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Abundant solid materials were formed as a result of landslide and collapse due to Wenchuan earthquake. The solid source
around mountains would form a debris flow when appropriate rain condition occurs. Such a debris flow is structurally very
large and strong, and the river flow can hardly wash away the deposit when the debris flow enters into the mainstream. As a
result, the deposit on the river bed due to debris flow will cause a series of hazards. Based on the previous researches and rele-
vant data, this paper simplified the interaction between debris flow and current of the main river, and adopted the finite ele-
ment characteristic-based-split algorithm which is favorable to the stabilization of dealing with the convection. Finally, the
numerical model of the confluence of debris flow deposit and main river was developed, and the deposit progress of the
mega-debris flow from Wenjiagou in Mianyuan river was reproduced. Furthermore, the influence of the deposit on the flow
route of the main river, and distribution of velocity and water depth were analyzed. The results showed that the simulation de-
posit terrain qualitatively agreed with the field data through comparison, including the deposit area and depth distribution.
Furthermore, the improvement of the model in future was discussed.
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1 Introduction

It is well-known that debris flows contain a large amount of
solid particles (especially the particles of large size). When
the debris flows enter a main river laterally, it will cause
intensive interaction between water and sediment. Dramatic
change of the river bed morphology in the region of the
confluence will occur not only due to changes of the topog-
raphic condition maintaining the movement of the debris
flow, but also due to the resistance of the main river. Gen-
erally, the terrain of the confluence of two rivers is rela-
tively mild, where it is an important place of human living
and activities, and it becomes a major area often associated
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with catastrophic disaster caused by debris flow depositing.
For example, the large-scale glacial debris flows occurred in
Peilong Valley nearby Sichuan-Tibet highway in Tibet suc-
cessively in 1984 and 1985, and they blocked the main
stream of Purlung Tsangpo River and formed a 6.5 km long
barrier lake with a maximum width and depth being 220 and
14.3 m, respectively, whose backwater flooded nearly 7.0 km
highway; hence many people were killed and economic
losses were over 100 million yuan [1]. As a result, the Bolo
power plant, located at the confluence between Wahei River
and Xianjiapu River in Mabian Yi autonomous county Si-
chuan province, was flooded only one year after its comple-
tion. After the disaster, the elevation of the flood defense
wall was increased further by 1.05-3.16 m. However just 10
months later, in 2001 July 28, due to heavy rain a debris
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flow caused huge debris flow deposit in the confluence,
which led to catastrophic damage to the plant. The sedi-
mentation thickness within the river reach of the plant was
about 5.0-7.5 m, the plant was submerged completely with
an average 7.5 m thick sedimentation inside the plant [2].
After Wenchuan earthquake, increasing loose debris trig-
gered by rainfall enhances the chance of outbreak of debris
flows. In 2010, debris flows occurred in the earthquake dis-
aster region of Wenchuan, such as Yingxiu (Hongchungou),
Qingping (Wenjiagou), etc., entered the main river channel,
and generated large deposition and caused disasters. There-
fore, it is most important to investigate the feathers of con-
fluence deposition of debris flow in the main river.

When debris flows enter into a main river, it involves
complex interaction between non-Newtonian fluids and
Newton fluids. There are several difficulties in theoretical
studies [3]. Meanwhile, due to the technical limitation of
observation method, it is difficult to obtain the confluence
data under both field and laboratory conditions and to find a

relationship between flume experiment and natural situation.

The prototype observation or experimental study is not only
costly but also difficult to carry out [4]. Therefore, numeri-
cal simulation is an alternative research method used by
many researchers.

At present, the majority of research is undertaken on the
water flow movement in the confluence of debris flow and
main river, both theoretically and numerically, particularly
the latter has shown some relatively good results. So is for
silt-laden water flow movement [5, 6], which has shown to
meet the requirement of practical engineering [7, 8]. For
numerical modeling on a single debris flow, Wang [9] pro-
posed a flow regiment model of debris flow based on
two-phase flow theory and established the corresponding
equations and numerical solutions. Flow regiment model is
a simple model with good numerical stability, especially
suitable for large-scale flow. Hiibl et al. [10] simulated the
deposition processing of two viscous debris flows by com-
bining the secondary rheological model with DEM, where
the simulation process included topography, geology, hy-
drology, etc. Iovine et al. [11] modeled the debris flows
with strong inertial effects using a hexagonal S,, cellular
automata model calibrated by genetic algorithms. Diego
Berzi et al. [12] summarized the latest development of de-
bris flow particles-fluid model and its application to theo-
retical explanation of the complex constitutive relation of
debris flow. It is clear that much progress of numerical
modeling has been made in practical application, interdisci-
plinary integration, improvement of algorithm, and theo-
retical studies of debris flow. However, a large number of
works and case studies [13] have shown that some unsolved
difficulties exist in the studies of debris flow dynamics,
such as incompleteness and adoptability of the existing con-
stitutive model of debris flow dynamics, model selection
due to disagreement on the available numerical simulation
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methods, far more difficulties about complex environmental
effect of debris flow dynamics, under-development of cou-
pling algorithm of debris flow dynamics numerical model,
etc. All these aspects have significant influences on the ac-
curacy and practicality of numerical modeling on debris
flow dynamics. Therefore, any existing numerical model of
debris flow has to some degree limitation in practical appli-
cations.

Compared with the research on single flow aspect, the
research progress of confluence numerical model is rela-
tively slow. At present, the study on governing equations to
fully describe the debris flow entering into the main river is
still in the early stage. There is little investigation on dis-
cussion or simulation of deposition process of debris flow,
particularly on an actual deposition process of debris flow.
It is difficult to establish a mathematical deposition model
of debris flow confluence with river. The main reasons are:
the difficulties associated with the numerical model of de-
bris flow, and the different approaches used by the re-
searchers. Due to the complex mechanism of debris flow
confluence with the main river, it is difficult and unachiev-
able that the debris flow and river flow are solved as a sim-
ple system. However, it is much simple and feasible to
simulate the movements of debris flow and water flow in-
dependently and then complete the calculation of conflu-
ence by taking account of the interaction between the two.
However, two issues arise in such a method. First, when
only the debris flow is simulated, what model among so
many existing debris flow models is selected for use in or-
der to meet the requirement of practical application? Second,
how to express the interaction mechanism between debris
flow and river flow? In a word, the confluence of debris
flow and river flow is a complex problem with interaction
between non-Newtonian fluid and Newton fluid, as both of
them are difficult to quantify on the interface, therefore the
researchers have to make simplification or assumption to
propose interaction mechanism. Third, the algorithm is se-
lected for the simulation of both water flow and debris flow
for the convenience of storage and calculation. As the river
bed topography of the confluence area changes dramatically,
it requires good stabilization of the algorithm. Therefore,
the researchers have to consider the generality and stabiliza-
tion of the algorithm. In view of the above factors, based on
the debris flow regiment model [14], appropriate simplifica-
tion on the interaction between debris flow and main stream
water flow at the confluence area, this paper presents a fi-
nite element method with a characteristic-based-split algo-
rithm to handle the convection term, and proposes a
mathematical model of deposition of debris flow confluence
with main river. By using the model, fluid confluence depo-
sition processes with two different constitutive relations
between the mainstream and tributary are simulated and
compared with the field data.
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2 Numerical model

2.1 Control equations of model

A large number of field measurements show that debris
flow has features of the two phase flow. For a general debris
flow, a critical grain size always exists in the body com-
prised of water and a wide range of size of solid particles,
which makes fine particles less than the critical grain size
form a non-separated slurry with water, and coarse particles,
larger than the critical grain size, move less than the slurry
flow. It is called the sorting phenomenon. However, when
debris flow has high concentration and large velocity, the
internal force of debris flow distributes in a slurry and such
a sorting phenomenon is not obvious. Therefore, the debris
flow model proposed ref. [14] is used, that is, a single flow
model in combination with the concept of two phase flow
structure to model the resistance item for debris flows. The
governing equations of two-dimensional viscous debris flow
are described as
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The right terms of eqs. (2) and (3) are the slope of gravity,
the boundary resistance (including liquid Bingham body
stress, viscous force, and friction of solid phase), and accel-
eration generated by interaction among flow regiments, re-
spectively. In eqs. (1)—=(3), h is depth, u and v are
velocities of debris flow, g is the acceleration of gravity,

z, is the elevation of original terrain, z,, y,, 4, and

17, mean the elevation of original terrain, Bingham stress
of slurry, volumetric weight of debris flow, and the viscosity
coefficient of slurry, respectively. The friction gradients of
solid phase sgn (u) ==+l and sgn(v) =71 show the signs
of 2-D velocity vector in x and y directions, respectively.
The liquid-solid critical grain sizes of debris flow and rele-
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vant characteristic parameters are determined according to
the values in ref. [14].
The governing equations of 2-D shallow water flow are
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where 77 is water level, D is water depth, U and V are flow
velocities, i and i are slopes of terrain, n is roughness
ou
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coefficient of river bed,
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v,|—+—|, 7, =2v,—, v, is horizontal viscosity
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coefficient of turbulence, which is solved by Smagorinsky
vortex viscous model:
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where A is the area of region influenced by nodes.

The governing equations of sediment transport in flow
are
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where @ is the settling velocity of sediment, z, is the
thickness of moving layer, & is the porosity of moving
layer, o is the coefficient of imbalances sediment trans-
port, S is sediment concentration of suspended load, S
is the sediment-carrying capacity of suspended load, and
g, and g, are the sediment transport rates of bed load.
If the influence of debris flow on sediment transport on
river bed is taken into account, similar to the calculation of

bed load sediment transport rate of flow, the sediment con-
tinuous equation of debris flow is as follows:
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In this paper Mayer-Peter formulae of the bedload trans-
port rate are used:
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where G is the relative density of sediment and water, d is a
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shear stress, and 7., =0.047 is critical shear stress. For

is the

particle size for one grading. 7. =

flow, p, U and V are water density and water flow velocities,
respectively; for debris flow, p, U and V are the density
and velocities of debris flow, respectively. The formula of

. (Uz-|—V2)l'5 i
capacity is S =k|———| ,
gDw

sediment-carrying
where the empirical constants k=0.07, m=1.14 and «=0.3
are used. The separated particle size between bed load and
suspended load is determined by a suspension index:

w . .
Rz =——, where ¢ is Kaman constant, and u, is bed
cu,

shear velocity. It follows that Rz=4.166 according to the
bursting theory [15], that is, Rz>4.166 for bed load for and
Rz<4.166 for suspended load.

2.2 Simplification and solution of model

Due to the complex mechanism of debris flow confluence
with the river flow, if the debris flow and river flow are
solved as a whole, it will be very difficult and unrealistic.
Therefore, in this paper the method is that both debris flow
and the flow of mainstream are simulated separately and
then compute the confluence through the function relation
between debris flow and river flow. The interaction mecha-
nism between them is simplified as follows: The prime in-
fluence of debris flow on water flow is changes of topogra-
phy, and the other influences are secondary [16]; whereas
only the changes of mud depth caused by sediment transport
are considered when water flow affects debris flow.

The solving process of the model is as follows: First, to
compute the characteristic parameters after determination of
the critical grain size based on the bulk of debris flow and
the gradation; to estimate initial mud depth of debris flow
according to the debris flow discharge and the empirical
formula. The flow field of mainstream is obtained by itera-
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tions with the mainstream flow boundary condition of up-
stream discharge and downstream water level . Then in each
time step: 1. Solving debris flow governing equations, and
the corresponding sediment continuity equation, that is,
solving the transport of debris flow and changes of topog-
raphy caused by the deposition of debris flow based on the
boundary conditions of debris flow. 2. Solving the shallow
water equations and sediment transport equations, that is,
solving the sediment transport in the mainstream, and the
impacts on mud depth by sediment transport based on the
boundary conditions of mainstream flow.

2.3 Numerical implementation

The finite element method is an important method solving
the various complex mathematical physics problems.
Galerkin process is optimal in solving the self-adjoint prob-
lem. However, convection plays a dominated role in most
fluid mechanics problems, where the convection term needs
special treatment to ensure the stabilization of the method,
and then Galerkin process is no longer optimal for such
phenomena. Therefore, Zienkiewicz and Codina [17] pro-
posed the finite element characteristic-based-split algorithm
(CBS). The format of CBS algorithm is simple and stable to
handle the convection term. From the existing calculated
results, this algorithm is applicable to all ranges of flow and
gives at least similar results to those by other methods [18].
The requirement on stabilization of the method is needed in
modeling debris flow or flow of the mountain rivers with
steep slopes, where both flow discharge and riverbed have
large variation. However, the application of CBS algorithm
in debris flow or flow of the mountain rivers has not been
reported. To improve the calculation efficiency and model
stabilization, this paper uses CBS algorithm as an attempt.
The details about the characteristic-Galerkin procedures and
the split-temporal discretization and split-spatial discretiza-
tion can be seen in ref. [18]. The following is an introduc-
tion of solution procedure of the model.
1) Solution procedure of debris flow.

L hu u . [1
For simplicity, let R = , r= and i=|_ |.
hy v I,

o(z, +h Oz, +h
—( . *h) and i :——(Z" )
Ox Y oy
ents of debris flow, and the solution procedure of matrix

i=-
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are surface gradi-

R"" is as follows:
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B =R MM (H((1-6,) R +0R")- f,), (1)

where
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N is the shape function. 0.5<6, <1 is the artificial

compression parameter. e is the boundary normal unit vec-
tor.
2) The solution procedure of flow.
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are the slopes of terrain, and the solution procedure of ma-
trix R™" is as follows.
First step: solving the variation of velocity AR’ :
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Second step: solving the variation of depth AD:
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3) The solution procedure of sediment transport.
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diffusion equation of suspended load and the sediment con-
tinuity equation in water flow:
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In egs. (10)—(18),
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h,, L
< is a time step, h
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is an element size, and o0 =./gD is the velocity of shallow

At < min[

water wave.

2.4 Boundary conditions for the model

1) Inlet boundary: The inlet flow boundary is the actual
hydrograph, and sediment boundary conditions are sediment
concentrations under different gradations.

2) Outlet boundary: When the water flow of the outlet
boundary is impacted by the downstream water flow, the
first type of boundary conditions will be given, i.e., the out-
let boundary condition of water flow is the actual stage hy-
drograph. Otherwise, the second type of boundary condi-
tions will be given, i.e., the gradient of water depth at the
water flow outlet is zero. Similarly, when the sediment
transport of outlet boundary is impacted by the downstream
riverbed, the actual riverbed elevation hydrograph shall be
given, otherwise the gradient of riverbed elevation will be
taken as zero.

3) Land boundary: Slip boundary condition is used.

4) Moving boundary: It refers to the boundary line of the
computational domain. Dry and wet nodes and grids shall
be marked in the model of this paper. The specific ideas are
as follows: For determination of a dry or wet node, a node
will be marked as a dry node when its water/mud depth is
less than the minimum water/mud depth, otherwise it will
be marked as a wet node. Furthermore, a grid including any
dry node will be taken as a dry grid, as shown in Figure 1.
When only one grid is wet among the impact grids of cer-
tain wet node, the node will be taken as a dry node. Both
will not join in the calculation of current step. Thus, a
smooth boundary line between dry and wet units will be
obtained, as shown in Figure 2. The calculation of the cur-
rent step will be completed using the slip boundary condi-
tion of the boundary line. It shall be determined before the
next step of calculation whether the average value of the
node elevation of the dry grid (two wet nodes) on the
boundary line is greater than that of the grid elevations. If so,
all nodes of the dry grid will be marked as wet nodes and
the determination of dry or wet nodes in the current step is
completed. After repeating all the above, the next step of
calculation can be done.

(2} /207 | 2 Wet grid
Hp 222 A g

< 2: 2 A Dry grid

(@ Wet node

Dry node

Moving
boundary

Figure 1 Unsmooth moving boundary.
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A Dry grid

(@ Wet node

-~ Dry node

Moving
~ boundary

Figure 2 Smooth moving boundary.

3 Application of models

3.1 Overview of Wenjiagou debris flow

From the midnight of August 12, 2010 to the early morning
of August 13, 2010, extraordinary rainstorm hit the area of
Qingping township, Sichuan. And as a result super
large-scale torrential floods and debris flows happened in
five landslide gullies caused by Wenchuan earthquake along
the Mianyuan River. The impact range was about 3 km long,
200-600 m wide and 2-18 m deep and about 7 million cu-
bic meters materials deposited in the Mianyuan River. Of all
the debris flows, the Wenjiagou debris flow was the largest,
with an average flow discharge about 300 m*/s and a dura-
tion of 5 h. And due to this debris flow, about 4.5 million
cubic meters materials deposited at the gully mouth.

3.2 Parameters of the model

This paper reproduced the deposition process of the Wen-
jiagou debris flow considering the convergence with the
mainstream through numerical models. Relevant character-
istic parameters were determined by the method in ref. [14].
The debris flow discharge of the gully was given, the initial
mud depth was obtained by the assumption of the debris
flow velocity (the initial mud depth at the debris flow inlet
was determined based on the assumption of 5 m/s initial
velocity of the debris flow) and the actual mud depth was
determined by the numerical model iterative calculation.
The flow discharge at the mainstream inlet was 300 m’/s
and the sediment transport was saturated. Because the
bridge deck of Xingfu Bridge built near Wenjiagou (which
was rebuilt in 2009 after the Wenchuan earthquake) was
washed downstream to the Old Qingping Bridge by the de-
bris flow and stopped by the pier to block the bridge open-
ing. As a result unsmooth water flow of the Mianyuan River
was formed, and the water level at the site of Qingping
Bridge was elevated to the deck, so the downstream water
level in the model was approximately taken as the elevation
of Qingping Bridge deck, i.e. 874.5 m. Results from the
field survey indicated a wide graduation of Wenjiagou de-
bris flow. Considering the calculation efficiency, the sedi-
ment graduation for calculation was divided into 12 levels
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and the movable layer of each level was set with a thickness
of 1 m and a porosity of 0.2. And the calculation method for

non-uniform sediment is the bed-sediment-grouping method.

In order to correct the defect of omission of the interaction
between coarse and fine grains in such a method, an expo-
sure degree coefficient [19] was used to reflect the interac-
tion of sediment carrying capacities between various levels
of sediments. The critical water depth of the dry/wet nodes
was assumed as 0.05 m, and the critical mud depth 0.1 m.
And the roughness coefficient was set as 0.045. In order to
adapt to the dramatic variation of mud depth in some depo-
sition zone, h-refinement process adaptive refined mesh
[18] was applied. And the time step referred to adaptive
time step [20]. Figure 3 shows the last adaptive refined grid.

3.3 Analysis on calculation results

The debris flow deposition thickness isograms (Figures 4, 5
and 6) show that the debris flow firstly deposits at the gully
mouth and distributes little at the opposite bank and the
downstream confluence mouth as well. And with the com-
pletion of debris flow bedding, the deposits gradually grow
thick on the alluvial fan as the debris flow distributes to and
expands towards the opposite bank and the downstream,
particularly in the gully outlet area where the regional
change is significant. The debris flow mainly deposits at the
gully outlet and at the left bank of the mainstream, with the
deposition shape substantially symmetrical relatively to the
central axis (Figure 4) of the tributary gully. Then under the
impact of the mainstream backwater, the horizontal expan-
sion of the alluvial fan towards the upstream of the main-
stream 1is restricted. Due to the joint impact of the original
landform and the water pressure of the mainstream, the al-
luvial fan is developed asymmetrically in the view of the
plane shape and expands towards the downstream of the
mainstream (Figure 5). Moreover, with the increase of in-
coming debris flow from the tributary gully, the deposition
range and thickness are further increased, and the main flow
path is further restricted by the debris flow (Figure 6).
Figures 7 and 8 show the debris flow field at different
times. Blocked by the deposit of debris flow, the two flow

Figure 3 Adaptive refined grid.
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Time:1h12m3s 7 .
Volu: 1655.88 km? 4 ’
4 -

Deposit depth (m)

111 ) [ -
-6-4-20 2 4 6 81012141618

Figure 4 Isogram of deposition thickness in the deposition area (1 h and
12 min).

Time:2h52m21s
Volu: 3491.30 km?

Deposit depth (m)

-6-4-20 2 4 6 81012141618

Figure 5 Isogram of deposition thickness in the deposition area (2 h and

52 min).
Time:3h48m15s ;2
Volu: 4095.76 km? / f

Deposit depth (m)

-6-4-20 2 4 6 81012141618

Figure 6 Isogram of deposition thickness in the deposition area (3 h and
40 min).

Velocity (m/s)

12 3 4 6 6 7 8 9 10

Figure 7 Debris flow velocity isogram in case of 2.17 million cubic
meters deposit.

paths in Figure 7 at the initial time (the right tributary di-
rects to the upstream of the mainstream) are gradually con-
verted to a single flow path close to the left bank of the
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Velocity (m/s)
— T T T T [ ..
12 3 4 5 6 7 8 910

Figure 8 Debris flow velocity isogram in case of 4.53 million cubic
meters deposit.

tributary gully and towards the downstream of the main-
stream as shown in Figure 8.

The mainstream water depth isograms before and after
the debris flow deposition (Figures 9 and 10) show that the
mainstream flow path conspicuously shifts to the right, re-
stricted by the debris flow deposit. Under natural conditions,
the mainstream flow path bends and runs through Wen-
jiagou Gully Mouth. When restricted by the landform at the
right bank, it runs along the front edge of the original allu-
vial fan of Wenjiagou and towards the Wenjiagou side at
the left bank. However, after the debris flow, as the eleva-
tion of the Wenjiagou Gully Mouth increases, the main-
stream flow is forced to run along the highland at the right
bank of the alluvial fan front edge (Qipan Village) straightly
and smoothly and the river channel shape is changed
greatly.

The river channel water depth map after the debris flow
(Figure 10) shows significant increase of the water depth at
the upstream of the deposit, which indicates the conspicu-
ous water raising effect at the upstream of the deposit due to
silt-up of the riverbed and decrease of the effective flow
width of the river channel at Wenjiagou Gully Mouth sec-

Water depth (m)
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Figure 10 Mainstream water depth map after debris flow deposition.
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tion. The decrease of the water depth at the lower edge of
the deposit is caused by the silt-up of the bed surface (im-
pacted by water blocking at the Old Qingping Bridge at the
downstream, in water raising state).

The mainstream flow field both before and after debris
flow deposition are shown in Figures 11 and 12. It is shown
that the natural mainstream flow bends, runs rapidly at the
gully mouth and the upstream reach and doesn’t run through
the right bank. The flow path changes greatly after the de-
bris flow deposition, i.e., the main stream shifts to the right
and the water flow velocity at the gully mouth reach in-
creases greatly. At the upstream of the deposit, impacted by
elevation of the landform, the water flow velocity reduces
largely, which provides conditions for sedimentation in the
mainstream, while at the lower edge reach of the deposit,
the water flow diffuses and the shoreward rapid water flow
will erode the river bank. It can be seen that due to the de-
bris flow deposition, not only the river channel water level
is elevated, but also the riverbank will be subject to lateral
erosion, which would adversely impact on the flood control
of the river channel and the stability of the river regime.

The sediment transport capacity of the mainstream will
also impact the deposition of the debris flow. In this case,
the deposit of the debris flow narrows the effective flow
width of the mainstream and thus increases the sediment
transport capacity of the downstream of the mainstream,
and partial deposits are eroded downstream by the main-
stream to reduce the deposition speed of the debris flow in
the deposition area. The debris flow deposition hydrograph
in Figure 13 shows gradual decrease of deposition speed in
spite of gradual increase of total deposition amount. Figure
14 shows the landform elevation isogram when the debris
flow deposition amount is 4.50 million cubic meters.

Due to lack of field real-time observation data, the simu-
lated 5 h (Wenjiagou debris flow lasted for about 5 h) debris
flow deposition thickness (Figure 15) and field measured
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Figure 11 Mainstream flow field map before debris flow deposition.
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Figure 12 Mainstream flow field map after debris flow deposition.
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Figure 13 Hydrograph of debris flow deposition.
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Figure 14 Landform elevation isogram when the deposition amount is
4.50 million cubic meters.
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Figure 15 Isogram of deposition thickness in the simulated deposition
area.

3-day deposition landform (Figure 16) were compared with
each other. It can be seen that for the largest deposition part
and the main deposition area, the calculated deposition
thickness and the field-acquired results are substantially
similar. For quantitative deposition thickness, the calculated
value is a little higher than the field measured value, while
for the deposition range, the calculated deposition thick-
nesses are different from the field measured values at the
upstream and downstream of the gully mouth and the oppo-
site bank of the tributary. The reason is that with the com-
pletion of the debris flow process, the moisture in the de-
posit with a high water content in the early stage would be
separated out gradually and the deposition thickness would
decrease on the whole. At the same time, the subsequent
water from the tributary would scour the unconsolidated
sediment on the surface of the deposit to form fine- grain
slurry with a high sediment concentration to move down-
stream and cause redistribution of the deposit along
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Figure 16 Isogram of deposition thickness in the field measured deposi-
tion area.

the tributary flow path. And then the deposit of the debris
flow would be subject to a subsequent deformation process
at the end of the debris flow process. Besides, some simpli-
fications of the model, modeling of the resistance of debris
flow movement and inaccuracy in determination of the ini-
tial conditions and boundary conditions will also greatly
affect the results of simulation. Therefore, further im-
provements to the model need to be made in consideration
of such aspects.

3.4 Application of model to design of river restoration
schemes

The super large-scale torrential flood and debris flow in
Aug. 13 caused great losses to the local people, and the re-
construction work after the disaster in May 12, and the river
channel deposition caused by debris flow caused the great-
est damage and great potential post-disaster safety hazards.
In order to reduce the post-disaster risk of debris flow depo-
sition, relevant administrative departments have developed
a series of applicable restoration schemes for the river
channel, e.g. new excavation of river channel, construction
of embankment, stabilization of the mainstream flow path.
Figure 17 shows the flow field map for the river channel
calculation in the recommended scheme under 20-year
flood conditions. However, field survey shows in spite of
huge scale of the torrential flood and debris flow, there is
still the risk of large-scale debris flow in case of bursting of
torrential flood due to 50 million cubic meters solid sources
formed by Wenchuan earthquake. So the numerical model
is used to predict the change of flow field of newly treated
river channel and future flood control capacity in case of
occurrence of another debris flow deposition, as useful ref-
erence for the design of schemes. Due to space limitations,
this paper only gives the debris flow deposition landforms
(Figures 18 and 19) when the debris flow deposition
amounts in the recommended scheme are 0.5 million cubic
meters and 2 million cubic meters (based on the given
mainstream and the tributary confluence conditions of the
debris flow in Aug. 13). And the river channel flow field in
the case of a 20-year flood in the river channel mainstream
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Figure 17 A calculated map of flow field under a 20-year flood after the management of the recommended schemes.
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Figure 18 0.5 million cubic meters debris flow deposition map upon
treatment as specified in the recommended scheme.
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Figure 19 2 million cubic meters debris flow deposition map upon
treatment as specified in the recommended scheme.

(Mianyuan River) and the tributary (Wenjiagou) when the
debris flow sedimentation amount in the recommended
scheme is 2 million cubic meters is shown in Figure 20.
Numerical results of the model show that under the con-
dition of Aug. 13 deposition mode, when the debris flow
scale is less than 0.5 million cubic meters, the raised river

Velocity (m/s)

channel water level is about 1.8 m and new excavation of
main channel can still substantially meet the flood passage
requirement for 20-year flood. When the debris flow scale is
further increased to 2 million cubic meters, the main chan-
nel sedimentation thickness opposite to the gully mouth will
be above 8 m and the raised water level of the mainstream
channel will be approximately 8 m, resulting in great impact
on the flood passage capacity of the river channel. These
results have been applied to the design of the river restora-
tion schemes.

4 Conclusion and discussion

4.1 Conclusion

In this paper, a mathematical model for confluence of the
debris flow was established based on simplification of the
interaction mechanism between the debris flow and the
mainstream water flow and the model was verified by using
the case of recent Qingping Wenjiagou debris flow which
converged with Mianyuan River. The conclusions are as
follows.

1) Based on the simplified assumption of the model and
the effect of the interaction in the confluence zone of the
debris flow and the mainstream water flow, a distributed
coupling debris flow confluence model is established, by
which the debris flow confluence process, the water and
sediment movement laws of the mainstream and the tribu-
tary during the process can be analyzed. And the distribu-
tion of the deposition and its change may also be obtained
as well.

2) Finite element CBS algorithm with high stability is

05115 2 25 3 354 45 5 55 6 65 7 75 8

Figure 20 2 million cubic meters debris flow deposited river channel flow field map upon treatment as specified in the recommended scheme.
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used for calculation of convection dominated problems,
which can increase the stability of the confluence model
between the debris flow and the main river water flow on
steep slope and expand the application field of CBS algo-
rithm.

3) The recent Qingping Wenjiagou debris flow conflu-
ence case is simulated and field-acquired deposited land-
form is used for verification of the model. The results show
that the deposition range and thickness distribution are con-
sistent with the measured results qualitatively. With the
consideration of the subsequent impact of deformation of
the measured landform, the results calculated with the
model are relatively satisfactory.

4.2 Problems and discussion

The debris flow confluence involves the interaction between
the Newtonian fluid and the non-Newtonian fluid, and has a
complex physical mechanism. In this paper, simplified as-
sumptions were made and a numerical confluence model
was established, which obtained good simulated results
qualitatively but is still with large errors quantitatively. In
order to increase the accuracy and applicability of the re-
sults calculated with the model, the following improvements
need to be made.

1) Optimization of physical mechanism. The model in
this paper is established based on the generalized assump-
tion. The interaction between the debris flow and the water
flow, with the development of the debris flow confluence
theory, may be improved to optimize the model theoreti-
cally.

2) Improvement of confluence conditions. One of the
main problems of the model is accurate determination of the
debris flow confluence conditions. In order to increase the
calculation accuracy of the model, more accurate debris
flow confluence conditions can be provided with reference
to the study results from analysis of runoff and sediment
yields of water basins without data or records.

3) Finite element CBS algorithm is a calculation method
based on physical process, so the calculation has a relatively
high stability but also a great amount of calculation. CBS
and other algorithms may be integrated in the future for
further improvement of the model.
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