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Three two-dimensional (2D) debris-flow simulation models are applied to two large well-

documented debris-flow events which caused major deposition of solid material on the fan.

The models are based on a Voellmy fluid rheology reflecting turbulent-like and basal

frictional stresses, a quadratic rheologic formulation including Bingham, collisional and

turbulent stresses, and a HerschelYBulkley rheology representing a viscoplastic fluid. The

rheologic or friction parameters of the models are either assumed a priori or adjusted to best

match field observations. All three models are capable of reasonably reproducing the

depositional pattern on the alluvial fan after the models have been calibrated using historical

data from the torrent. Accurate representation of the channel and fan topography is

especially important to achieve a good replication of the observed deposition pattern.

Keywords: debris flow, field observation, friction law, rheologic parameter, simulation

model

1. Introduction

Due to the complexity of the debris flow process, a number of models were

developed to simulate the flow behaviour. In applications to real debris flows, single-

phase models are often used. This represents a simplification of a debris flow where

the main constituents are water and solid material consisting of a wide range of grain

sizes. Because the flow process is still poorly understood and the limits between

different constitutive approaches can hardly be assessed for real mixtures, the

application of simplified models such as single-phase models appears to be a

reasonable first step towards a systematic application and evaluation of simulation
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models. In this way, the number of model parameters, which are usually not well

constrained, remains restricted.

Application of computational debris flow models to field examples necessitates

many assumptions about the details of the event and pre-event topography. Similarly,

the debris flow process remains incompletely understood and approximations Y many

of which have not been thoroughly evaluated Y should also be considered when using

debris flow models for engineering practice. In principle it is possible to first test such

models in the laboratory with, for example, clayYwater mixtures [25]. However, for

more realistic materials including coarse particles, the scaling effects are still difficult

to account for. Debris flow routing models are necessary for engineering practice and

some models have been in regular use for a number of years, e.g., for producing

hazard maps or for evaluating the effectiveness of mitigation structures. Therefore we

believe that systematic comparisons of debris flow models with well-documented field

cases is of value.

For hazard mapping and risk assessment, Blarger^ debris-flow events (a few

1,000 m3 to a few 100,000 m3) are especially interesting because the waterYsediment

mixture often leaves the channel on the fan, potentially damaging inhabited areas or

infrastructure. The objective of this study is to evaluate the suitability of two-

dimensional (2D) numerical simulation models to replicate observed deposition

patterns of Blarger^ debris flows on fans. Three models are applied to two different

field cases. The DFEM (Debris flow Finite Element Model), developed by the Swiss

Federal Research Institute WSL, is a simulation model including a number of friction

relations or Brheologic^ approaches to account for the debris flow characteristics [31].

Here, a 2D version of the model with a Voellmy fluid friction law is used. The FLO-

2D\ model, a commercial code in widespread practical use, is a finite difference

debris and mud flow simulation program based on a quadratic rheologic law [34]. The

2D model developed by Cemagref in Grenoble is a finite volume model including the

HerschelYBulkley (HB) rheology representing a viscoplastic fluid [25]. This rheologic

model was found to be generally valid for muddy-type debris flow material with

sufficient clay content [5]. The three models cover different friction relationships

which represent turbulent, frictional, collisional, and laminar approaches to describe

the energy losses.

It is often possible with the models to vary other coefficients (e.g., sediment

concentration); however, such second-order adjustments were not made here, because

the main goal is to compare the overall suitability of the rheological models for

simulation of deposition on the fan.

2. Numerical simulation models for debris flows

Many numerical simulation models for debris flows assume that the solidYfluid

mixture behaves as a quasi-homogeneous fluid. A number of models are based on a

rheologic formulation for a Bingham fluid or the more generalized HerschelYBulkley
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representation for a viscoplastic fluid [5,10,19,25,26,49]. Some models include an

additional friction term accounting for channel roughness and turbulence [13,22,34].

Independent rheologic measurements were available only in a limited number of

applications of such models to field cases (e.g., [29]). Often, appropriate values for the

rheologic parameters were assumed or estimated from field observations.

Single-phase models, which include the option of selecting more than one

rheological law, are relatively uncommon (e.g., [16,17,31,39]). In comparisons of

rheological laws, the Voellmy rheology has proven to be useful for describing debris

flows in one dimension [1,18,31,39]. This relation has also been successfully applied

to interpreting the runout distance of landslides [3] and rockfalls [7].

The fluid and sediment phases are treated separately in several models based on

inertial grain flow concepts (e.g., [2,32,33,45,47,48]) and generally leave the phases

uncoupled. Another approach is based on the Savage and Hutter [44] equations, which

have been generalized to account for mixtures (e.g., [8,20,21]). These models are

generally not yet available for engineering practice and are not included herein.

It is often possible to obtain reasonable model results for some characteristics of

natural debris flows [42]. Often only the deposition pattern is fairly accurately known,

possibly supplemented by the rheologic analysis of material samples. In other cases,

there is also limited information of flow velocities and depths. However, most existing

models have not been thoroughly tested with actual field cases. This lack of testing

may be partly due to scarce data on observed debris-flow parameters, and due to the

fact that no simple methods are available to directly determine the rheologic or model

input parameters.

No simple model appears to be capable of correctly reproducing different

features of debris flow behavior [20]. A complicating factor is the large variability of

material composition and water content. In addition to the general difficulty of

measuring relevant flow and material parameters, the material properties may change

within the wave, typically with large boulders at the front and a more fluid mixture

towards the tail. Furthermore, the flow parameters can also change along the flow path.

Another major difficulty is distinguishing between appropriate flow regimes, which

may also change along the flow path, and suitable modelling approaches.

3. Applied simulation models

All three models discussed below solve the continuity and momentum equations

in both orthogonal flow directions. Only the main features are summarized here, and

the appropriate literature is cited for each model below. The debris-flow mixture is

assumed to be a continuous, homogeneous, and incompressible fluid. The snout and its

influence on the flow are neglected. This assumption seems realistic under conditions

of wide spreading considered in this study, because in that case, the snout usually

splits up or stops early in a confined area of the spreading zone and does not

substantially contribute to the formation of levees. Normal stresses are supposed to
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reduce to the expression of the pressure head whose distribution is assumed to be

hydrostatic. The effect of shear stresses is supposed to reduce to the bed resistance

force. The wall-shear stress at a specific point is assumed identical to its value in

steady regime with the same flow height and velocity. The erosive power of the

spreading debris-flow is neglected; erosion is likely to be limited in the deposition

zone. More dilute flows may occur, for example, after the passage of the main surge;

in this case channel incision is expected to be negligible as long as the sediment

supply exceeds the sediment transport capacity at the alluvial fan apex. In all models

an input hydrograph of the flow can be defined at the upstream boundary.

3.1. DFEM model

The DFEM model is based on a finite element solution of the conservative form

of the shallow water equations. The frictional resistance term typically used for open

channel flow (e.g., a Chézy flow resistance law) is replaced with flow laws which have

been proposed to describe debris flow behavior. Both 1D and 2D versions of the

DFEM model were developed at the Swiss Federal Research Institute WSL. The

numerical model is based on the Finite Element Method TOOLbox (FEMTOOL)

libraries developed at the Swiss Federal Institute of Technology, Laboratory of

Hydraulics, Hydrology and Glaciology, by Rutschmann [43]. The main modifications

for application to debris flow routing are the inclusion of debris flow laws and a

treatment of the transition from wet-to-dry cells involving simple cutoff velocities and

depths. When the predicted velocity or depth is below some small user-specified value

(a few cm for the flow depth and a few cm/s for the velocity), the bed is assumed to be

dry. An upwind scheme is used to increase the numerical stability (e.g., [24]). With the

2D model the equations are solved on a mesh composed of triangles of arbitrary

geometry (irregularly shaped triangular elements), allowing the mesh to accurately

represent complex channel geometries with a minimum number of elements.

The DFEM 1D model solves the shallow water equations in the downstream

direction, with flow depth and the unit width discharge as the primary unknowns. The

DFEM 2D model solves the equations in both the downstream and cross-stream

directions with an additional primary unknown, the cross-stream unit discharge. The

continuity and momentum equations are written in the conservative form:
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where h is the flow depth; q and r are the specific discharges per unit width in x- and y-

directions, respectively; g is the gravitational acceleration; zb the vertical bottom

coordinate of the channel bed; Vx and Vy are the depth-averaged velocity components

in the x- and y-directions, respectively; and Sfx and Sfy are the friction slopes in the

x- and y-directions, respectively. The sgn (signum) operator is used to ensure that the

friction component is correctly accounted for on flow on adverse slopes. For

comparison with the equations for the other models below, the discharges q and r

can also be expressed in terms of flow depth h and velocities Vx and Vy as q = hVx and

r = hVy for the x- and y-directions, respectively.

For the simulations in this study, the Voellmy fluid friction relation was selected:

Sf x ¼
q
ffiffiffiffiffi
q2

p
h3C2

þ cos � tan � ð3Þ

where q is the specific discharge per unit width in the x-direction, C is a pseudo-Chézy

coefficient, � is the bottom slope angle and � is the Coulomb or basal friction angle.

This equation, shown here for the x-direction, is used in both flow directions. The first

term on the right-hand side accounts for friction losses proportional to the velocity

squared, as in turbulent water flows, and the second term reflects frictional losses

which are assumed to be concentrated in a narrow shear layer close to the bed [1]. The

DFEM-1D model with the Voellmy rheology was successfully applied to a real debris

flow event in a Swiss torrent where accurate measurements of flow parameters are

available [30]. Common to approaches with additive friction terms is the assumption

that each stress or friction component acts independently of the presence of others

[28].

Other combinations of friction laws can be selected in the DFEM model (e.g.,

Bingham, dilatant, turbulent and Coulomb; [31]) but they were not applied in this

study. In the DFEM model, the magnitude of the friction term (expressed in units of

energy) is not allowed to exceed the local kinetic energy of the flow, in order to

enhance numerical stability.

3.2. FLO-2D model

The water flood and mud flow simulation program FLO-2D\ was developed by

O’Brien et al. [34]. The governing equations [9] include the continuity equation
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where h is the flow depth and Vx and Vy are as defined above. The excess rainfall

intensity i may be nonzero on the flow surface; however, it has been set to zero in our

applications. The friction slope components Sfx and Sfy are written as function of bed

slope Sox and Soy, pressure gradient and convective and local acceleration terms [9].

The basic equation for the total friction slope Sf considers a combination of yield,

viscous, collision and turbulent stress components. Based on the so-called quadratic

rheologic model of Julien and Lan [23], the total friction slope Sf is expressed as:

Sf ¼
�B

�gh
þ Kl�BV

8�gh2
þ n2V 2

h4=3
ð6Þ

where �B is the Bingham yield stress, � is mixture density, g is gravitational

acceleration, mB is the Bingham viscosity, V is the mean flow velocity, Kl is the

laminar flow resistance coefficient, and n is the pseudo-Manning’s resistance

coefficient which accounts for both turbulent boundary friction and internal collisional

stresses. The laminar flow resistance coefficient Kl equals 24 for smooth, wide,

rectangular channels, but is supposed to increase with roughness and irregular cross-

section geometry [9]. The Bingham parameters �B and mB are defined as exponential

functions of sediment concentration which may vary over time. The resistance

coefficient n accounts for both for collisional (inertial grain shear) and turbulent

frictional losses. The friction slope is determined separately for both orthogonal flow

directions. The FLO-2D\ simulation code solves the equations using a finite

difference method on a fixed rectangular grid.

The FLO-2D\ model has possibly been most widely applied to natural debris

flows or compared with other models (e.g., [4,11,12,14]). In some of these

applications, the Bingham model parameters were inferred from the measured

rheology of samples of the fine material slurry. However, the sediment concentration

in the real debris flows and the rheology of the complete mixture are generally not

known, and assumptions have to be likewise made regarding the pseudo-Manning

coefficient n.

3.3. HB model

The model used here [25,27] considers one phase for the computation of the

unconfined free-surface spreading of viscoplastic materials with a HerschelYBulkley

(HB) rheology. It is based on the conservative form of the steep-slope shallow water

equations which are solved using a finite volume technique on a rectangular grid. A
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hydrograph can be specified as boundary condition. The continuity equation and the

momentum equations, respectively, are:
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where �x and �y are the slope angles, �xy is the steepest slope angle, and �1 and �2 are

the quadratic correcting coefficients taking into account the shape of the velocity

profile.

The friction losses for a laminar flow of a HerschelYBulkley fluid are given by

the following wall shear stress expression for infinitely wide flow [5]:
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where �0 is the basal shear stress, Vx and Vy are the components of the (mean) velocity

along two perpendicular directions, �c is the yield stress, and K is the viscosity of the

material. The shear stress is written here in the vector direction, but decomposed into

the orthogonal components for the computation.

The HerschelYBulkley model is valid only for materials where the fine fraction is

large enough to lubricate contacts between grains. According to Coussot [5], a clay

fraction (particle size less than 40 mm) greater than 10% is necessary so that debris

flow material may be assumed to behave like a HerschelYBulkley fluid.
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4. Application to a debris-flow event in the Varunasch torrent

The Varunasch catchment is located in the Canton of Grisons in Switzerland.

The catchment area is 6.5 km2 above the fan apex, the altitude ranges from 3,453 to

1,040 m a.s.l., the mean gradient of the torrent is 37%, and the mean gradient of the

fan is 15%. The geology is characterized by gneiss, schist and graphiteYphyllite, and

there are talus scree and surficial moraine deposits. On the fan, a relatively small

channel with check dams existed prior to the event; there are also a few houses, a

railway track and roads. The debris-flow event occurred on 18 July 1987 and

mobilized about 215,000 m3 comprising three main surges and about 10 secondary

surges [41]. For the modelling work herein, the discharge at the fan apex was assumed

to have a simple symmetrical triangular form with a maximum discharge of 600 m3/s,

based on estimates of front velocity from eyewitnesses and flow cross-section areas

from field observations, for a total duration of 720 s, corresponding to a volume of

216,000 m3.

Depths of debris-flow deposits on the fan were estimated using photogrammetry.

The majority of the material was deposited on the fan, in the pre-existing channel, and

along a small part the river in the main valley at the downstream end of the fan (see

also figures 1Y3). Near and above the pre-existing channel, deposit thicknesses vary

from 2 to 5 m with a trend for somewhat thicker deposits further downstream.

Deposits adjacent to the channel are quite uniform with thicknesses in the order of 1 to

2 m. At the upstream end of the fan, near the fan apex on the northeastern flank, one

particular lobe of material, up to 5 m thick, was deposited along an abandoned

channel. At the downstream end of the fan, at the Poschiavino River, the highest

deposit thicknesses were observed. A deposit up to 10 m thick occurred on the right

side of the Varunasch torrent channel, in the southernmost corner of the affected area.

The digital elevation model (DEM) is based on 1:2,500 maps for pre- and post-

event topography derived from photogrammetric analyses. For the model applications

described below, a 5-m quadratic grid topographic model of the fan is used; this grid

has a well-delineated channel.

4.1. Simulations with HB model

Before running the model, the range of rheologic parameters for use as input

to the model was constrained using field observations because no direct measure-

ments of the rheologic parameters are available. Consequently, the validity of the

HerschelYBulkley model could not be supported with laboratory tests on field samples.

Using an average thickness of deposits and the mean gradient of the torrential fan, the

�c/� ratio (equation (3)) was estimated to range from 1.45 to 2.2 m2 sj2, and a mean

value of 1.8 m2 sj2 is used in the initial simulation. The K/�c ratio = 0.3 s1/3 is used for

all simulations; this ratio represents a mean value proposed by Coussot et al. [6] on the

basis of previous field investigations.
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As a first approximation, crude estimates of the rheologic parameters produce

reasonable results for the overall deposition pattern (figure 1a). Modelled overbank

deposit thicknesses are less than 2 m in most areas, in general agreement with

observed values. While the easternmost deposit thickness (at the downstream end of

the fan) is in reasonable agreement with field observations, the model underpredicts

deposition heights in the area with maximum observed thicknesses of up to 10 m at the

southernmost corner of the grid. Another zone not adequately modelled is the

southwestern part of the observed deposits where no model deposits were simulated at

the right side of the channel. At the northeast corner of the fan, near the fan apex, the

complex multi-lobed depositional pattern is only roughly simulated. In general, the

simulated lateral spreading is somewhat smaller than in reality.

The independent assessment of rheologic parameters values corresponding to the

flowing material is difficult. According to the investigation performed within this

study, the sensitivity of the HB model results to variations in the �c/� ratio is much

higher than the sensitivity to variations of the K/�c ratio. For example, the covered

area seems to be more controlled by �c/� than by K/�c. If �c/� is increased by 22%, the

surface area of the deposits is reduced by 12% (table 1). A relative variation of 33% on

the K/�c value leads to a change of only 2.5% in the surface area of the deposits.

Figure 1. Simulated deposition depths of the Varunasch debris-flow event with the HB model. The sim-

ulations are based on: peak discharge Qp = 600 m3 sj1 (a) and Qp = 900 m3 sj1 (b), event volume V =

216,000 m3, HerschelYBulkely parameters �c/� = 1.8 m2 sj2 and K/�c = 0.3 s1/3. The (purple) outline

encompasses the boundary of the observed debris flow deposits.
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The model results are sensitive to peak discharge: a 50% higher discharge than

used in the first simulation results in a different lateral spreading of the deposits (figure

1b). This simulation produces much larger (lateral) deposits in the northeastern part

near the fan apex. A possible explanation is an increase in flow height near the fan

apex, which results in an overtopping of some natural field barriers. This effect

appears to depend on the site-specific field topography. Consequently, less material

reaches areas further downstream, where smaller lateral spreading near the channel

and in generally smaller deposit heights are simulated.

4.2. Simulations with FLO-2D model

Since no independent estimates of the model friction parameters are available,

they were systematically and incrementally adjusted until good agreement between the

simulated and observed deposition pattern was obtained. For the laminar flow

resistance parameter for overland flow, Kl, a value of 24 is used, in agreement with the

integration of the Bingham equation [36]. In the FLO-2D\ manual [9], a higher value

of Kl = 2,285 is recommended for a rough surface of an alluvial fan (based on

observations with Newtonian fluids). The selection of a higher Kl value would not

affect our simulations, but would simply result in lower back-calculated viscosity

Figure 2. Simulated deposition depths for the Varunasch debris-flow event with the FLO-2D\ model. The

simulation is based on: peak discharge Qp = 600 m3 sj1, event volume V = 216,000 m3, friction

parameters n = 0.16 smj1/3, mB = 1,000 Pa s and �B = 3,500 Pa. The (red) outline represents the limit of

deposition observed in the field.
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values. (This is a consequence of our procedure to optimize the model parameter to

obtain best agreement with the field observations.)

The model parameters are varied as follows: pseudo-Manning value (n) between

0.1 and 0.16 s/m1/3, dynamic viscosity (mB) between 0.001 and 10,000 Pa s and yield

stress (�B) between 0.001 and 5,000 Pa. These values approximately encompass

published data. A fixed sediment concentration of 50% is assumed in order to have

constant Bingham parameters for the each simulation. To optimize the model

parameters, the following criteria are used: (i) final extent of the debris flow deposits,

(ii) final accumulation depth of the deposits, (iii) velocity and height of the debris flow

front along the torrent channel (rough estimates by observers).

A reasonable agreement of the maximum depositional extent can be obtained for

the friction parameters n = 0.16 smj1/3, mB = 1,000 Pa s and �B = 3,500 Pa (figure 2).

Table 1

Influence of �c/� value on the area of the surface covered by deposits.

Torrent Wartschenbach Varunasch

�c/� value (m2 sj2) 0.8 0.9 1.0 1.1 1.35 1.45 1.8 2.2

Mud-covered area (ha) 1.76 1.71 1.60 1.50 1.28 15.2 15.0 13.2

Figure 3. Simulated deposition depths for the Varunasch debris-flow event with the FLO-2D\ model. The

simulation is based on the same parameters as in figure 2, except for the yield stress, which is �B = 2,000

Pa. The (red) outline represents the limit of deposition observed in the field.
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Modelled overbank deposit thicknesses are less than 2 m in most areas, in general

agreement with observed values. The southernmost deposits (at the downstream end of

the fan) show the largest simulated thicknesses of up to 6 m. This is in qualitative

agreement with field observations, although the absolute maximum values are higher

in reality. Compared to field observations, the model results lack some lateral deposits

in the downstream part. Also, in the upper left-hand side of the fan, debris material

flows too far downstream in a southeast direction. About 15% of the input volume

flows out of the modelling domain.

Figure 3 illustrates the effect of using a smaller yield stress value �B of 2,000 Pa

but otherwise the same parameters and input conditions (as in figure 2). This

simulation reflects a more Bliquid^ flow, resulting in shallower deposits and somewhat

more lateral spreading. More importantly, about 92,000 m3 or 43% of the input

volume flows out of the modelling domain. Therefore the average deposit thickness is

too small in comparison to the observations.

The relative importance of the three components of the friction slope equations

(2a and 2b) on the flow was examined for a location in the channel and one on the fan

outside of the channel. The results show that the influence of the viscosity term on the

flow behaviour starts to become important for mB values between 1,000 and 10,000 Pa

s. Moreover, the n-term is much more significant for the location in the torrent channel

where velocities are clearly larger than anywhere else on the fan.

The simulation results best approximate the data observed in the field when

applying a Manning value n = 0.16 s/m1/3 (smaller n values give too fast flow

velocities). A series of simulations varying the friction parameters in the ranges given

above showed that the dynamic viscosity does not significantly affect the results even

for very large mB values of up to 10,000 Pa s. The dominant terms in the friction

relations (2a) and (2b) over most of the fan area are the pseudo-Manning term and the

yield stress, whereas realistic values of the dynamic viscosity have no significant

influence on the flow behaviour or the extent of the deposition on the fan. Assuming

an average mixture density of 2,000 kg/m3, the optimal yield stress �B = 3,500 Pa

correspond to a �B/� ratio = 1.75 m2 sj2, which is close to the ratio of �c/� = 1.8 m2

sj2 used in the HB simulations.

5. Application to a mud flow event in the Wartschenbach torrent

The Wartschenbach catchment is located near Lienz, Eastern Tyrol, Austria.

The catchment area is 2.5 km2, the altitude ranges from 2,500 to 650 m a.s.l., the

mean gradient of the fan is 16%, and a channel is present within the spreading and

depositional zone on the fan with a mean gradient of 5%. The debris flow event

occurred on 16 August 1997 after an intense rainfall with hail (40 mm within

20 min). About 45,000 m3 of water and sediments were mobilized within 30 min and

reached a debris retention basin at the apex of the alluvial fan. Half of the debris-flow

material was deposited there, the remaining 20,000Y25,000 m3 of material flowed
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further downstream and spread on the alluvial fan where 15 buildings were damaged

[14].

Lacking more precise information, two cases are considered regarding the

triangular shaped input hydrograph for the simulations downstream of the retention

basin: For the basic simulation a peak discharge of 100 m3/s is estimated from

empirical relationships for a total volume 25,000 m3 [37], and for the sensitivity

calculations with the HB model a peak discharge of 16 m3/s is deduced from

hydrological considerations (based on the observed rainfall and using a rainfall-runoff

model).

The centre of deposition is at the upstream end of the settlement, with deposit

thicknesses ranging from 2.5 to 4 m (figure 4) in an elongated lobe centred along the

channel. Over the remainder of the deposit the thickness was less than 2.5 m. The plan

view of the deposit shows one main lobe situated on the left side of the channel

consisting of the coarsest sediment, and another lobe further downstream on the right

side consisting of finer particles (cobbles, gravel and smaller particles).

Figure 4. Observed deposition depth for the Wartschenbach debris-flow event of 16 August 1997. The

inner (red) outline encloses the coarsest deposits, the middle (green) line encompasses the boundary of the

debris flow deposits, the outer (blue) line encloses the fine deposits resulting from fluvial reworking, and

the boundary delineated by the yellow color (outer blue line) corresponds to the overall flooded area.
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5.1. Simulations with the HB model

Before running the model, the values of the rheologic parameters were

independently characterized in the laboratory using conveyor-belt flume tests [15]

on the fraction smaller than 2 cm. For a solid volume concentration of 55Y60%, the

yield stress �B for the fine fraction was estimated at 53Y79 Pa and the Bingham

viscosity mB at 4.0Y6.3 Pa s [14]. It is not possible to deduce the yield stress value of

the material including the complete grain size distribution from these observations.

However, the behaviour of this fine fraction is clearly viscoplastic and could be

represented by a Bingham or HerschelYBulkley model. Furthermore, the shape of the

lobes in the field is consistent with viscoplastic behaviour. Consequently, the

HerschelYBulkley model is assumed to be valid. The yieldYstress value (�c/�) is

deduced from photographs taken shortly after the event. Thus information coming

from a small part of the deposit is used to represent the yield stress of the entire flow.

Based on deposit thickness and local slope at that point, values of �c/� ranging from

0.8 to 1.35 m2 sj2 are estimated, using the relationship �c/� = gd sin � (with d =

deposit thickness, � = deposit slope). The K/�c ratio is taken equal to 0.3 s1/3,

corresponding to a mean value proposed by Coussot et al. [6] on the basis of previous

field investigations.

Figure 5. Simulated deposition depths of the Wartschenbach debris-flow event with the HB model. The

simulation is based on: peak discharge Qp = 100 m3 sj1, event volume V = 25,000 m3, HerschelYBulkely

parameters �c/� = 1.0 m2 sj2 and K/�c = 0.3 s1/3. The (orange) outline encompasses the boundary of the

observed debris flow deposits.
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The first simulation is based on a peak input discharge of 100 m3/s. A grid of 2-m

square cells, corresponding to the zone of spreading, is used. Houses as well as a partly

forested area upstream of the main village were treated as obstacles. The global shape

of the deposit extent is reasonably well simulated for �c/� = 1.0 m2 sj2 and K/�c =

0.3 s1/3 (figure 5), values selected from within the range discussed above. The model

deposits are somewhat thicker on the left side of the channel, yet approximately evenly

distributed on both sides. The area of maximum of deposition is about 90 m downstream

of the maximum of the coarse deposit lobe observed in the field. The width of the lobe is

quite similar to that observed for the main coarse lobe in the real deposit. At the

downstream end the model, results show two sub-equal sized depositional lobes,

whereas in the field the right lobe is more prominent (figure 5). Even though the

simulation does not perfectly agree with the delineation of real event (there is some

discrepancy particularly at the eastern and southeastern part), the area covered by

coarse debris-flow deposits is similar for the simulation and reality.

Variations of the peak discharge do not seem to highly influence the spreading

extent for the Wartschenbach event. In fact, a simulation with a peak input discharge

of 16 m3/s and the same rheologic parameters as above, produces a very similar

deposition pattern (figure 6).

An independent assessment of rheologic parameters values corresponding to the

flowing material is difficult. For example, relative uncertainty related to the �c/� ratio

is often greater than 20%. The sensitivity to variations of �c/� is larger than the

Figure 6. Simulated deposition depths of the Wartschenbach debris-flow event with the HB model.

The simulation is based on the same parameters as for figure 5, except for the peak discharge,

Qp = 16 m3 sj1.
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sensitivity to variations of K/�c. For the Wartschenbach (using a peak discharge of 16

m3/s), a variation of 10% in �c/� leads to a mean change of 6.5% in the area covered

by the deposits (table 1), while a variation of 33% in the K/�c ratio has only a small

effect.

Several grids consisting of 5 m (generated with or without the use of break lines)

or 2 m square cells corresponding to the zone of spreading were used to investigate

the influence of the representation of topography on the results. Most simulations

used the 2-m grid; the 5-m grids were used for the sensitivity analysis. The quality of

the simulations is clearly better when using the finer grid (small-sized cells). The 2 m

grid also better represents the influences of man-made structures on the results. The

appropriate method to generate a grid on the basis of the net of surveyed points,

involved generating triangular irregular network (TIN) first rather than directly

generating the grid. The representation of the field surface in a TIN can also be

improved by integrating break-lines representing roads, channels or edges.

5.2. Simulations with the DFEM-2D model

For application to the Wartschenbach torrent, the DFEM-2D model is run using

the Voellmy fluid friction law. It is not possible to independently constrain the model

friction parameters of the Voellmy fluid approach, necessitating a systematic,

incremental adjustment of the parameters to find good agreement between the

simulated and observed deposition pattern. A grid consisting of 1,576 elements, with

an average area of about 50 m2, was constructed to represent both the topography and

the outlines of buildings and other structures. Other grid resolutions were tested in an

initial step; however, the results were roughly similar and the selected mesh geometry

represents a good combination of topographic accuracy and computational speed.

Because the boundaries of the elements can follow topographic break lines, it is

possible to use such relatively large elements and still obtain realistic results.

Given the complexity of the observed deposition, it was possible to reasonably

well match the overall deposition pattern with several pairs of friction values for the

Voellmy fluid approach. The best match was found for the following parameter

combinations: C = 11 m0.5/s and d = 3Y5- (figures 7 and 8). A sensitivity study was

made using the Voellmy friction relation with a constant C = 11 m0.5/s and varying the

Coulomb friction angle d between 7- and 0.4-. Relatively large friction angles (e.g., 5-
or 7-) more closely match the depositional area of the (coarser) debris-flow deposits,

while small values (e.g., 0.4-) more closely match the outline of the area inundated by

fine sediments and muddy water.

The best-fit DFEM-2D model deposits are approximately evenly distributed on

both sides of the channel, with the centre of deposition near the downstream end of the

coarse deposit lobe observed in the field. The area of maximum deposition is about 70

m downstream of that observed in the field; however, the width of the model deposit is

similar to the width of the observed coarse lobe. Downstream of the main deposit, the
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model deposits consist of two sub-equal sized lobes, whereas in the field the right lobe

is more prominent. Apart from the difference in the location of the maximum deposit

height, the model results show deposit thicknesses similar to those observed in the

field.

The importance of accurate topographic data on the fan, including, for example,

representation of man-made constructions, was investigated for the Voellmy fluid

approach. The simulated deposition pattern including more topographic information,

such as houses and retaining walls of similar height as the flow depth, clearly

improved the agreement with field observations [42].

6. Discussion

Uncertainties in estimating debris flow properties for modelling include errors in

estimating peak discharge, hydrograph shape, total event volume, as well as rheologic

Figure 7. Simulated deposition depths of the Wartschenbach debris-flow event with the DFEM-2D model

for a Voellmy fluid. The simulation is based on: peak discharge Qp = 100 m3 sj1, event volume V =

25,000 m3, Voellmy parameters C = 11 m0.5/s and d = 5-. For explanation of the observed deposition

outlines, see figure 4.
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or friction parameters. Estimating peak discharge is complicated because the velocity

profile is generally unknown and only surface velocity estimates are available; but

occasionally it is possible to constrain the discharge from derived mud trace, channel

cross-sectional area and planform curvature. Total event volumes of past events can be

constrained by field surveys of the deposit volume or initial failure volume, but these

estimates often do not include material entrained or deposited along the flow path or

the proportion of material that may have been transported from the depositional area

by, e.g., a river at the toe of the alluvial fan. For practical predictive model ap-

plications, such problems are circumvented by running the simulation model with

various reasonable scenarios for volume, peak discharge, and friction parameters.

A simplification is the use of a single surge input hydrograph, e.g., for the multi-

surge Varunasch event. Simulation with a multi-surge input hydrograph may lead to

different results, for example, if a smaller surge stops at a critical location inducing a

flow diversion of successive surges. Such a simulation would require updating the bed

topography, which is not an option in any of the models applied herein. Furthermore,

Figure 8. Simulated deposition depths of the Wartschenbach debris-flow event with the DFEM-2D model

for a Voellmy fluid. The simulation is based on the same parameters as for figure 7, except for the basal

friction angle which is d = 3-. For explanation of the observed deposition outlines, see figure 4.
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assumptions would have to be made about the magnitude, frequency, and frictional

properties of the different surges as well as the erosional response of the material

deposited from earlier surges.

Any of the models we used is suitable for modelling debris-flow deposition, after

calibration with historical data, suggesting that the models captured the salient features

of the stopping process. While it may be possible to determine which model is most

appropriate with additional velocity information, such field data are seldom available.

Because the runout and final deposition depths are reasonably reproduced, it is likely

that the simulated velocities during the final stage are not too different from real

values.

We assumed that the friction coefficients remained constant over the duration of

the event. More sophisticated approaches are available, for example, an empirical

relation between rheologic parameters and sediment concentration [34]. We did not

use these approaches to avoid introducing additional unknowns that cannot be rea-

sonably constrained with the field data.

Accurate representation of the topography is critical. In many debris flows, the

roughness height is large compared with the flow depth, so small errors in the

representation of the topography may change the local flow and the resulting

depositional pattern. More detailed spatial resolution of the channel and fan

topography strongly improves the model results in many cases. Incorporation of the

effect of flow obstructions by buildings and other constructions is also helpful.

Irregular triangular meshes, as in the DFEM-2D model, can be constructed to exactly

represent such structures. Representation of any pre-existing channels is also critical.

If the input conditions are changed, e.g., by selecting a larger peak discharge, the flow

may go overbank in a different location and substantially influence the deposition

pattern as well, as with the Varunasch case.

Based on the experience in comparing 1D simulations with field cases

[30,31,42], the Voellmy fluid approach is numerically stable in comparison with

other friction relations. Back-calculated Voellmy parameters are consistent between

the 1D and the 2D simulations. The Chezy C value varies from about 7 to 22 m1/2/s,

consistent with friction values for water flows in similar channels and in agreement

with back-calculated values for a large number of channelized debris flow

observations [37]. In applications of the Voellmy relation with a mass-point model

to debris flows, the Coulomb friction angle d tends to be approximately equal to the

slope of the fan at the stopping location [38]. However, the best-fit friction angle in the

Wartschenbach case is about d = 5-, somewhat larger than the fan slope of

the depositional zone. Similar best-fit values for d were obtained in other continuum

model applications to debris flows [1,35].

The application of the quadratic friction law (FLO-2D\ model) requires

estimates of several friction parameters. Back-calculated pseudo-Manning n values

vary in a limited range n = 0.07Y0.16 s/m1/3 [42], in agreement with back-calculated

values for a large number of channelized debris flow observations [40]. For the
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Varunasch torrent with a rather steep fan gradient (õ15%), the Manning and yield

stress terms are dominant. This agrees with a similar detailed analysis of the relative

importance of the three friction terms for other field cases [42]: for a point in the

channel where the velocity is large, the turbulent friction term dominates. As the

velocity decreases, e.g., near the stopping zone, its influence decreases and the yield

stress term, which largely controls runout and lateral spreading, becomes increasingly

important. The laminar friction term, which may influence the lateral spreading of the

deposits, remained small and did not significantly influence the results. Simulations

with a realistic range of dynamic viscosity values did not significantly influence the

flow behaviour or the extent of deposition. The assumed yield stress and viscosity used

in this study may be outside the range of values for which the FLO-2D\ was

developed and calibrated; the model may replicate the field conditions more closely

if yield stress and viscosity were allowed to vary as a function of sediment

concentration.

In the HerschelYBulkley modelling approach, the viscosity K basically replaces

the role of Chezy C and Manning n in the Bturbulent^-based Voellmy and quadratic

models. The yield stress generally dominates the frictional behaviour in the

depositional phase. However, from 1D simulations it was found that the Bingham

approach, which as mentioned earlier is a special case of the HerschelYBulkley

approach, results in unrealistically large velocity changes along the flow path for some

channelized flows (if the stopping location is correctly matched by calibration of the

friction parameters). Coussot’s method of estimating of the yieldYstress value [6],

applied to the Moscardo debris flow torrent in Italy (fan slope of 10.5%), produced a

yield stress of about 3,000 Pa. With an assumed density of about 2,000 kg/m3, the �c/�
ratio is 1.5 m2 sj2. These values are similar to those used in the FLO-2D\ and HB

simulations in this study. Other applications of the HB model resulted in values

usually between 1.0 and 2.0 for spreading flows. In some recent applications of the 1D

version of the HB model to flow in channels, an additional turbulent friction term was

found to improve simulation results.

It was not possible to directly compare the numerical schemes among the models

because they do not have a common rheological relation, and the numerical scheme is

fixed in each program. A comparison of the Voellmy rheology using the 1D version of

the DFEM simulation code and a finite volume simulation with another code show

similar results for the two numerical schemes for mean flow depth and mean flow

velocity [46], suggesting that the results may not strongly depend on the numerical

solution. The HB model was found to be in good agreement with controlled

experimental conditions [25], thus confirming the validity of the numerical scheme.

These modelling approaches all suffer from a need for calibration with historical

data; in principle, a more physically based model with fewer adjustable parameters

would be preferable. Ideally, this approach would require material parameters that can

be determined, for example, by analysing soil samples. However, such models are not

yet generally available and at any rate their validation in the field scale will involve
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comparison with well-documented field observations of the flow and depositional

behaviour. Until such models have been thoroughly tested, modelling approaches, as

described herein, will remain in common use for practical problems.

7. Conclusions

Three 2D debris-flow simulation models were applied to two well-documented

field events. The following event parameters were used to perform the simulations and

to assess the results: (i) total event volume, (ii) peak discharge, and (iii) extent and

thickness of debris-flow deposits on the fan. Criteria (i) and (iii) are known quite

accurately. The peak discharge is indirectly constrained by other observations for the

Varunasch event; no similar estimate is available for the Wartschenbach event.

Reasonable results for the extent of deposits and the relative spatial distribution of

deposit thicknesses could be achieved with all three models.

Accurate representation of the topography in the grid is essential to obtain a

reasonable replication of the observed deposition patterns. A more detailed spatial

resolution of the channel and fan topography strongly improves the model results in

many cases. Results also improve if the effect of flow obstructions such as buildings is

incorporated into the model. If the input conditions are changed, e.g., by selecting a

higher peak discharge, the interaction of the flow and the topography, e.g., the

generation of overbank flow at cross-sections where the flow area is relatively low, can

significantly influence the results.

Possible explanations for the inaccuracy of the model results include both

systematic topographic errors or the simplification of the real multi-surge event by a

single triangular hydrograph. Bed level changes either between successive surges or at

the base of a flow within one surge may cause a local change in the direction of the

flow.

Because simulation models often require calibration, a major drawback in view

of engineering applications is that most of these models have not been rigorously

tested against field events. Nevertheless, some general characteristics of debris flow

deposits, which are necessary for hazard assessment, may be reasonably well

simulated with these simple modelling approaches if rheologic or friction parameters

can be measured or calibrated (ideally, by replicating past events in the same torrent).

In all the tested model applications, the yield stress or the basal friction angle appeared

to govern the depositional behaviour to a large extent.
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