debris flow events as initial failure, 

transition, flow, and depositions. Figure 1.3 depicts these stages schematically. In the context of 

engineering analysis, the whole process can be split into two parts for simplicity, i.e., initiation 

stage and mobility or flow stage. It is well recognized that at the first stage the geotechnical 

principles are needed to explain but the second stage is beyond the limit of geotechnical 

principles. 

 

1.2.1 Initiation stage  

 

The initiation stage includes the processes that happen in the pre-failure, the failure, and 

in the transition stages. In the initiation stage the soil mass essentially changes from a state of 

equilibrium to a form in which its internal particle-to-particle structure is deranged. The soil 

mass remolds and its strength drops (Niedoroda et al. 2001, De Blassio et al. 2004, 2005). In 

general, strength decreases by factors of two or three but in extreme cases it may be an order of  

magnitude or more (Locat and Demers 1998). According to D’ Elia et al. (1998) the deformation 

related to softening and destructuring reduces stiffness and strength of the involved materials.   
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1.2.2 Mobility or Flow stage 

 

A part of landslides transforms into flows following the initiation stage (Hampton et al. 

1996, Niedoroda et al. 2001). The mechanism for transformation into flow stage is not well 

understood but it is established that flow stage is largely depends on the composition of the mass 

involved. The behavior can be determined by the relative amount of clay and granular particles, 

 

 

 

Figure 1.3: Soil failure to debris flow transition (Source: Niedoroda 2001). 

 

 

the grain size, and the water content (Middelston et al. 1973, Ilstad et al., 2004, Elverhøi et al. 

2005). In sandy debris flows where clay content is low, the flow dynamics is characterized by 

both internal shearing and grain-to-grain dispersive pressure (Iversion 1997, Niedoroda et al. 

2000, Huang and Garcia 1998). Different studies with field exploration show that the common 

marine debris flows have considerable clay amount ( > 25%) and deform plastically (Marr et al. 

2002, Elverhøi et al. 2005, Niedoroda et al. 2006). 
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1.3 Rheology of submarine debris flows 

 

Different studies indicate that the submarine debris flows deform in a manner that is 

reasonably described as Herschel-Bulkley or Bingham non-Newtonian fluids (Coussot 1994, 

Marr et al. 2002, Elverhøi et al. 2005, Niedoroda et al. 2006). Winterwerp et al. (2004) 

explained the flows as boundary layer flows for which Newtonian, Pseudo-plastic (shear 

thinning), Dilatant (shear thickening), Bingham and Viscoplastic flows can be distinguished.  

Locat (1997) suggested three types of fluids to represent the behavior of mud flows or 

muddy debris flows including a Bingham fluid �       � = � + ��,            
a Herschel-Bulkley fluid ��     � − � = ���,           
and a bilinear fluid ���   � = � + �� + �+� ,        

where � is the resistance to flow, �  is the yield strength, � is the dynamic viscosity, � is the 

shear rate, �  is the shear rate corresponding to the yield strength of the bilinear fluid, and  is a 

constant. Figure 1.4 shows the non-dimensional stress-strain relationship of these three fluids. 

Apart from these rheological model Norem et al. (1990) suggested a viscoplastic model 

studying the characteristics of submarine mass movements that is stated as 

 � = � + � − tan � + ���, (1.1) 

where σ is the total stress, ru is the pore-pressure ratio, and φ is the friction angle.  

The debris flow laboratory experiment of Davies (1988) showed that there were two 

layers, a thin shear layer near the bed and an upper plug like layer, in which particles were not 
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segregated. In a simple shear flow of a Bingham fluid, the stress-strain relation (Duvaunt and 

Lions 1976) is non-linear as � �� =                                when |�| < � ,  (1.2) 

� �� = � − � ��     when |�| > � ,  (1.3) 

where � is the shear stress, �  is the yield stress, and � is the dynamic viscosity. 

 

 

 

Figure 1.4: Types of fluid. 

 

 

This non-linear relation leads to two separate layers, a shear layer and a plug layer (Jiang and 

Leblong 1993), as shown in Figure 1.5. The two layer concept attracted much attention when 

Huang et al. 1997 implemented it to come up with an analytical solution and compared the 
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results with the experimental laboratory observations made by Krone and Wright (1987), and 

Davies (1988).  

According to Jiang and Leblong (1993) the average velocity of the two layer flow is 

given by 

 = − ℎ�ℎ ,  (1.4) 

and the bed shear stress can be expressed as � = � ( ) + � ℎ� ,  (1.5) 

where, U is the depth averaged velocity, Up is the plug layer velocity, hs is the depth of shear 

layer, h is the total flow depth, �  is the yield stress, and �  is the total bed stress. It is obvious 

that no flow occurs unless b is greater thanc .  

 

 

 
 

Figure 1.5: Two layers of flow.  

 

 

The rheological properties of known material that governs its flow and deformation on a 

comprehensive scale level have been found to be determined by the processes that occur at a 

microscopic scale. But it may not be the case for the materials that are involved in submarine 
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debris flow. Krone and Wright (1987) categorized the rheological properties as i) essential 

properties that are required to establish the constitutive relations such as elasticity, viscosity, and 

plasticity; ii) technological properties such as thixotrophy and theopecty.  

Rheological behavior is described through the relation between the stress and shear strain 

rate in general (Winterwerp and Kesteren 2004). Wright (1987) established the relation 

experimenting with bentonite slurry, a known Bingham fluid. Zakeri et al. ( 2010) established 

similar relation using remolded submarine sample and found the similar behavior of Bingham 

fluid under different moisture condition. Locat and Demers (1988) suggested that the yield 

strength and viscosity could be related to the liquidity index (IL) for as long as the liquidity index 

is greater than zero. Results from the laboratory study of various soil and sediments show that 

the quality of relationship is quite reasonable and can be utilized to provide a first approximation 

of the relationship (Locat 1997) as 

� = .�� .
, (1.6) 

� = .�� .
,  (1.7) 

where, µ is the dynamic viscosity and �  is the yield strength. 

Elverhøi et al. (1997) used these relationships to analyze the behavior of debris flows 

along the coast of Norway successfully. An important correlation has been established using the 

liquidity index (IL) of the submarine soil and sediment samples from different part of the world. 

It was an interesting observation from the laboratory testing of remolded sample that the yield 

strength contributes about 1000 times more than the viscosity to the resistance to the flow of 

Bingham fluid (Locat et al. 2002). Another important finding from Locat et al. (1996) suggested 

that the remolded shear strength back-calculated for the Debris flow at Gulf of Mexico was up to 

three orders of magnitude lower than the minimum remolded shear strength at the potential 
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source area. This is reasonable as the remolded sample in the laboratory was with controllable 

plasticity index whereas it was beyond control due to water uptake when the solid mass moves 

downslope through irregular steep submarine scarp.  

 

1.4 Numerical modeling of submarine debris flows 

 

Various models have been developed to describe the rheology of debris flow. These 

models can be categorized into two groups. In the first group, a depth integrated granular model 

has been extended to incorporate the viscous pore fluid (Iversion 1997). The model developed by 

Norem et al. (1990) falls in this group and it implements Bagnold’s concept of dispersive 

pressure derived from grain-grain and grain fluid interaction.  

The second group is viscoplastic models (Yano & Daido 1965, Johnson 1965, Jiang and 

LeBlond 1993, Huang and Garcia 1998, Imran et al.2001, Reed et al. 2000, Niedoroda et al. 

2006) which treat the material as non-Newtonian fluid. This group of viscoplastic models work 

well for clay-rich flowing mass with cohesion and a very low content of coarse particle. The 

common concept of this kind of model is that no deformation takes place until a specified yield 

stress is applied to the material, after which deformation is driven by the excess of the stress 

beyond this yield stress. The viscoplastic rheology relates the basal shear stress to the velocity, 

the viscosity, and the inverse of the thickness of the flow.  

The first viscoplastic state of debris flow model was developed almost simultaneously in 

the USA by Johnson (1965) and in Japan by Yano & Daido (1965). The viscoplastic model 

proposed by Chen (1988) assumes that the yield stress is constant in time although considers the 

shear dependency of viscosity. Jiang and LeBlond (1993) developed the BING model (the name 

‘BING’ came from ‘Bingham’ as the model was based on Bingham rheology) representing 

debris flows as a Bingham fluid. Their one-dimensional, two-layer model provided a Lagrangian 



13 

representation. Later it was generalized by Imran et al. (2001). The generalized BING model is 

flexible in implementing different rheology, i.e., Bingham, Herschel-Bulkley, and bi-viscous.  

Subsequently, one- and two-dimensional (DM-2D), two-layer Bingham fluid 

representations were developed using an Eulerian framework (Reed et al. 2000, Niedoroda et al. 

2000 and 2003).  These are viscoplastic in nature based on thin layer approximation to the 

limited Shallow Water Equations (SWE).  

Identification of an appropriate rheology and hence the selection of Bingham parameters 

has long been regarded as crucial to successful modeling and prediction of debris-flow behavior 

(Iverson 1997). Although the laboratory results are the basis for selecting flow parameters to 

model observed past events of debris flows, these are not applied directly in the present context 

of modeling approach to predict a real future event. Niedoroda et al. (2006) suggested keeping 

these parameters as fitted by calibrating a model with respect to observed data. 

 

1.5 Present approach of modeling 

 

Due to the advancement in seafloor exploration capabilities using multibeam fathometers, 

sidescan imaging, and detailed sub-bottom profiling it is possible to measure past debris flow 

events in great detail.  Figure 1.6 shows a typical Digital Elevation Model (DEM) of seafloor and 

data used to generate the model was obtained from seismic survey. Bathymetry data required for 

a particular model domain can be retrieved from this DEM. Figure 1.7 shows details of mass 

deposit from 3D sub-bottom data interpretation along section A-A of Figure 1.6. The vertical and 

horizontal axis of Figure 1.7 represents the depth and the horizontal dimension respectively. 

Interpretation of these survey data along with core log data reveals the deposit volume, deposit 

age, composition, and type of deposit. The possible location is determined from the geometry of 

deposits and the upslope sea floor morphology which usually shows a soil failure scar. 



14 

Depending on the proper data interpretation, the present practice of model application occurs in 

two steps, i.e., diagnostic and prognostic. 

In diagnostic modeling phase, suitable Bingham parameter set (i.e., yield stress and 

viscosity) is established through model calibration using seafloor mapped deposit extent and 

thicknesses. The predetermined deposit volume is kept constant for the calibration process. The 

probable sources are identified mostly using judgment as the failure mark is partially filled or 

leveled from subsequent later deposits (Niedoroda et al., 2000 and 2003). Moreover mapped 

deposit run-out extent, type of materials, and laboratory data from remolded sample provide 

guidelines for this diagnostic step.   

 

 

 

Figure 1.6: Digital Elevation Model (DEM) of seafloor  
(Source: BP America, Inc.).   

 

 

A probable future event is determined by examining the DTM and sub-bottom data and 

finding places near where debris flow occurred before. Then steep slopes that have not failed but 
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very close to failure condition are identified. The likely failure volume is estimated and the event 

is modeled in prognostic phase using an acceptable pair of Bingham parameters (yield stress and 

viscosity) from diagnostic modeling. The design engineers and planners are provided with the 

predicted debris flow speed and thickness if it is found out that the selected location for 

submarine development area is under threat. 

 

 

 

      Figure 1.7 Details of mass deposit from 3D seismic interpretation along 

 section A-A of Figure 1.6 (Source: BPAmerica, Inc.).   

 

 
1.6 Limitations of present modeling and scope for improvement 

 
The BING model is one-dimensional making it inadequate to simulate debris flows in 

complex terrain. It is useful where terrain is a simple straight submarine canyon but this kind of 

feature is not common. The two dimensional debris flow (DM-2D) model developed by Reed et 

al. (2000) and implemented by Niedoroda et al. (2000, 2003) is in development stage. In its 

present stage it is incapable of handling the mass movement properly as it has not included the 

non-linear convective acceleration part of the governing equations.  

Magnitude of debris flow (i.e., the volume of materials moved to the deposition area 

during an event) is an important quantity as it correlates with other parameters like maximum 
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run-out distance and deposit thickness. In practice submarine debris flow magnitude is 

determined from the volume of initiating landslides. Sometimes the initiating landslide volume is 

small but the volume transported to the deposition area is large. This difference in volume is due 

to the bed material entrainment and this phenomenon happens when debris flow mass runs over a 

soft layer of sea floor sediment. None of the present debris flow models represent this situation. 

As mentioned in the earlier section, two parameters, yield stress and viscosity; control the 

behavior of the flowing mass as represented in the Bingham fluid model simulation. It is beyond 

the capacity of present development in this area to understand how the materials that start 

journey from a land slide or other mechanism and reach a state of flowing mass with undrained 

condition achieve these rheological properties. Laboratory experiments with the remolded core 

sample reveal the properties of the past debris flow materials but fail to explain the debris flow 

properties. The complexity in achieving appropriate parameters adds some risk in the numerical 

analyses. Realistic prediction requires that the values of parameters involved in the model are 

known and reliable but it is unlikely. This uncertainty arises due to the unpredictable variation 

from the complex nature of the system. The knowledge of experts cannot be expected to reduce 

this type of aleatory uncertainty but can be utilized to quantify the uncertainty.    

 

1.7 Research objectives and goal 

 
The goal of this study was to understand the complex behaviors of submarine debris flow 

that is viscoplastic in nature through a reasonably accurate numerical model. A numerical model 

is said to be practically accurate if it can handle or can properly resolve the behavior of Bingham 

material as it moves downslope on complex terrain with steep as well as mild slopes. For this 

purpose proper description of the momentum transport relation and discretization of the 

governing equations that governs the flow are vital. Also, such type of model needs to be verified 
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with measured data either from field or laboratory. In places, material entrainment can be an 

important phenomenon that is associated with submarine debris flow as it increases the total 

mass movement and hence the speed and deposit thickness. It is not certain to have 

representative rheological parameters of flowing mass but there are some recommendations from 

laboratory experiments which can be used as the start point regarding those parameters. The goal 

was met accomplishing following objectives: 

i) Developing a debris flow modeling code 

A debris flow modeling code was developed based on thin layer approximation to the 

Shallow Water Equations (SWE) and the concept of representing debris flow as a two layer 

Bingham fluid flow.  

ii) Verifying the model with laboratory measurement and with analytical solution  

The predictive capability of the model was verified with laboratory measurement 

performed by Wright (1987). The Flume flow of non-Newtonian fluid of Bentonite slurry was 

represented in the model incorporating the rheological properties measured in the laboratory. The 

model capability was verified with an analytical solution proposed by Huang et al. (1997).  

iii) Enhancing model capability to handle bed material entrainment 

The model capability was enhanced incorporating a module to handle bed material 

enhancement. At this point the sea bed information regarding bed material strength was 

synthesized as the real data was not available. In reality it is possible to map sea bed information 

with state-of-the-art of survey equipment.    

iv)  Quantifying uncertainty related to rheology  

In this part of study prior knowledge and experience was utilized to quantify the Bingham 

parameter uncertainty. An alternative statistical approach called Bayesian method i.e., Bayesian 
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inverse modeling was applied. Instead of finding out the best set parameters for which the 

predicted behavior of the model best matches the actual measurements this method finds the 

probability density for the parameter set which utilizes and updates the prior information on the 

parameters.   
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CHAPTER 2 

 

NUMERICAL MODEL 

 

 
A two-dimensional model with two-layer fluid representations (SDFlow2D) was 

developed by using an Eulerian frame of reference. It is viscoplastic in nature based on depth 

averaged approximation to the Shallow Water Equations (SWE). The model assumes that the 

flow is thin relative to its length and that its rheology can be represented as a Bingham fluid. The 

governing equations for the two-dimensional model in the conservative forms are 

�� + �� + �� + � �ℎ� + � ℎ ��� − � = ,  (2.1) 

�� + �� + �� + � �ℎ� + � ℎ ��� − � = ,  (2.2) 

�ℎ� + �� + �� = ,  (2.3) 

� = − ′   ,  (2.4) 

where x and y are the distances along the profile, t is time, qx and qy are the fluxes in the x and y 

directions, respectively, u and v are the depth-averaged speed along the x and y directions, 

respectively, h is the debris flow height, g is the gravitational acceleration,  is the debris flow 

bulk density, ′ is the ambient fluid density (i.e., air or water),  is the bed elevation, x and y 

are the bottom stress in x and y directions respectively. Figure 2.1 shows the different terms. The 

model assumes that the flow consists of a non-deforming upper layer riding on a deforming 

layer. The non-deforming layer thickness is defined by the layer-interior shear stress due to the 

downslope component of gravity. This depth below the flow surface is a function of the slope of 

the seafloor, the slope of the upper surface of the flow and the material strength. In the model, 

the thickness of the non-deforming layer varies along the flow and in time. In the lower region, 
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the material is assumed to be a viscous fluid with a parabolic velocity profile that extends from 

the bed to the base of the non-deforming layer. The critical depth (hc) is determined from the 

following force balance equation as ℎ = ��− ′ |∇ �−ℎ |,  (2.5) 

where   indicates the magnitude of the vector quantity and c is the critical stress. 

 

 

 
 

Figure 2.1: Definition sketch. 

 

 

The bottom stress components are accomplished as � = � �� + � �� ,  (2.6) 

� = � �� + � �� ,  (2.7) 

where �  is the yield stress. 

The velocity gradients in equation 2.6 and 2.7 are determined by assuming a parabolic 

velocity profile in the deforming layer. The profile fit is constrained by a no-flow condition at 

the bed and an integral equation equating the profile average velocity to the depth averaged 

velocity. Combining equations 1.4 and 1.5 with equations 2.6 and 2.7 the bottom stresses can be 

expressed as 
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� = � + � ℎ� ,  (2.8) 

� = � + � ℎ�,  (2.9) 

where up is the x-directional flow velocity in the plug flow region, vp is the y-directional flow 

velocity in the plug flow region, and hs is the depth of deforming layer or shear flow region. The 

relationship between directional plug layer velocities and corresponding depth integrated 

velocities for entire region is established as = −ℎ�/ ℎ ,   (2.10) 

= −ℎ�/ ℎ ,  (2.11) 

where h is the total depth of flow.   

 

2.1 The algorithm 

 

The non-linear conservative form of the SWEs was discretized on uniform cartesian grid 

using the MacCormack scheme. The conservative form of the SWEs was used to assure the 

conservation of mass and momentum after the discretization and hence to preserve the proper 

movement of Bingham fluid flow on steep slopes. The MacCormacK method is a variation of 

two-steps Lax-Wendroff scheme but simpler in application. Rewriting the equation (2.1) through 

equation (3.4) in compact form introducing four vectors as 

� = , F � = + Sf , G � = + Sf , and B � = ( SfS +τ /�SfS +τ /� ), (2.12) 

where U is the vector of conservative variables, F and G are the flux vectors in each horizontal 

directions, B corresponds to the source term and depends on U because of bed friction. The 

governing equations can now be written in conservative form as 
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∂�∂ + ∂ �∂ + ∂ �∂ = B � .  (2.13) 

The scheme with the explicit finite-difference method consists of a two-step process 

(predictor-corrector) which allows second-order accuracy. The two steps of the scheme can be 

expressed as follows with the same notations: 

 

Predictor step: 

In this step the vector U was calculated at time t+∆t using known values at time t and 

forward differences as 

[� , + ] = � , + ∆t B(� , ) − � + ,n − � ,n∆ − � + ,n − � ,n∆ .   (2.14) 

 Corrector step: 

In this step the backward difference was utilized to compute variation in time as 

∂� ,∂ c rr+ = B [� , + ] − [� ,n+ ]p − [� − ,n+ ]p∆ − ([� ,n+ ]p)− [� − ,n+ ]p∆ .  (2.15) 

The solution at time step n+1 was obtained with an average between the predictor and 

corrector step as 

� , + = � ,n +[� ,n ]p + ∆ ∂� ,∂ c rr+
.   (2.16) 

 

2.1.1 Partially implicit method  

 

The presence of debris flow depths in computing several terms in the momentum 

equations is the main source of singularities. The way of defining the bed stress term in two-

layer fluid representation does have substantial impacts in the computational scheme and 

singularities also arise from this part when the total flow depth is very close to or less than the 

plug layer depth. For negligible total flow depths or shear layer depths, the bed stress term 
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dominates over other terms in the momentum equations. Using of explicit scheme for the 

governing equations severely limits magnitude of minimum shear layer depth across the domain 

and the admissible time step for stability. An efficient way of dealing with these issues is to use a 

partially implicit approach as explained and implemented by Liang et al.(2006). From 

momentum equations 2.1 and 2.2 the bed stress terms were rewritten as 

�+ − �∆ = [ℎ�]� [ℎ]� [ ]�+ ,  (2.17) 

�+ − �∆ = [ℎ�]� [ℎ]� [ ]�+
,  (2.18) 

which can be re-arranged as 

�+ = �+ ∆ .��[ℎ�]�[ℎ]�,  (2.19) 

�+ = �+ ∆ .��[ℎ�]�[ℎ]� . (2.20) 

 

2.1.2 Application of the TVD scheme 

 

Taking the equation (2.15), the TVD scheme was applied as 

 � , + = � ,n +[� ,n ]p + ∆ ∂� ,∂ c rr+ + [� �+ + � �+− ]∆��+� − [� �−+ + � �− ]∆��−� ,  (2.21) 

where, ∆��+� =  ��+� − ��� ,  ∆��−� =  ��� − ��−� , �+ =  ⟨∆��− /� , ∆��+ /� ⟩⟨∆��+ /� , ∆��+ /� ⟩ , and 

�− =  ⟨∆��− /� , ∆��+ /� ⟩⟨∆��− /� , ∆��− /� ⟩. 
The pointed brackets in the numerator and denominator represent the scalar product of the two 

vectors within the pointed brackets. The function G( ) in the equation (2.21) is defined as � = .5�[ − ∅ ].  (2.22) 
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In the equation (2.22) the flux limiter function ∅( ) and the parameter C are expressed as ∅ = max , min , ) ,  (2.23) 

 � = � −  �   when, Cr<0.25,  (2.24) � = . 5  when, Cr>0.25,  (2.25) 

where Cr is the local Courant number, expressed as   � = ℎ+√ ℎ ∆∆  ,  (2.26) 

where q is the flux x and t are the gird element size and time step respectively provided that 

grid size are identical in both x-and y-direction. 

The TVD-MacCormack scheme adapted the standard MacCormack scheme by adding an 

extra term with the correction step.  

 

2.2 Model verification 

 

The predictive capability of the model was verified by comparing it with a laboratory 

experiment carried out by Wright (1987) in a rectangular glass flume having a 1.8m long 

reservoir just upstream of a 7.3m long and 0.6m wide channel. Bentonite slurry, a viscoelastic 

material, was used to fill the reservoir and a vertical sliding gate was used at the downstream end 

of the reservoir to simulate a dam break. The runout distances and the rheological constitutive 

relations of the slurries were monitored. In these laboratory experiments, all of the flows with 

high concentration were found to be non-Newtonian in nature and remained in the laminar 

regime. The free surface profile of the flow was measured in the run-15. 

The analytical solution of Huang et al. (1997) developed for a Bingham fluid flow was 

also incorporated in the verification. Figure 2.2 shows the comparison. The experimental 

condition that had been used in the numerical simulation was as: slope = 0.06, initial mass length 
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= 1.8m, initial mass height = 0.30m, yield strength = 42.5 N/m
2
, dynamic viscosity = 0.22 N/s 

per m
2
, and mass density = 1.073 gm/cc.  

 

 

 

Figure 2.2: Comparison of results. 

 

 

2.3 Result and analysis 

 

It is noticeable that there is no significant difference between the results from partially 

implicit method and explicit method except near the edge where partially implicit approach 

exhibits better trend than explicit method. The numerical prediction seems to agree very well 

with the solution proposed by Huang et al. (1997) and fairly well with the experimental 

observations. The discrepancies can be explained as it is noticeable that the total mobilized 

volume is not supposed to be equal to the initial volume in the reservoir. The gummy nature of 

bentonite slurry caused some slurry to be stuck to the walls of the reservoir, the sliding gate, and 

to the sidewalls of flume. This material loss is one of the reasons for the discrepancies. The 
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discrepancies in the leading edge can be explained in light of the rheological properties that were 

assumed for the Bingham fluid flow. Figure 2.3 was regenerated after Wright (1987) for his Run-

14 and it shows a typical behavior of bentonite slurry that was used in the experiment. It is 

obvious from the figure that assumed yield stress for Bingham model does not go with the 

characteristics of slurry as it shows that retained stress is not constant for different shear rate. 

The rheological data from all of his experiments with Bentonite slurry of different concentration 

showed that the retained stress decreased as shearing progressed and that yield stress was a 

function of shearing rate and shearing time. Comparing Figure 2.3 with Figure 1.4 it can be 

inferred that Bentonite slurry is not a perfect Bingham fluid. This phenomenon explains the 

discrepancies between the simulated and experimental result.  

 

 

 

Figure 2.3: Shear stress versus shear rate (Regenerated after 

 Wright 1987 for Run-14). 

 

 

Huang et al.(1997) showed that the flow propagated further downstream when simulated 

as a Newtonian flow than as a Bingham flow. With the help of photographs in laboratory 
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experiments, Davies (1988) showed that there was a distinct change in the slope of the free 

surface profile near the leading edge of the flow. This phenomenon indicates that the flow is just 

like a Bingham fluid flow with a lower yield stress in the tail.   
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CHAPTER 3 

 

 COMPUTING BED MATERIAL ENTRAINMENT 

 

 
In the marine environment, various means of bed erosion can be classified depending on 

the sea bed properties, such as slope steepness, strength and permeability, the stresses by water 

movement or mass movement. Researchers characterized these means into four groups as 

entrainment, floc erosion, surface erosion, and mass erosion. This chapter aims to identify the 

entrainment mechanism through which submarine debris flows occasionally erode the sea bed 

and to describe an addition to the numerical model which represents this process.  

The entrainment takes place when a soft sediment layer on the sea floor is overrun by the 

debris flow and the stress at the interface exceeds the yield strength of the soft antecedent layer 

(Winterwerp et al. 2004).The outcome of the process is the remobilization of the antecedent bed 

sediments and inclusion of these remobilized materials to the overlying flowing mass. This 

affects the depositional process by increasing run-out distance and volume of the flow deposits.  

Under certain circumstances there can be interaction of submarine debris flow with 

antecedent sediment deposits. Prior et al. (1982a, 1984) noted this interaction in their description 

of Kitimat fjord debris flow. They found the evidence of incorporation of fjord bottom sediments 

into the debris flow and indicated that approximately half of the total volume of debris flow 

deposits was of fjord bottom origin whereas the remainder was introduced by the mass 

movement from the delta front. The similarity between the withdrawal volume of delta front 

features and the volume of sediment required to make up the total debris flow unit corroborated 

this evidence. 

One theory explains why remobilization is not common in submarine environment -

naturally the upper tens of centimeters of antecedent sediment deposits have very high water 
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content and they provide a lubricating layer upon which the debris flow can glide. This relatively 

high water content of the seafloor top layer can provide satisfactory explanation that 

remobilization of antecedent deposits is not commonly observed in submarine flows compared to 

their sub-aerial equivalents (Varnes 1978, Prior et al. 1984, Niedoroda et al. 2006). This 

lubricating layer isolates the shear stress due to the debris flow from the antecedent sediment 

deposits. Thus the head of semi-consolidated debris flow to pass on top of the antecedent 

sediment deposit with minimal disturbance to the weak upper sediments. It is reasonable to say 

that in this situation the shear deformation can be transferred to the lubricating layer and the bulk 

of debris flow may become passenger layer. Perhaps this is the logical explanation for the texture 

of the marine debris flows that are commonly observed in cores (Harbitz et al. 2003). 

 An example from recent studies with detailed sea-floor mapping shows that submarine 

entrainment is real and the entrainment or remobilization is followed by a redepostion process. 

These processes are important as they are linked to sedimentary features observed in the resultant 

deposits. Figure 3.1 shows the example of the event. This figure, generously provided by 

Michael Schnellmann, shows a 3.5 kHz acoustic profiler record  illustrating a cross section of the 

Weggis slide, debris flow, and turbid deposits that developed in Lake Lucerne (Switzerland) as a 

results of  a massive earthquake in the year 1601 AD (Schnellmann et al. 2005). This complex is 

about 2.5 km long and 3 km wide.  The chaotic acoustic refection of the figure shows that the 

debris flow entrained a mobilized antecedent sediment and then passed over deposits  of almost 

undeformed layer sediments. The composition and densities of the materials of both of the flow 

and underlying sediments are identical. The rapid loading that developed both shear and normal 

forces is responsible for the disruption of the antecedent sediments that were displaced along a 



30 

basal surface, with some being incorporated into the flow, while the rest deformed in fold and 

thrusts.   

The pattern of deformation shown in Figure 3.1 indicates that a significant portion of the 

flow was sufficiently thick and gained adequate momentum to mobilize the underlying layered 

sediments. These mobilized sediments, in turn, were pushed along by the fluidized mass behind 

them. At some point near central area the force was not sufficient to mobilize the antecedent 

sediments. 

The common source of submarine debris flow is the lower portion of the continental 

slope, just above the adjoining deep sea floor where bottom slope is noticeably less than the  

 

 

 

Figure 3.1: Acoustic profiler image of Wigges debris flow deposits showing  

entrainment and antecedent sediments (Source: Schnellmann et al.,2005). 

 

 

slope above. During an event the debris flow usually gains speed while travel downslope and can 

run beyond the bottom of the slope on to the nearly flat lying antecedent sediment deposits. In 

cases where this situation exists and mobilization of the underlying sediments occurs, the total 
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volume of resultant debris flow deposits can significantly exceed the volume of the original 

slide.  

 

3.1 Definition of the debris flow entrainment 

 

The process of entrainment, remobilization and redeposition, of bed material that was 

demonstrated by Schnellmann et al. (2005) with a case study can be depicted using the schematic 

diagram as in Figure 3.2. In the figure the antecedent soil, an entrained soil layer, a two layered 

debris flow and ambient water are illustrated by deep brown, light brown, tan, and blue colors 

respectively.  

The underlying physics of bed material entrainment is simple and it can be derived that 

the thickness of entrained layer depends on the strength state of the antecedent sediment, the 

magnitude of the overlying shearing force, the grain size of antecedent soil, and ambient water 

density. Typically the shear strength of the antecedent sediment increases with depth. The 

properties of flowing debris flow mass and the steepness of the sea floor control the magnitude 

of the shearing force. When the shear strength of a top layer of the antecedent sediment is less 

than the shearing force exerted by the overlying moving mass of the debris flow the layer merges 

to moving layer. This process goes on exposing antecedent sediment with increasingly higher 

shear strength until it reaches a depth where the sediment strength balances the shearing force. 

The concept and the process of entrainment are illustrated in Figure 3.3. The force balance 

equation can be derived as  � = � + �  ,  (3.1) 

∆� = � − � +� ,  (3.2) � − ∆� = ��,  (3.3) 
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here, τf is the overlying shearing stress, τc  is the yield stress, Δτ is the reduction in shearing stress 

due to the change in shear layer, and τε is the bed shear strength at depth ε. The entrainment stops 

to a depth ε when the cumulative shearing stress reduction reduces the shearing stress to a 

magnitude equivalent to bed shear strength τε. 

Adjustment and readjustment occur in both of plug layer and shear layer after inclusion 

of entrained volume into the shear layer as bed slope changes due to the change in the bottom 

boundary. The process of bed material entrainment and mass movement continue on downslope 

depending on local sea bed condition. 

 

 

 
   

Figure 3.2: Schematic diagram shows different layers of flow and 

 bed material entrainment. 

 

 

In predicting bed entrainment, the strength state of antecedent sediment layer needs to be 

mapped out. It is common in sea floor exploration to use several methods to delineate bed 

material properties depending on the purpose and the sea floor depth. For deep seafloor 

sampling, point measurements are performed using core samplers and in-situ probes. Sub-bottom 

acoustic and electromagnetic sensors can provide profiles of surface sediment information with 
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greater coverage. The fusion techniques are developed to provide areal extend of sediment 

information from multiple sensors. The aerial extent of sediment information can be used to 

generate a bed strength profile that may vary in two dimensional spaces. 

 

 

 
 

Figure 3.3: Concept of entrainment. 

 

 

3.2 Numerical representation of debris flow entrainment 

 

The numerical modeling code SDFlow2D, explained in Chapter 2, was modified to 

include the capability to compute bed material entrainment. The modified code incorporates the 

bottom moving boundary in a pattern that updates the bottom elevation, includes the additional 

material as a source, and updates the bed slope with respect to the new bottom elevations. It 

assumes that entrainment is instantaneous and extends to the depth where the shear strength of 

the antecedent sediment balances the shear stress from the debris flow if there is a soft layer in a 

part of model domain provided that the observed bed shear strength profile is available in each 

grid point as an array. The computational points that belong to the part of soft layer are flagged 

using an integer notation in the bathymetry file and the points are considered as erodible. The 

flow chart shown on Figure 3.4 shows the steps in the execution of the modeling code. In the 
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first step, the overlying shear is computed using u, v, and h from previous time step where these 

are x-directional velocity, y-directional velocity, and flow depth respectively. In the second step, 

the erodibility of the points is examined; if erodible then it is directed in the code to call for a 

subroutine to compute an optimum depth to balance the overlying force. The calculation of the 

depth of entrainment is a trial and error process as the shear stress from debris flow decreases 

while sediment is entrained into the bottom of the debris flow (as depicted in Figure 3.3) and the 

shear strength of the antecedent sediment generally increase with depth. The computed depth is 

then used to update the bed elevation, the bed slope, and the new flow thickness. If the depth of 

entrainment is di at computational point i (Figure 3.5) then the volume that is added to the 

overlying debris flow can be computed simply as ∆ � = ∆ ∆ �  (3.4) 

where x and y are the grid sizes in x and y direction respectively, and Vi is the volume of bed 

sediment entrained in each time step. The computed entrained volume becomes a source term M 

in the continuity equation (2.3) as  

�ℎ� + �� + �� = �  (3.5) 

 

3.3 Assessing entrainment capability of the model using idealized cases 

 

The version of model with entrainment capability was utilized with idealized cases to 

compute the bed sediment entrainment and the resultant debris flow deposits. A synthesized bed 

shear profile (Figure 3.6) was used. The synthesized profile was generated based on personal 

experience from numerous proprietary engineering studies and data from Kitimat Fjord given in 

Johns et al. 2012. Representative minimum and maximum yield stress values were 10Pa and 

35kPa respectively.  
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Figure 3.4: Computational flow chart for entrainment. 

 

 

 
 

Figure 3.5: Computational point i. 
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Figure 3.6: Synthesized bed stress profiles. 

 

 

3.3.1 Model extent of idealistic cases and intended area for entrainment 

 

Two idealized 2D bed profiles with 5 percent and 10 percent slopes were used. The grid 

sizes in both x-, and y-directions were 30 feet. The model extents in x-direction and in y-

direction were 3990 feet and 7140 feet respectively. For both of the cases, the location of a 

pyramid shaped source with a circular base was chosen on the uphill of the sloping bathymetries 

as in Figure 3.7. The cases are explained in Table 3.1. The dotted portion of the bathymetry was 

assumed as the area of soft bed layer that was intended to be entrained by the overlying debris 

flows.  
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  Figure 3.7: Bathymetry and source area. 

 

 

Table 3.1 Different cases  

 

 
 

 

3.3.2  Simulating the cases 

 

All of the cases of different longitudinal bed slopes (Table 3.1) were simulated using 

identical Bingham parameters i.e., yields stress and viscosity of 400Pa and 0.04 m
2
/s 

respectively. These values of parameters were applicable to the debris flow but not to the 

underlying antecedent bed. The density of ambient was considered as 1010 kg/m
3
. The time steps 

for all of these three cases were kept identical as 0.12 seconds. The simulation time for Case1 

was 33 minutes and that for Case 2 was 20 minutes. The simulation of Case 2 was stopped 

Cases Slope (%) Source Volume (cft)

Case 1 5 974562

Case 2 10 974562



38 

before the debris run-out touch the downside boundary as this case with steeper slope could have 

had a longer runout distance than the model extent. The purpose of these simulations was to 

assess the entrainment capability of the modeling code and stopping the simulation of Case 2 

before the runout reach its maximum extent did not affect the purpose.  

 

3.3.3 Results and discussion 

 

The outcomes from both of the simulations were the deposit thicknesses, event maximum 

flow speed, eroded bed profiles, and entrained sediment volumes. The simulated results were 

shown in Figure 3.8 through Figure 3.11. The left panels of Figure 3.8 and Figure 3.10 show the 

2D distribution of simulated deposit thicknesses and the right panels of the figures show the 3D 

images of the respective deposit thicknesses. Figure 3.9 and Figure 3.11 show the different 

profiles along the section X-X in Figure 3.8 and section Y-Y in Figure 3.10 respectively. The 

locations of both of the sections X-X and Y-Y are identical to that of the section A-A in Figure 

3.7 which runs across the belt of assumed soft bed. The entrained volumes are shown in Table 

3.2. 

The magnitude of deposit thickness depends on the Bingham parameters, ambient fluid, 

and it is inversely proportional to bed slopes. Apart from the bed slopes, everything else was 

identical between the cases. The results indicate that the Case 1 with 5 percent bed slope yields 

greater deposit thickness than that from the Case 2 with 10 percent bed slope. The volume of 

entrainment is governed by the overlying shearing force hence the depth of debris flow. As the 

flow approached to the zone of soft antecedent sediment the greater flow depth in Case 1 

triggered greater magnitude of entrainment compared with Case 2. In the areas of soft bed layer, 

the final deposit profile in the Case 1 shows a greater dispersion than that in Case 2 as for the 

debris material to disperse more in the lateral direction on comparatively flatter bed. 
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Figure 3.8: 2D distribution simulated deposit thickness (left panel) and 3D  

image of deposit thickness (right panel) of Case 1. 

 

 

 
 

Figure 3.9: Pre and Post bed profiles and debris flow depth profile along 

 section X-X in Figure 3.8. 
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Figure 3.10: 2D distribution simulated deposit thickness (left panel) and 3D  

image of deposit thickness (right panel) of Case 2. 

 

 

 
 

Figure 3.11: Pre and Post bed profiles and debris flow depth profile along 

 section Y-Y in Figure 3.10. 
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In any case, when the debris flow reached the soft portion of the bed it mobilized the soft bed 

layer to a depth depending on overlying shearing force and the bed shear capacity but this depth 

of mobilization kept increasing as the total flow moved downward. In both of the cases, the 

computational process of entrainment resulted in the lower boundary undulate. The physics of 

entrainment does not predict this and it appear to be an artifact of the model. The scale of these 

undulations is not large compared to the total depth of the entrained sediment and therefore they 

are not considered to be significant. The probable cause is the forward difference scheme and 

averaged depth used in computing shear stress. 

 

 

Table 3.2: Entrained volume from different cases 

 

 
 

 

 

  

Cases Slope (%) Source Volume (cft) Entrained Volume (cft) Entrainment (%)

Case 1 5 974562 253386 26

Case 2 10 974562 204658 21
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CHAPTER 4 

 

APPLICATION OF THE MODELING CODE 

 

 
The modeling code SDFlow2D was applied to the real-world cases of submarine debris 

flow where the extent of flow varies from several hundred meters to several kilometers. The 

present two-steps (i.e., diagnostic and prognostic) approach of submarine debris flow modeling 

was implemented. In the diagnostic phase, past event deposits, identified through the combined 

use of seafloor morphology, sub-bottom profiles, and sediment cores, were modeled to set the 

proper values of the Bingham parameters to support modeling in prognostic phase. It was 

assumed that the deposits were representative of the present seafloor processes. It was important 

to establish a reasonable resolution of seafloor bathymetry, source volume, and a source location 

to perform the numerical simulations of past events as well as future potential events. A 

reasonable resolution depends on particular sea floor features and the judgement to adopt these 

features for acceptable illustration. The features like narrow canyon, sharp escarpment, or 

depression are the key factors establishing grid size for the numerical representation of sea floor 

bed.      

  

4.1 Study Area 

 

The study area is located where the base of the northern Gulf of Mexico (GOM) 

continental slope meets the continental rise at the Sigsbee Escarpment in the Atlantis area of 

Green Canyon in water depths between 9,300ft to 9,600ft (Figure 4.1). Evolution of the Sigsbee 

Escarpment has been a complex, multi-stage process that varies both specially and temporally. 

The escarpment is the dominant geological features with steep slopes, faults slumps, and debris 

flow deposits with a vertical relief of 800ft to 1,500 ft. In the past, the combination of slow 
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movement of underlying salt beds and gravity loading on the escarpment produced various types 

of slope failure and resulting slumps.  

 

 

 
 

Figure 4.1: Sigsbee Escarpment and the study area (Source: BP America, Inc.). 

 

 

4.2 Diagnostic modeling 

 

Among various identified slumps and deposits, one was selected along the Northern 

escarpment where there was adequate data to map the area. The horizontal extent and thickness 

of this deposit were determined and provided the best available data for calibrating the debris 

flow model to be used for this area with localized condition. Figure 4.2 shows the study area and 

location of ‘Slump J’ and Figure 4.3 shows the horizontal extent and deposits of ‘Slump J’. The 

observed run-out extent of the deposit from the toe was about 3740ft and the observed deposit 

thicknesses were ranged from 4ft to 7ft with a maximum value of 9ft. Permission to use these 

data was kindly granted by BP America, Inc.. 
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Figure 4.2: Study area and location of Slump-J  

(Source: BP America, Inc.). 

 

 

 
 

Figure 4.3: Observed debris flow extent and deposits of Slump-J  

(Source: BP America, Inc.). 
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4.2.1 Bathymetry  

 

A model grid with individual square cells measuring 21 feet was generated to represent the sea 

bed features in computational model. The sea floor morphology used in the preparation of this 

model grid is the representative of existing condition. Figure 4.4 shows the model grid extent.  

 

 

 

Figure 4.4: Bathymetry of existing condition. 

 

 

The depth of water varies from 5860ft to 6615ft in the model domain. Generally it is hard to 

match the past deposits extent and deposit thicknesses with those simulated by the model as the 

event and its deposits changes the topography. In this case graphical user interface of Surface-
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water Modeling System (SMS) was utilized to recreate the antecedent bathymetry by following 

the bed contour patterns so as to remove the most obvious deposits by maintaining the continuity 

of the contour lines. In this process of the preparation of antecedent sea bed, the emphasis was 

given in the deposit area only. Figure 4.5 shows the conversion of existing bathymetry to its 

antecedent condition.  

 

 

 

Figure 4.5: Generation of the antecedent bathymetry. 

 

 

4.2.2 Source volume and source location 

 

The volume of the evacuated slope failure scar was computed and used as an estimate of 

the source volume or slope failure volume. The SMS graphical user interface was utilized to 
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compute the scar volume. An imaginary surface that fills the scar was created then the volume 

was computed by subtracting this surface from the existing surface. Based on this volume the 

source area was filled and tapered to fit in the source scar. Figure 4.6 shows the generated 

surface with existing surface that created the source volume. The volume was found to be 

339,125 ft
3
.The ‘panel d’ of the figure shows the adjusted source volume fitted to source area.    

 

 

 
   

Figure 4.6: Computation of source volume.  

 

 

4.2.3 Bingham parameters 

 

The Bingham parameters, i.e., yield stress and viscosity, are important to define rheology 

of the debris flow mass. Results from laboratory experiment and sensitivity analyses done by 

URS Corporation, Tallahassee provided guidance selecting the proper pairs of parameters. 

Figure 4.7 shows the relationship between yield stress and viscosity from the laboratory 
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experiment performed by different research groups (Locat et al.1997) and Figure 4.8 shows the 

relationship depending on different studies at different parts of the World done by URS.     

 

 

 

Figure 4.7: Relationship between yield stress and viscosity  

(Reproduced from: J Locat et al. 2002). 

 

 

 

Figure 4.8: Relationship between yield stress and viscosity from  

hindcasting (Source: URS 2002). 



49 

4.2.4  Simulating the Slump J 

 

The first modeling carried out to demonstrate why it was necessary to recreate antecedent 

bathymetry. In this case bathymetric grid without correction for the past event deposits was used. 

Figure 4.9 shows the distribution of simulated deposit thicknesses. It is noticeable from the 

figure that the flow was diverted in different directions due to the existing debris flow deposits. 

In that circumstance it was difficult to match the simulated results with mapped deposit 

thicknesses and deposit extent. All other simulations were carried out with the adjusted 

bathymetric grid.  

 

4.2.5 Results and discussion 

 

Figure 4.10 shows the 2-D distribution of simulated deposits with the best fitted pair of 

Bingham parameters from trial and error. The simulated deposit extent matched reasonably well 

with the mapped deposit except near the narrow tip where bathymetry of antecedent condition 

could not be achieved adequately. The computed average deposit thicknesses along the center 

line of the flow were around 5 feet which was close enough to the mapped deposit profile as in 

the Figure 4.3 considering the consolidation or subsequent erosion on the deposit over long 

period of time. In the mid part where the slope was comparatively steep, the simulated deposit 

did not match well with the computed deposit as it was difficult to prepare the antecedent 

bathymetry. The best fitted parameters were found to be yield stress of 800Pa and viscosity of 

0.08 m
2
/s. The pair of parameters that was found to be appropriate in this diagnostic modeling 

phase was considered to be the representative rheological parameter set for the bed material in 

nearby areas of the escarpment and was used in the prognostic modeling to predict the 

consequences from the probable future failure events in the vicinity. 
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Figure 4.9: Distribution of simulated deposits of ‘Slump J’ with adjusted bathymetry, 

polygon indicates the source area and dots indicate mapped deposit outline. 

 

 

4.3 Prognostic modeling 

 

 In this phase of modeling, two probable future events that were identified in the nearby 

areas of the Slump J were simulated. The lines with dots in Figure 4.11 show the source 

locations of these two events marked by ‘1’ and ‘2’. The bathymetric grids were generated using 

the existing sea bed information. The grid size and the total computational points for both of the 

cases were 15 feet and 143988 respectively. The depth of water in the model domain varied from  
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Figure 4.10: Distribution of simulated deposits of ‘Slump J’, polygon indicates  
the source area and dots indicate the mapped deposit outline. 

 

 

5200 feet to 6580 feet. The ambient fluid density and the debris bulk density were considered as 

1010 kg/m
3
 and 1590 kg/m

3
 respectively. The source volumes for area ‘1’ and area ‘2’ were 

estimated using the SMS graphical user interface and were found to be 525,772 cubic feet and 

406,111 cubic feet respectively. The estimated source material was placed on the source area as a 

pyramid shaped object instead of fully recreating the original shape of the sea floor. This is a 

conservative approach as previous modeling experience has shown that it slightly increases both 

the speed and run-out distance of the modeled debris flow. The average height of the source for 
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both of the events was 28 feet. The fitted Bingham parameters, yield stress of 800Pa and 

viscosity of 0.08m
2
/2, were used here. The time step and the simulation time for both of the 

events were 0.15 sec and 2 hours respectively. 

 

4.3.1 Prognostic modeling with TVD scheme 

 

The prognostic modeling case with the source area ‘1’ was simulated using the modeling 

code with the TVD scheme. The source volume, total computational points, grid sizes, Bingham  

 

 

 

Figure 4.11: Prognostic cases-line with dots indicates two source 

areas marked by ‘1’ and ‘2’. 
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parameters, ambient fluid, and material properties were unchanged from the prognostic modeling 

case without the TVD scheme but the time step was reduced significantly to make the simulation 

stable. The simulation time step was found to be 0.01 sec for a stable simulation with the TVD 

scheme whereas the time was 0.15 sec for the summations without the TVD scheme.  

 

4.3.2 Results and discussions  

 

In each prognostic modeling simulation the outputted results were the two dimensional 

(2D) distributions of final deposit thicknesses and the event maximum flow speed. In general, the 

purpose of prognostic modeling is to predict the run-out distance of the flow so that it can be 

avoided. In some cases the speed, density, and thickness of the flow are also outputted to 

establish whether a given sea floor structure (i.e., pipeline, well-head, manifold, etc.) could be 

engineered to withstand the impact force. 

Prognostic modeling results 

 

The results from two prognostic cases with source areas of ‘1’ and ‘2’ are shown in 

Figure 4.12 and Figure 4.13. The left panel of each figure shows the 2D distribution of deposit 

thicknesses and right panel of each figure shows the event maximum flow speed. In both of the 

cases the average deposit thickness is around 5.0 feet and the event maximum flow speed is 

around 8.0 ft/s. These figures show that the distribution of event maximum flow speeds is not 

uniform throughout the runout extent so the severity of the debris flow hazard on a planned 

structure depends on its location. The planners and the designers are provided with these data of 

deposit thicknesses, 2D map of event maximum flow speed, and the run-out extent to come up 

with alternative plans or to quantify the hazards from such events for a safe and economic design 

of submarine structures. 
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Figure 4.12: 2D distribution of deposit thicknesses (left panel) and event maximum  

flow speed (right panel) with source area 1, polygon indicates the source area. 

 

 

Prognostic modeling with TVD scheme 

 

The results from the simulation with TVD scheme are shown in Figure 4.14. Comparing the 

Figure 4.12 and Figure 4.14 it is visible that simulation with TVD scheme produced less run-out 

extent than that in the simulation without TVD scheme. The deposit thicknesses are in the same 

range but there is a significant change in the distribution of event maximum flow speed around 

the source area. The TVD scheme smoothed out the oscillation of speed in and around the source 

area through its variation diminishing approach. The main disadvantage of TVD scheme was the 

longer computational time as the time step was smaller than that in the simulation without the 

TVD scheme. It took 15 times longer computational time to finish the simulation of identical 

number of time steps. The TVD scheme with flux limiter was applied in simulating debris flows 
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without exploring whether it was applicable to the two-layer theory of Bingham fluid model or 

not. The computational scheme of debris flow model involved total flow depth, the depth of pug 

layer, and the depth of shear layer but the flux limiter in the TVD scheme was designed to use 

the total flow depth. It was never experimented with both of the depths of shear layer and plug 

layer along with the total debris flow depth.   

 

 

 
 

Figure 4.13: 2D distribution of deposit thicknesses (left panel) and event maximum  

flow speed (right panel) with source area 2, polygon indicates the source area. 
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Figure 4.14: 2D distribution of deposit thicknesses (left panel) and event maximum  

flow speed (right panel) with TVD scheme, polygon indicates the source area. 

 

 

4.4 Prognostic modeling with entrainment 

 

The previous chapter explain how the entrainment capability of the modeling code was 

tested using the idealized bathymetries. The modeling code with the capability of entrainment 

was applied here to one of the real world cases with complex submarine features explained in 

section 4.3. The bathymetry with the source area ‘1’ was simulated keeping the source location, 

total computational points, grid sizes, Bingham parameters, ambient fluid, material properties, 

time step, and simulation time unchanged from the prognostic modeling case without 

entrainment. To demonstrate the model it is necessary to represent a zone where the antecedent 

sediment is weak. As no measured data showing this were available it was decided to simply 

create such a zone in the model grid using idealized conditions. A portion of the model domain 
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was assumed to have a soft bed layer as the hatched part shown in Figure 4.15. A bed shear 

strength profile (Figure 3.6) was assigned to all of the computational points in the soft bed area 

assuming that the spatial variation of bed shear strength is negligible.  

 

 

 
 

Figure 4.15: Prognostic case with source area ‘1’-line with dots indicates  

the source area and hatched area indicates assumed soft bed. 

 

 

4.4.1 Results and discussions 

 

The 2D distribution of resultant flow deposits and the event maximum flow speed are 

compared with those of the case without entrainment (Figure 4.16 and Figure 4.17). It is 

noticeable that the resultant flow with entrained antecedent sediment generated longer run-out 

distance although the initial failure volumes were identical. Different profiles in Figure 4.18 
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shows the magnitude of the erosion and the final deposit profile along the section Z-Z in the left 

panel of Figure 4.16. Table 4.1 shows the percentage change in final deposit volume and in final 

run-out distance due to the entrainment. The change in the volume was 40 percent and change in 

the run-out distance was 37 percent. The significant change in the volume occurred due to the 

steep slope of natural terrain around the strip of soft bed layer as in Figure 4.15. The nature of 

synthesized bed strength profile was also a reason behind the large change in the volume. It was 

not only the volume and the run-out distance, but the event maximum flow speed also increased 

in some part of the deposit extent. At a point ‘P’ (left panel in Figure 4.17), the event maximum 

flow speed was found to be increased by 190 percent. 

 

 

 
 

Figure 4.16: Comparison of 2D distribution of deposit thicknesses with  

entrainment  (left panel) and without entrainment (right panel),  

polygons indicate the source areas. 
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Figure 4.17: Comparison of 2D distribution of event maximum flow speeds with 

entrainment (left panel) and without entrainment (right panel), polygons indicate the 

source areas. 
 

 

 
 

Figure 4.18: Original bed profile, eroded bed profile and debris flow deposit  

profile along the section Z-Z in Figure 4.16. 
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Table 4.1: Changes in results with entrainment 

 
 

 

4.5 Comparison of SDFlow2D and DM-2D 

 

A comparison study was carried out to assess the difference between SDFlow2D and 

DM-2D. The modeling codes SDFlow2D and DM-2D were applied to simulate one of the 

idealized cases with 5 percent bed slope explained in section 3.3.  

 

 

 
 

Figure 4.19: Idealized bathymetry with 5 percent slope in 3D. 

 

 

Prognostic case '1' With entrainment Without entrainment Difference Change (%)

Deposit Volume 739214 ft
3

526824 ft
3

212390 ft
3 40

Run-out distance 3640 ft 3340 ft 300 ft 37



61 

4.5.1 Bathymetry and model parameters  

 

The bathymetry with 974562 ft
3
 of source volume was simulated keeping the source 

location, total computational points, grid sizes, Bingham parameters, ambient fluid, material 

properties, time step, and simulation time unchanged from the idealized case. The model extents 

3990 feet and 7140 feet in x-direction and in y-direction respectively. Figure 4.19 shows the 

bathymetry in three dimensions (3D).  

 

4.5.2 Result and discussions 

 

The comparison of simulated deposit thickness and event maximum flow speed are 

shown in Figure A1, A2, and A3 in Appendix A. Figure 4.20 shows the comparison of deposit 

thickness along sections A-A and B-B in Figure A1. It is obvious from the figure that there is no 

significant difference between the deposit thicknesses from SDFlow2D and DM-2D except near 

the leading edge where SDFlow2D predicts a greater thickness than that of DM-2D. Figure 4.21 

shows the comparison of event maximum flow speed along sections A-A and B-B in Figure A3.  

 

  

 

 

Figure 4.20: Comparison of deposit thickness along sections A-A and B-B 

 in Figure A1. 
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It is noticeable from the comparison that there is significant difference between the models in 

event maximum flow speed. The model SDFlow2D predicts event maximum flow speed that is 

greater in magnitude by a factor of 1.5 to 3.3 with respect to DM-2D.        

 

 

 

 

Figure 4.21: Comparison of event maximum flow speed along sections  

A-A and B-B in Figure A3. 
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CHAPTER 5 
 

QUANTIFICATION OF BINGHAM PARAMETER UNCERTAINTY 
 

 

In the case of submarine debris flows considering the underlying problems in viscoplastic 

assumptions, it is difficult to obtain accurate numerical simulations that adequately match field 

observations. The viscoplastic state of fluid has been modeled for quite a long time, but proper 

representation of rheological parameters, yield stress and viscosity, is still under development. 

The range of viscosity measured from laboratory experiments was different from that obtained 

from back analysis of submarine slides using numerical models (Locat et al. 2002). This is not 

surprising, as laboratory experiments were performed with remolded sample controlling the 

plasticity index and the sample itself lost its original integrity after being deformed and 

redeposited through a debris flow event. This process of deformation and redeposition causes 

uncertainty in finding proper paired values of yield stress and viscosity to model a past event as 

well as to predict a future event. While the footprints of past events can be mapped with the help 

of state-of-the-art of submarine survey, there is another type of uncertainty in capturing the 

proper deposit thickness as it is difficult to assess the process of consolidation and sea bed 

erosion over the long period of time. Due to the lack of thickness data, this study did not consider 

the uncertainty in the thickness, but focused on the uncertainty in model parameters, yield stress 

and viscosity.    

The trial-and-error approach of finding out a pair of fitted parameters was laborious, and 

could not quantify the uncertainty in yield stress and viscosity. These problems can be resolved 

by using the methods of Bayesian inverse modeling, which has been found to be effective for 

parameter estimation and uncertainty quantification. The Bayesian inverse modeling not only 

estimates the optimum parameter values but also provide the probability density for the 
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parameters based on measurements of state variables (e.g., deposit thickness) and prior 

information of the parameters.  

 

5.1  Methodology 

 

The main objective of the Bayesian inverse modeling in this study was to compute 

posterior probability density function p(m|d) based on likelihood function and the prior density 

function. Here, m is a parameter vector, � = [��],  (5.1) 

where c and denote yield stress and viscosity, respectively, and d is a data vector, � = [ℎ�],  (5.2) 

where h and L are deposit thickness and run-out distance, respectively. As m is unknown, it is 

necessary to estimate m from data d before predicting d using estimated m. In other words, 

before computing a probability density for d, it is needed to have a posterior probability density 

of m given d. The tool that allows deriving the posterior probability density from the prior is 

Bayes’ theorem as  �|� = � � �|� , (5.3) 

where �|�  is posterior probability of m, �  is prior probability of m, �|�  is the 

likelihood that d can be simulated based on a value of parameter m, and � is a normalizing factor 

defined as  �− = ∫ � �|� �∞−∞ . (5.4) 

The likelihood function for the two paramerters can be defined by the commonly used Gaussian 

density function,   �|� =  √|�| � exp − (� − � ) �− � − , (5.5) 
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where n is the number of measurements of d, � is the covariance matrix of the residual between 

measurements d and corresponding model simulations, f(m), and |�| is the determinant of the 

covariance matrix. Equation (5.3) indicates that the posterior distribution is obtained by update 

the prior distribution based on measurements through the likelihood function. 

 

5.2 Available data of model parameters and state variables 
 

Two sets of parameter measurements were available for constructing the prior 

distribution of yield stress and viscosity. One set were measurements from laboratory 

experiments, and they were compiled by Locat et al. (2005), and the other set were obtained by 

URS through inverse modeling (URS 2002) of the past failure events around the world. Figures 

4.7 and 4.8 show the relation of the two parameters based on the two sets of data. The data of 

Figure 4.7 were digitized for the yield stress values listed in the first column of Table 5.1. The 

second column of the table lists the dynamic viscosity values digitized from Figure 4.7. The 

values were converted to the unit of kinematic viscosity, and they are listed in the third column 

of Table 5.1. The fourth column of the table lists the kinematic viscosity values compiled from 

Figure 4.8. Comparing the kinematic viscosity values listed in the third and fourth columns of 

the table shows that the kinematic viscosity obtained from the inverse modeling of URS is about 

two orders of magnitude higher than that obtained from laboratory experiments carried out by 

Locat at el. (2005). For either of the two datasets, yield stress and (kinematic) viscosity are 

strongly correlated, as shown in Figures 4.7 and 4.8. Table 2 lists the computed covariance 

matrix of the two parameters based on the URS data. The laboratory data were not used in this 

study, because the URS data can better simulate the observations of deposit thickness and run-

out distance.  
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Table 5.1: Data digitized from Figure 4.7 and compiled after Figure 4.8. 

 

 
 

 

Table 5.2 Covariance matrix of yield stress and kinematic viscosity  

based on the URS data listed in Table 5.1. 

 

 

 

The measurements of the two state variables (run-out distance and deposit thickness) 

were obtained from the past failure shown in Figure 4.3. Figure 5.1 shows the adjusted 

bathymetry with source area and the mapped deposit outlines. A reference distance (L in Figure 

5.1) was established to measure the run-out length. While there is only one data of run-out 

distance for the debris flow extent, there are multiple data of deposit thickness. However, except 

the thickness at the point shown in Figure 5.2, other thickness data are not reliable. Therefore, 

Yield Stress         

 (Pa)

Dynamic Viscosity     

m (mPa.s)

Kinematic Viscosity 

 (m
2

/s) (Experiment)

Kinematic Viscosity 

 (m
2

/s) (URS)

12 10.00 0.000007 0.0012

30 25.00 0.000017 0.003

100 100.00 0.000067 0.010

300 313.16 0.000209 0.030

400 418.42 0.000279 0.040

600 628.95 0.000419 0.060

700 734.21 0.000489 0.070

800 839.47 0.000560 0.080

900 944.74 0.000630 0.090

1000 1050.00 0.000700 0.100

1200 1260.53 0.000840 0.120

1400 1471.05 0.000981 0.180

1500 1576.32 0.001051 0.200

 
 22.15 2.94

 2.94 0.41
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only one thickness data was used in this study to estimate the posterior parameter distribution. 

Figure 5.2 shows the observation point with the source area and mapped deposit extent in the 

existing sea floor bathymetry. The point is located just below the source area where the measured 

thickness has been estimated to be four feet based on the mapped deposit profile (Figure 4.3).  

 
 

 

Figure 5.1: Adjusted bathymetry, solid line indicates the source location and  

dots indicate the observed deposit extent. 
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Figure 5.2: Adjusted bathymetry with observation point. The red line indicates the  

source location, and the black circles indicate the observed deposit extent. 
 

 

5.3  Estimation of posterior parameter distribution 

 

Implementing the Bayesian inverse modeling requires construction of prior probability 

density function from available information, likelihood function based on the numerical 

modeling and the measured data, and computes a normalizing factor.   

The prior probability density is assumed to be normally distributed over the ranges that 

are comprehended from the URS data discussed above. The mean of the normal distribution is 

the average yield stress and kinematic viscosity based on the data listed in Table 5.1. The 

covariance matrix of the normal distribution is the covariance matrix given in Table 5.2. Figure 
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5.3 shows contours of prior density, and parameter correlation is observed due to the use of the 

covariance matrix.  

 

 

 

Figure 5.3: Prior probability density from highly correlated data. 
 

 

The likelihood was constructed using the numerical model and measured run-out length 

and deposit thickness. A total of 56 samples of the two parameters (i.e., yield stress and 

kinematic viscosity) were generated uniformly in the parameter space, and their locations are 

shown in Figure 5.4. The number of samples is relatively small, due to the high computational 

cost; each model run takes about three hours on a personal computer. Sparse sampling was used 

later to save the computational cost, and the corresponding results are shown in the next section. 

The numerical model guided to pick the lower limit of yield stress as 300 Pa, for which the 

deposits run-out went far beyond the mapped deposit extent, as shown in Figure 5.5 (the 
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corresponding viscosity value is 0.01 m
2
/s). In other words, the results of numerical modeling 

indicate that yield stress cannot be lower than 300 Pa. In a similar manner, the upper limit of 

yield stress was determined as 1,500 Pa. The results from these 56 simulations are shown in 

Appendix B. The sampling range of viscosity was determined in the same way. In constructing 

the likelihood, both deposit thickness and run-out distance were first simulated using the 

numerical model and then used for evaluating equation 5.5. Figures 5.6 and 5.7 show the 

constructed likelihood using deposit thickness and run-out distance respectively. In debris flow 

model calibration it is important to consider the change of both deposit thickness and run-out 

distance at a time due to the variation of Bingham parameters. To accomplish this purpose the 

joint likelihood was computed from the individual likelihood for deposit thickness and run-out 

distance. Figure 5.8 shows the joint likelihood. 

 

 

 

Figure 5.4: Parameter sampling. 
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Figure 5.5: Simulated deposit thicknesses for the yields Stress of 300 Pa  

and viscosity of 0.01 m
2
/s. 

 

 

Based on the likelihood functions evaluated above, the normalizing factor defined in 

equation 5.4 was evaluated by approximating the integral using the 2D trapezoidal rule in 

MATLAB for the three likelihood functions based on deposit thickness, run-out distance, and 

both of them. The normalizing factors were used to estimate the posterior parameter distributions 

shown below.  
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Figure 5.6: Likelihood considering deposit thickness. 

 

 

 

Figure 5.7:  Likelihood considering run-out distance. 
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Figure 5.8: Joint likelihood.  

 

 

Figure 5.9 shows the posterior parameter distribution based on prior information and the 

likelihood (Figure 5.6) using the data of deposit thickness. The figure indicates that the most 

probable Bingham parameters, i.e., yield stress and viscosity values are 850 Pa and 0.09 m
2
/s 

respectively, which are different from the fitted Bingham parameter values of 800 Pa and 0.08 

m
2
/s obtained through a preliminary sensitivity analysis in the diagnostic modeling phase 

discussed in Section 4.2. The difference is attributed to the use of the prior parameter 

distribution, recalling that the mean yield stress and viscosity are 900 Pa and 0.1 m
2
/s 

respectively. It is expected that the joint use of prior information and measured data yield more 

reliable predictions. This however was not attempted in this study due to lack of measurements 

of thickness and run-out length.  
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Figure 5.9: Posterior density function considering deposit thickness. 

 

 

Figure 5.10 shows the posterior parameter distribution based on the data of both deposit 

thickness and run-out length. Visual inspection of Figures 5.9 and 5.10 shows that including the 

data of run-out distances does not significantly change the posterior parameter distribution, 

indicating that the data of run-out distance is less important than the data of deposit thickness for 

estimating the posterior parameter distribution. This explains why the most probable Bingham 

parameter values remain as 850 Pa and 0.09 m
2
/s. However, including the run-out distance data 

reduces the dispersion of the posterior distribution, suggesting that the data reduce the 

uncertainty of parameter estimation, although the reduction is marginal. These results indicate 

that, in order to further reduce the parameter estimation uncertainty in future studies, more data 

of deposit thickness should be collected.  
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Figure 5.10: Posterior density function considering deposit thickness  

and run-out distance. 

 

 

5.4  Sparse sampling to reduce computational cost 
 

Considering the real-world model domain and discretization normally it takes 2 hours to 

4 hours to complete a single simulation and in total it may be 112 hours to 224 hours to complete 

all 56 simulations. Obviously it is not a cost effective way of implementing the method. This 

section investigates whether the same or similar posterior parameter distribution can be obtained 

without using the 56 model runs but using a smaller number.  

Rather than using the 56 parameter samples uniformly distributed in the parameter space 

(Figure 5.4), sparse samples were taken, as shown in Figure 5.11. As initially the samples were 
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taken uniformly and the results from 56 simulations were already in hand so it was better to start 

with yield stress and to select seven samples uniformly distributed in the parameter range. To 

pair up with these samples of yield stress, seven samples of viscosity were generated and they 

are uniformly distributed in the parameter range. Figure 5.11 shows the seven pairs of the two 

parameters in the parameter space. Figure 5.12 plots the posterior parameter distribution based 

on the seven pairs of parameters and the data of deposit thickness and run-out distance. 

Comparison of Figures 5.12 and 5.10 shows that the new posterior distribution only covers a 

smaller portion of the parameter space. However, the posterior distribution shown in Figure 5.12 

reveals the region of high probable parameter values.  

 

 

 
 

Figure 5.11: The sparse parameter sampling. 

 

 

The spatial coverage of the posterior parameter distribution was expanded by adding 

more parameter samples. Figure 5.13 shows the five additional samples taken at the locations 
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marked by the number of 2; the number of 1 marks the locations of the previous seven parameter 

pairs. The posterior was computed using these 12 samples, and the new posterior distribution 

shown in Figure 5.14. Comparison of Figures 5.14 and 5.10 indicates that the new posterior 

parameter distribution is practically acceptable, because the two distributions are visually 

similar. For example, the probable pair of Bingham parameters was found to be (815 Pa, 

0.09m
2
/s) in Figure 5.14, which is close to the pair (850 Pa, 0.09m

2
/s) from the previous  

 

 

 

Figure 5.12: The posterior using seven simulations. 

 

 

posterior with 56 simulations (Figure 5.10). The savings of computational cost is significant, 

because the sparse sampling requires only 12 model runs which takes 21% of the computational 

cost of the 56 samples.     
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Figure 5.13: The additional samples with sparse sampling. 

 

 

 

Figure 5.14: The posterior using 12 simulations. 
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The most probable parameter values obtained from the 56 simulations and 12 simulations were 

used to simulate the deposit thickness. The parameter values were found to be 850Pa and 

0.09m
2
/s using the joint likelihood from the 56 simulations. The corresponding parameter values 

from the 12 simulations were found to be 815Pa and 0.09m
2
/s. The distributions of simulated 

deposit thickness are plotted in Figure 5.15. The two panels in Figure 5.15 are visually similar, 

indicating that the reduction in computational cost does not deteriorate the quality of numerical 

simulation. Therefore the sparse sampling presented in this section is empirically useful for 

conducting Bayesian inverse modeling for computationally expensive models.  

 

 

 

Figure 5.15: 2D distribution of simulated deposit, a) with 850Pa and 0.09m
2
/s,  

b) with 815Pa and 0.09 m
2
/s. 

 

  

(a) (b) 
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CHAPTER 6 

 

 CONCLUSIONS AND RECOMMENDATIONS 

 

 
This study was focused on the various aspects of computational modeling of debris flows, 

including the development of computer code SDFlow2D, an enhanced version of SDFlow2D, 

verification of the code, the TVD scheme and its application for debris flow, modeling of bed 

material entrainment, and uncertainty quantification of Bingham parameters. The study 

demonstrated the application of SDFlow2D in two real-world cases and the application of the 

model with entrainment capability in two synthetic cases as well as in a real-world case. The 

outcome of the study enhances the numerical modeling capabilities to predict submarine debris 

flow consequences and to quantify Bingham parameters uncertainty. This study hence benefits 

the planners and designers for dealing with deep sea facilities.  

The study also discussed a number of theoretical and practical issues that have not been 

resolved in this study, including the assumptions behind the development of SDFlow2D, 

limitations in model verification, the limitations of the TVD scheme for its applications to the 

two layer theory, the assumptions behind the computation of entrainment, and the data 

limitations in implementing Bayesian inversion to quantify parameter uncertainty. These issues 

will be tackled in future studies. 

 

6.1 Conclusions 

 

The major conclusions drawn from this study are as follows: 

1) Regardless of failure types and source locations of submarine debris flow events, once 

the failure material gets in flow motion, it can be represented using simple physics. 
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2) The two dimensional numerical model with two-layer fluid representations, SDFlow2D, 

was developed by using an Eulerian frame of reference. The model is viscoplastic in 

nature based on depth averaged approximation to the SWEs and the rheology can be 

represented as a Bingham fluid. The model assumes that the flow consists of a non-

deforming upper layer riding on a deforming layer. The non-deforming layer thickness is 

defined by the layer-interior shear stress due to the downslope component of gravity. This 

depth below the flow surface is a function of the following three variables: the slope of 

the seafloor, the slope of the upper surface of the flow, and the material strength. In the 

model, the thickness of the non-deforming layer varies along the flow and in time. In the 

lower region, the material is assumed to be a viscous fluid with a parabolic velocity 

profile that extends from the bed to the base of the non-deforming layer. 

3) The model was verified by comparing the numerical solution of SDFlow2D with the 

experimental data of Wright (1987) and the analytical solution by Huang et al. (1997). 

The comparison shows a good agreement with analytical solution and an acceptable 

agreement with the experimental data considering the fact that the experiment was done 

with bentonite slurry and that the slurry itself did not show the characteristic of a perfect 

Bingham fluid.   

3) The model was applied to simulate a past failure event, and manual model calibration 

was conducted to determine the appropriate Bingham parameters for Atlantis area in 

GOM. The model was also used to simulate two other probable future events using the 

fitted parameters obtained in calibration case. It is concluded that the model is capable of 

simulating complex behaviors of submarine debris flows.  



82 

4) The numerical code SDFlow2D was modified using simple physics to include the 

capability to compute bed material entrainment. It was assumed that there was no inertial 

force involved in the process and that the entrainment was instantaneous. The thickness 

of entrained layer depends on the following variables: strength state of the antecedent 

sediment, the magnitude of the overlying shearing force, the grain size of antecedent soil, 

and ambient water density. When the shear strength of a top layer of the antecedent 

sediment is less than the shearing force exerted by the overlying moving mass of the 

debris flow, the layer merges to moving layer. This process goes on exposing antecedent 

sediment with increasingly higher shear strength until it reaches a depth for which the 

sediment strength balances the shearing stress from debris flow. The modified 

SDFlow2D was applied to two idealized cases and to a prognostic case with the source 

area ‘1’ to compute bed material entrainment. In all of the cases, the physical process of 

entrainment looks reasonable apart from the rippled lower boundary in two idealized 

cases. The physics of entrainment does not predict the undulation and it appears to be an 

artifact of the model. Since the scale of these undulations is not large compared to the 

total depth of the entrained sediment, they are not considered to be significant. The 

results of bed material entrainment were not verified with any measured data or with any 

experimental results as such data was not available. It is concluded from the theoretical 

perspective that the modified code is capable of computing bed material entrainment. 

5) A TVD scheme with flux limiter was applied with MacCormack predictor-corrector 

scheme to smooth out the spurious solution near the source. While the TVD scheme 

served that purpose to some extent, it was not helpful to make the model robust as the 

computational time was 10 times higher than that of using the code without TVD scheme. 
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Moreover the simulated runout distance was smaller compared to the case without the 

scheme. The TVD scheme was applied without exploring whether it was applicable to the 

two-layer theory of Bingham fluid model or not. The computational scheme of debris 

flow model involved there depth variables, i.e., total flow depth, the depth of pug layer, 

and the depth of shear layer but the formulation of flux limiter in the TVD scheme used  

the total flow depth only. It is concluded that the application of the TVD scheme with the 

two-layer theory of Bingham flow is not appropriate.  

6) In view of the computational capabilities, it is concluded that SDFlow2D is a next 

generation model.  

7) The study implemented the Bayesian inverse modeling to quantify the uncertainty 

regarding Bingham parameters. At first the analysis was performed using 56 model 

simulations and the result was satisfactory, but it was not a cost effective approach using 

such number of simulations. Then the number of simulations was reduced to 12 by 

applying a sparse sampling. Comparing the posterior parameter distributions (Figures 

5.14 and 5.10) obtained from these two sets of simulations, it is noticeable that the new 

posterior parameter distribution is acceptable as the two distributions are visually similar. 

The most probable pair of Bingham parameters was found to be (815 Pa, 0.09m
2
/s) in 

Figure 5.14, which is close to the pair (850 Pa, 0.09m
2
/s) from the posterior with 56 

simulations (Figure 5.10). The computational cost saving is significantly, because the 

sparse sampling only require 12 model runs, 21% of the computational cost of the 56 

samples. It is concluded that the Bayesian inversion technique helps find not only the 

most probable pair of Bingham parameters but also the distributions of the parameters by 

conducting a small number of model simulations.  
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6.2  Recommendations 

 

Considering the complexity of submarine environment, it is vital to represent the seabed 

morphology properly into computational grid. As the debris flow is mainly gravity driven, the 

seabed slopes play an important role guiding the flow downslope. Two-dimensional (2D) 

discretization may misinterpret the slopes in computational grid if it is not oriented properly. 

Moreover there is no perfect orientation when it is dealt with 2D finite difference discretization. 

It is the understanding of this study that some parts of this study (such as model verification, bed 

material entrainment, and quantification of parameter uncertainty) need more work in future 

studies. 

For further improvement of our understanding of the submarine debris flow phenomena 

in a better way, the following recommendations are made: 

1) To define the complex seabed morphology properly and to incorporate this information in 

the computation grid, using unstructured meshes is recommended to avoid 

misinterpretation from improper rectilinear grid orientation. 

2) The model was verified against data from a laboratory experiment, but the experiment 

was not ideal because it treats the ambient fluid as air. It is recommended that the model 

needs to be verified against the data from a laboratory experiment that is done under 

water with a recognized Bingham fluid.  

3) The module that was added to the modeling code to compute bed material entrainment 

needs to be further tested with real bed shear strength data. With the advent of state-of-

the-art technology in deep sea survey, it is possible to capture the shear strength of seabed 

antecedent sediment. 
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4) It is recommended that the model can be tested with Herschel-Bulkley fluid and bilinear 

fluid.   

5) It is recommended that, instead of using a single measured data, multiple measured data 

points may be used in quantifying Bingham parameter uncertainty.  
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APPENDIX A 

 

COMPARISON OF TWO MODELS 

 

 

 
 

Figure A1: 2D distribution of computed deposit thickness, left panel shows the  

results from SDFlow2D, right panel shows the results from DM-2D,  

and circles indicate source locations. 

 

 

 
 

Figure A2: 3D view of deposit thickness, left panel shows the results from  

SDFlow2D, right panel shows the results from DM-2D. 



87 

 
 

Figure A3: 2D distribution of computed event maximum speed, left panel shows 

 the results from SDFlow2D, right panel shows the results from DM-2D,  

and circles indicate source locations. 
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APPENDIX B 

 

MODEL RESULTS FOR UNCERTAINTY ANALYSIS 

 

 
The two-dimensional distribution of simulated deposit thicknesses from 56 simulations to 

support the analyses of Bingham parameter uncertainty are shown in Figures B1 through Figure 

B56. The title of each figure shows figure number and corresponding pair of Bingham 

parameters, yield stress and viscosity, which were used in the simulation. The polygon and dots 

on each figure indicate source area and mapped deposit outline respectively.   

 

 

 
 

Figure B1 (300Pa, 0.01m
2
/s)           Figure B2 (300Pa, 0.03m

2
/s) 
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Figure B3 (300Pa, 0.05m
2
/s)           Figure B4 (300Pa, 0.07m

2
/s) 

 

 

 
 

Figure B5 (300Pa, 0.09m
2
/s)           Figure B6 (300Pa, 0.11m

2
/s) 
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Figure B7 (300Pa, 0.13m
2
/s)           Figure B8 (300Pa, 0.15m

2
/s) 

 

 

 
 

Figure B9 (500Pa, 0.01m
2
/s)           Figure B10 (500Pa, 0.03m

2
/s) 
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Figure B11 (500Pa, 0.05m
2
/s)           Figure B12 (500Pa, 0.07m

2
/s) 

 

 

 
 

  Figure B13 (500Pa, 0.09m
2
/s)           Figure B14 (500Pa, 0.11m

2
/s) 
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           Figure B15 (500Pa, 0.13m
2
/s)     Figure B16 (500Pa, 0.15m

2
/s) 

 

 

 
 

Figure B17 (700Pa, 0.01m
2
/s)        Figure B18 (700Pa, 0.03m

2
/s) 
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Figure B19 (700Pa, 0.05m
2
/s)        Figure B20 (700Pa, 0.07m

2
/s) 

 

 

 
 

Figure B21 (700Pa, 0.09m
2
/s)        Figure B22 (700Pa, 0.11m

2
/s) 
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Figure B23 (700Pa, 0.13m
2
/s)        Figure B24 (700Pa, 0.15m

2
/s) 

 

 

 
 

Figure B25 (900Pa, 0.01m
2
/s)        Figure B26 (900Pa, 0.03m

2
/s) 
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Figure B27 (900Pa, 0.05m
2
/s)        Figure B28 (900Pa, 0.07m

2
/s) 

 

 

 
 

Figure B29 (900Pa, 0.09m
2
/s)        Figure B30 (900Pa, 0.11m

2
/s) 
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Figure B31 (900Pa, 0.13m
2
/s)        Figure B32 (900Pa, 0.15m

2
/s) 

 

 

 
 

Figure B33 (1100Pa, 0.01m
2
/s)        Figure B34 (1100Pa, 0.03m

2
/s) 
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Figure B35 (1100Pa, 0.05m
2
/s)        Figure B36 (1100Pa, 0.07m

2
/s) 

 

 

 
 

Figure B37 (1100Pa, 0.09m
2
/s)        Figure B38 (1100Pa, 0.11m

2
/s) 
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Figure B39 (1100Pa, 0.13m
2
/s)        Figure B40 (1100Pa, 0.15m

2
/s) 

 

 

 
 

Figure B41 (1300Pa, 0.01m
2
/s)        Figure B42 (1300Pa, 0.03m

2
/s) 
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Figure B43 (1300Pa, 0.05m
2
/s)        Figure B44 (1300Pa, 0.07m

2
/s) 

 

 

 
 

Figure B45 (1300Pa, 0.09m
2
/s)        Figure B46 (1300Pa, 0.11m

2
/s) 
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Figure B47 (1300Pa, 0.13m
2
/s)        Figure B48 (1300Pa, 0.15m

2
/s) 

 

 

 
 

Figure B49 (1500Pa, 0.01m
2
/s)        Figure B50 (1300Pa, 0.03m

2
/s) 
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Figure B51 (1500Pa, 0.05m
2
/s)        Figure B52 (1300Pa, 0.07m

2
/s) 

 

 

 
 

Figure B53 (1500Pa, 0.09m
2
/s)        Figure B54 (1300Pa, 0.11m

2
/s) 
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Figure B55 (1500Pa, 0.13m
2
/s)        Figure B56 (1300Pa, 0.15m

2
/s) 

 

 

 

  



103 

REFERENCES 

 

 
Alcrudo, F., and Garcia-Navarro, P., 1993. A high-resolution Godunov-type scheme in finite 

volumes for the 2D shallow-water equations. Int. j. numer. methods fluids, 16, 489–505. 

 

Anastasiou, K., and Chan, C.T., 1997. Solution of the 2D Shallow Water Equations using the 

finite volume method on unstructured triangular meshes. International Journal for 

numerical methods in fluids, Vol. 24, 1225–1245. 

  

Burk, C. A., and Drake, C. L., 1974. Continental margins in perspective, in Burk, C. A. , and 

Drake, C. L. eds., The geology of continental margins, New York, Springer-Verlag. p. 

1003-1009. 

 

Chen, C. L., 1988. General solutions for viscoplastic debris flow, J. Hydraul. Eng., 114, 259–
282. 

 

Cook, H. E., 1979. Ancient continental slope sequence and their value in understanding modern 

slope development. SEPM Spec. Pub. 27. P. 287-305. 

  

Coussot, P., 1994. Steady laminar flow of concentrated mud suspension in open channel. Journal 

of Hrdr. Res., Delft, The Netherlands, 32(4), 535-559. 

 

Davies, T. R. H., 1998. Debris flow surges- a laboratory investigation, Report No, 96. ETH, 

Zurich, Switzerland.   

 

D’ Elia, B. , Picarelli, L., Leroueil, S., and Vaunat, J., 1998. Geotechnical characterization of 

slope movements in structurally complex clay soils and stiff jointed clays. Rivasta 

Italiana Geotechnica, Luglio, September 1998.  

 

De Blasio, F. V., Elverhøi, A., Engvik, L. E., Issler, D., Gauer, P. and Harbitz, C., 2006. 

Understanding the high mobility of subaqueous debris flows. Norwegian Journal of 

Geology, Vol. 86, pp. 275-284. 

 

De Blasio, F. V., Elverhøi, A., Issler, D., Harbitz, C. B., Bryn, P. and Lien, R., 2005. On the 

dynamics of subaqueous clay rich gravity mass flows-the Giant Storegga slide, Norway. 

Marine and Petroleum Geology, 22, 179-186. 

 

De Blasio, F. V., Elverhøi, A., Issler, D. , Harbitz, C. B., Bryn, P., and Lien, R., 2004. Flow 

models of natural debris flows originating from over consolidated clay materials. Marine 

Geology 213, 439-455. 

 

 

 

 



104 

De Blasio, F. V., Issler, D., Elverhøi, A., Harbitz, C. B., Ilstad, T., Bryn, P., Lien, R., and 

Lovohlt, F., 2003. Dynamics, Velocity, and Run-out of the Giant Storegga Slide. 

Submarine Mass Movement and Their Consequences: 1
st
 International Symposium. J. 

Locat, J. Mienert, and L. Boisvert. Dordrecht/Boston/London, Kluwer Academic 

Publishers: 223-230.  

 

Deepwater Gulf of Mexico 2009. Interim Report of 2008 Highlights; US Department of Interior, 

Minerals Management Services, Gulf of Mexico OCS Region. 

 

Driscoll, N. W., Weissel, J. K., and Goff, J. A., 2000. Potential for large-scale submarine slope 

failure and tsunami generation along the US mid-Atlantic coast. Geology. 28:407-410 

 

Elverhøi, A., Harbitz, C. B., Dimakis, P., Mohrig, D. , Mar, J., and Parker, G., 2000. On the 

dynamics of subaqueous debris flows. Oceanography, Vol. 13. No.3. 

 

Elverhøi, A., Issler, D., De Blasio, F. V., Ilstad, T., Harbitz, C. B., and Gauer, P., 2005. 

Emerging insights into the dynamics of submarine debris flows. Natural Hazard and 

Earth System Science, 5, 633-648. 

 

Freed, D.L., Jim, M., and Lewis, J.M., 1996. An LPI Numerical Implicit Solution for Unsteady 

Mixed-Flow Simulation. North American Water and Environment Congress’96, ASCE, 

Anaheim, California. 

 

Gani, M. R., 2004. From Turbid to Lucid, A straight forward approach to sediment flows and 

their deposits. The Sedimentary Record (SEPM) 2, 4-11. 

 

Garcia-Navarro, P., Alcrudo, F., and Saviron, J. M., 1992. 1_D Open-Channel Flow Simualtion 

Using TVD-MacCormack Scheme. Journal of Hydraulic Engineering, Vol. 118, No. 10. 

 

Garcia, R., and Kahawita, R. A., 1986. Numerical Solution of St. Venant equation with the 

MacCormack Finite Difference Scheme. International Journal for Numerical Methods in 

Fluids,  6, 507-527. 

 

George, D. L., 2008. Augmented Riemann solvers for the shallow water equations over variable 

topography with steady states and inundation. Journal of Computational Physics, Vol. 

227-6, pp 3089-3113 

 

Hampton, M. A., 1972. The role of subaqueous debris flows in generating turbidity currents. 

Journal of Sedimentary Petrology. 42; 775-793. 

 

Hampton, M. A., 1975. Competence of fine debris flows. Journal of Sedimentary Petrology. 45; 

834-844. 

 

Harbitz, C. B., Parker, G., Elverhøi, A., Marr, J. G., Mohrig, D., and Harff, P. A., 2003. 

Hydroplanning of subaqueous debris flows and glide blocks: Analytical solution and 

discussion, Journal of Geophysical Research, vol. 108(B7), 2349 



105 

Huang, X. and Garcia, M. H., 1997. A Perturbation Solution for Bingham-Plastic Mudflows, 

Journal of Hydraulic Engineering, ASCE, Vol 123, No. 11    

 

Huang, X. and Garcia, M. H., 1998. A Herschel-Bulkley model for mudflow down a slope, 

Journal of Fluid Mechanics 374, 305-333. 

 

Ilstad, T., De Blasio, F. V. , Elverhøi, A., Issler, D.  and Marr, J. G., 2004. Subaqueous debris 

flow behavior and its dependence on the sand-clay ratio: a laboratory study using particle 

tracking. Marine Geology, 213, 415-438. 

 

Imran, J., Harff, P., and Parker, G., 2001a. A numerical model of submarine debris flow with 

graphical user interface. Computer Geosciences 27; 717-729. 

 

Imran, J., Parker, G., Locat, J., and Lee, H. J., 2001b. 1-D numerical model of muddy 

subaqueous and subaerial debris flows. Journal of Hydraulic Engineering, ASCE, 

127(11):959-968. 

 

Iverson, R. M. and Denlinger, R. P., 1987. The physics of debris flows-a conceptual assessment. 

Erosion and Sedimentation in the Pacific Rim. IAHS Publ. no. 165. 

 

Iverson, R. M., 1997. The physics of debris flows. Reviews of Geophysics 35:245-296. 

 

Issler, D., De Blasio, F. V., Elverhøi, A., Ilstad, T., Lien, R., and Bryn, P., 2003. Issues in the 

assessment of gravity mass flow hazard in the Storegga area off the Western Norwegian 

Coast. In Locat, J. and Mienert, J. (Eds.), Submarine Mass Movement and Their 

Consequences: 1
st
 International Symposium. Dordrecht/Boston/London, Kluwer 

Academic Publishers: 231-238. 

 

Jacobson, R.B., Miller, A.J., and Smith, J.A., 1989. The Role of catastrophic events in Central 

Appalachian landscape evolution. Geomorphology 2:257-284. 

 

Jiang, L., and LeBlond, P., 1993. Numerical modeling of an underwater Bingham plastic 

mudslides and the waves which it generates. J. Geophys. Res. 98 (C6), 303-310, 317. 

Johnson, A. M. 1970: Physical Processes in Geology. Freeman, Cooper and Co.     

 

Johnson, A. M., 1965. A model for debris flow. Pen. State Univ. unpub. Ph.D. dissertation, State 

College. PA,, USA.  

 

Johns, M. W., Prior, D. B., Bornhold, B. D., Coleman, J. M., and Bryant, W. R., 1986. 

Geotechnical aspects of a submarine slope failure, Kitimat fjord, british Columbia, 

Marine Geology, 6:3, 243-279. 

 

Kelfoun, K., 2011. Suitability of simple rheological laws for the numerical simulation of dense 

pyroclastic flows and long-run-out volcanic avalanches, Journal of Geophysical 

Research, 116, B08209. 

 



106 

Leroueil, S., Vaunat, J., Picarelli, L., Locat, J., Lee, H. and Faure, R., 1996. Geotechnical 

Characterization of Slope Movements. Proc. 7
th

 Int. Symp. on Landslides, Trondheim, 

Vol 1, pp 53-74.     

 

Liang, D., B. Lin, R. Falconer., 2006.Simulating of rapidly varying flow using ab efficient TVD-

MacCormack schem. Int, J. Numer, Meth. Fluid . DOI: 10.1002/fld. 

 

Locat, J. and Lee, L. J., 2002. Submarine landslides: advances and challenges, Canadian 

Geotechnical Journal, 39, 193-212. 

 

Locat, J. and Demers, D., 1998. Viscosity, yield stress, remolded strength, and plasticity index 

realtionshp for sensitive clays, Can. Geotech J, vol 25. 

 

Locat, J., 1997. Normalized rheological behavior of fine muds and their flow properties in a 

pseudoplastic regime. In Debris-flow hazards mitigation: mechanics, prediction and 

assessment. Water Resources Engineering Division, American Society of Civil Engineers, 

New York, pp 260-269. 

 

Marr, J. G., Elverhøi, A., AHrbitz, C. B., Imran, J., and Harff, P. A., 2002. Numerical Simulation 

of mud-rich sub aqueous debris flows on the glacially active margins of the Svalbard-

Barents Sea. Marine Geology, 188, 351-364. 

 

Middleton. G. V. and Hampton, M. A., 1973. Sediment gravity flows: Mechanics of flow and 

depositions. In Middleton, G. V. and Bouma, A. H. (Eds.), Turbidities and deep water 

Sedimentation, Society of Economics Paleontologist and Mineralogists. Los Angeles, I-

38. 

 

Ming, H. T., and Chu, C. R., 2000. Two-dimensional shallow water flows simulation using 

TVD-MacCormack Scheme, Journal of Hydraulic Research, 38:2, 123-131. 

 

Mohrig, D., Elverhoi, A., and Parker, G., 1999. Experiments on the relative mobility of muddy 

sub aqueous and subaerial debris flows and their capacity to remobilize antecedent 

deposits, Marine Geology 154 117-129. 

 

Moritz, A., Bangerth, W., Linhert, J.M., Polanco, J., Wang, F., Wang, K., Wenster, J., and 

Zedler, S., 2013. Estimating Paramerters in Physical Models Through Bayesian 

Inversion: A Complete Example, SIAM Review, Vol 55 No. 1, pp 149-167 

 

Niedoroda, A. W., Reed, C., Parsons, S., Breza, J., Forristall, G. Z., and Mullee, J. E., 2000. 

Developing engineering design criteria for mass gravity flows in deep sea slope 

environments. OTC 12069, Proceedings Offshore Technology Conference, 11 pps 

 

Niedoroda, A. W., Reed, C. W., Hatchet, J. L., Das, H., 2003. Developing engineering design 

criteria for mass gravity flows in deep ocean and continental slope environments. In 

Locat, J. and Mienert, J. (Eds.), Submarine Mass Movement and Their Consequences. 

Kluwer Academic Press, Dordrecht, 85-94.   



107 

Niedoroda, A. W., Reed, C., Das, H., Hatchet, L. and Perlet, A.B., 2006. Controls of the 

behavior of marine debris flows. Norwegian Journal of Geology, Vol. 86, pp 265-274. 

 

Nomitsu, R. and Seno, K., 1990. New Potamology. Chijin Sokan, Tokyo, pp.1-318.  

 

Norem, H., Locat, J., and Schieldrop, B., 1990. An approach to the physics and the modeling of 

submarine landslides. Marine Geology 9: 93-111.  

 

Postma, G., 1984. Slump and their deposits in fan delta front and slope, Geology, v. 12, pp. 23-

30.  

Prior, D. B. and Coleman, J. M., 1982. Submarine landslides geometry and nomenclature. 

Zeitschrift fúr Geomophology N.F., 23, 415-426.  

 

Prior, D. B., Bornhold, B. D., Coleman, J. M., and Bryant, W. R., 1982a. Morphology of a 

submarine landslides, Kitimat Arm, British Columbia. Geology, v10, p. 588-592. 

Prior, D. B., Bornhold, B. D., and Johns, M. W., 1984. Depositional Characteristics of a 

Submarine Debris Flow. Journal of Geology 92, 707-727.     

 

Qian, N. and Wan, Z., 1986. A critical review of the research on the hyperconcentrated flow in 

China, report, 43Int. Res. and Training Cent. on Erosion and Sediment., Beijing, China. 

 

Reed, C. W., Niedoroda, A. W., Parsons, B. S., Breza, J., Mullee, J.E., and Forristall, G. Z., 

2000. Analysis of deepwater debris flows, mudflows, and turbidity currents for speeds 

and recurrence rates, Proceedings: Deepwater Pipeline & Riser Technology Conference, 

17 pps.   

 

Rousseau, M., Cerdan, O., Delestre, O.,Dupros, F., James, F., and Cordier, S., 2012. Overland 

flow modeling with the Shallow Water Equation using a well-balanced scheme: Adding 

efficiency or just more complexicity? hal-00664535, version 1.  

 

Schnellmann, M., Anselmetti, F., Giardini, D., and McKenzie, J., 2005. Mass movement-induced 

fold-and-thrust belt structures in unconsolidated sediments in Lake Lucerne 

(Switzerland), Sedimentology (2005) 52.271-289, doi:10.1111/j 1365-3091.2004.00694 

x. 

 

Stoker, J. J., 1992. Water Waves: The Mathematical Theory with Applications, John Wiley & 

Sons, Inc.  

 

Takahashi, T., 2009. A Review of Japanese Debris Flow Research. International Journal of 

Erosion Control Engineering, vol. 2 No. 1 

 

Tani, I., 1968. On debris flow. Water Science, 60, pp. 106-126 

 

URS 2002. Report on the mass gravity flow hazards in the Atlantis field development area, 

prepared for BP, Inc. Houston, Texas. 



108 

Varnes, D. J., 1978. Slope movement types and processes, in Schuster, R. L., and Krizek, R. J., 

eds., Landslides analysis and control: Trans. Res. Bd. Comm. Socio-technical systems, 

Nat. Res. Council Spec. Rep. 176, p. 11-33. 

 

Whipple, K. X., 1992. Predicting debris-flow runout and deposition on fans: the importance of 

flow hydrograph. Erosion, Debris Flows and Environment in Mountain Regions. IAHS 

Publ. no. 209. 

 

Winterwerp, J. C. and van Kesteren, W.G.M. 2004: Introduction to the physics of cohesive 

sediment in the marine environment. Development in Sedimentology 56, ELSVIER.     

 

Wright, V., 1987. Laboratory and Numerical Study of Mud and Debris Flow, PhD Dissertation, 

University of California, Davis, California. 

 

Yano, K. and Daido, A., 1965. Fundamental study on mud-flow. Bull. Diaster Prev. Res. Tns, 

14. Part-2, Pp. 69-83. 

 

Zhang, N., Matsushima, T.  and Yamada, Y., 2013. Review on depositional behavior of viscous 

debris flow. Proc. of International Conf. on Advances in Civil, Structure and 

Environmental Engineering- ASCE 2013, doi:103850/987-981-077965-8_31. 

 

Wright, V. and Krone, R. B., 1987. Laboratory and Numerical Study of Mud and Debris Flow, 

International Association for Hydraulics Research, Lausanne, Switzerland. 

 

 
  



109 

BIOGRAPHICAL SKETCH 

 

 
Bikash C Saha 

Bangladesh University of Engineering and Technology (BUET), 1995, Tennessee Technological 

University, 2006 

Civil Engineering, BS; Civil Engineering, MS 

 

Manikgonj, Dhaka, Bangladesh 

Bikash is a Ph.D. candidate with particular interest in computational hydraulics, computational 

hydrology, modeling of non-Newtonian fluid, and structural modeling. He is a native of 

Bangladesh and he has been living in Tallahassee since 2006. He holds a MS degree in civil 

engineering from Tennessee Technological University and a BS in civil engineering from BUET. 

He came to Florida State University as a part time student while he was working with 

URS/AECOM as a civil engineer. He is a professional engineer licensed in Florida. Recently he 

has joined Florida Department of Management Services as a professional engineer administrator. 

He is a Florida Certified Contract Manager. He lives with his wife, Lipi, and children, 

Lopamudra, Anish, and Prachee in Tallahassee, Florida.   

 


