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ABSTRACT: This study aims to propose a method for developing hazard maps due to debris flow based
on numerical simulations with 1-D and 2-D debris flow models. The 1-D numerical simulations were
conducted to investigate variables responsible to debris flow volume. 2-D numerical simulations were
performed to analyze the debris flow behavior over ideal debris fans, as well as to obtain basic
information necessary for preparing a hazard map. The 1-D numerical results show that the debris flow
volume increases with supply water discharge, length of stream reach and bed slope in condition that
potential erosion depth is large enough for sediment transport capacity of debris flow, and that the debris
flow size reaches its equilibrium after flowing over some distance. The 2-D numerical results show that
debris flow spreading increases longitudinally with the fan slope and in addition, a hazardous area, which
is usually considered as deposition area, is reproduced in response to the ground surface topography of
the fan, although there is an artificial channel for draining flood water.
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1. INTRODUCTION

Every year, mass communication and bulletins of international institutions show the sediment related
disasters that occur worldwide, where they are reflected numbers of high deaths and economic losses.
Some countries have made progress in reducing the impact of sediment related disasters because they
have conducted prevention and mitigation measures for vulnerability reduction in areas of the high risk.
To evaluate hazardous areas related to mass movements such as landslides and debris flow
corresponding numerical models which are based on 1-D and 2-D governing equations are useful
(Egashira et al. 1997, 2003, 2007; Garcia et al. 2003, Takahashi et al. 2001, Takahashi 2007). The
governing equations to describe debris flow behavior are composed of mass and momentum
conservation equations for debris flow body as well as of mass conservation equation for bed sediment.
Egashira et al. (1997, 2003) and Takahashi et al. (2001) introduced erosion and deposition terms into the
mass conservation equation of debris flow body and bed sediment in order to evaluate influence of
change of sediment mass on debris flow behavior. However, there are quite differences between their
formulas for erosion and deposition rate formula (Egashira 2007, 2011). Bed shear stress formula which
plays an important role in momentum conservation equation has been studied with constitutive relations
of water and sediment mixture. Although several formulas have been proposed, their structural form is
different to each other (Egashira 2007, 2011).

Lépez et al. 2002 showed a methodology to create hazard map based on Flo-2D model developed by
O'brien et al. (1993). 2-D Saint Venant equations for non-Newtonian fluids are employed in this model,
and the procedure includes criteria to evaluate hazard as a function of the event intensity and frequency.
JICA, 2004 integrated this model with the Japanese Law and delimited also hazard level with two criteria.
Takahashi (2007) reproduced sediment flooding numerically with his colleagues’ numerical model (2011).
Mergily (2008) proposed an integrated modeling of debris flow with Open Source GIS and showed the
intermediate characteristics between landslide and sediment runoff.



Present study aims to propose a method to develop hazard maps due to debris flow. 1-D and 2-D
governing equations are described briefly with bed shear stress formula and erosion/ deposition rate
formula. Discussions are made on the relation between debris flow volume and hydraulic variables such
as bed slope, channel length, potential erosion depth and supplying water discharge based on 1D
numerical simulations. In addition, debris flow flooding process is discussed using results obtained from
2-D numerical simulations. Finally a numerical simulation of debris flow is conducted, for the first step to
develop the hazard map, focusing on the debris fan of a Chacaito creek located in Caracas city,
Venezuela.

2. GOVERNING EQUATIONS EMPLOYED IN NUMERICAL MODELS

2.1 Onedimensional governing equations

The 1-D governing equations are constituted by mass conservation of a sediment-water mixture, the
momentum conservation of the mixture, and mass conservation of bed sediment. The mass conservation
of debris flow is divided into two; one for the mixture and other for sediment only:
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The momentum conservation equation is described as follows, neglecting the term with derivative of
mass density:
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The mass conservation of bed sediment is transformed into volumetric continuity:
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In these equations, t is the time, X- is the coordinate along the flow direction, h is the flow depth, u'is the
spatial average velocity, B is the flow width, Cis the spatial average sediment concentration, Z,is the bed
elevation measured from a datum line, g is the acceleration due to gravity, E is the erosion rate or erosion
velocity, 7, is the bed shear stress, #, is mass density defined as Pm =(c—p)C+p where o is the mass
density of sediment particle, p is the mass density of the water including fine sediment, and 6 is the bed
slope, C. is the sediment concentration of stationary sediment layer, y is the correction parameter for
sediment transport rate,  is the momentum correction factor and H is the elevation of the free surface of
the flow body.

2.2 Two dimensional governing equations

In the 2-D governing equations, the mass conservation equation of the flow body is also broken down into
two equations (Egashira et al. 1997)
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x- and y- components of momentum conservation equations are as follow:



ouh . opuuh . opvuh _ _gh H 7y 8] ouh . opuvh . opwh__ L oH 7, 0]
ot OX oy X  p, ot OX oy oxX p,

In the 2-D numerical simulation, erosion of bed sediment is neglected. However, the deposition process
in the debris fans was included.

In these equations. 7, is the bed shear stress in x- component, 7,, is the bed shear stress in y-
component, u is the depth averaged velocity in x- component and v is the depth averaged velocity in y-
component.

2.3  Formulas for erosion rate and bed shear stress

The erosion rate is described by Egashira et al. (2001);
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in which E is the erosion and deposition rate (E < 0 : deposition), 9 is the local bed slope, and 8, is the
equilibrium bed slope corresponding to spatial average sediment concentration of the debris flow body,
and ¢ is the inter-particle friction angle of sediment particles.

(11]

Egashira, et al.(2003) formulated the shear stress as follows.
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in which 7, is the bed shear stress, 7;, is Coulomb type’s shear stress and f, is the friction factor
associated fluid.

%
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Concerning about the friction f,,, Itoh et al. 2003 expressed the friction factor to simulate the whole flow
regime. For example, Egashira et al. 2007 indicated the schematic diagram of the distribution of
water/sediment in different regime as shown in Figure 1. They can be clarified as h/hs; e.g., when h/hs = 1,
the flow regime is the debris flow as shown in figure 1(a), and when h/hs < 1, the flow regime is the flood
flow in Figure 1(b), where h is total water depth, and h; is thickness of sediment layer.
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Figure 1: Profiles of velocity and sediment concentration in (a) debris flow and (b) flood flow.



When hyh = 1 as shown in Figure 1(a) as the debris flow, it is the flow where sediment layer reaches to
the top of water surface. In such a flow, the friction can be determined with h/d, sediment concentration
and friction angle. Therefore, it can be expressed as:

f, = %(fd +1,) [2} [14]

in which fq and f; are defined as
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In these relations, d is the reference sediment size, e is the restitution coefficient of sediment particles
which is estimated at about 0.85, k; and ky are the coefficient determined by flume test and specified as k;
=0.16 and ky = 0.0828.

When hg/h < 1 as shown in Figure 1(b), it is the flow as the flood flow including the water and sediment as
bedload. In such a flow, it is necessary to consider an additional term of hy/h from the case when hs/h =1
(Itoh, et al 2003).
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In the Eq. [20], k is Karman constant, and 7, is the mixing length at the interface between the water-
sediment mixture layer and the upper water layer. This term is defined as following (Egashira et al. 1997).

%
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The specific sediment concentration in the layer of hyper-concentrated sediment-water mixture is
estimated asc, =cC./2.

3. SIMILATION OF DEBRIS FLOW BEHAVIOR

3.1 1-D Numerical simulation

3.1.1 Initial and Boundary condition

The initial and the boundary condition are determined as Table 1 as well as the physical parameters,
such as ¢ = 2,650 kg/m3, p = 1,000 kg/ms, ¢, = 34°,c. = 0.52. The calculation conditions are that the flow
width B = 15.00 m, Ax =5.00 m, and At = 0.0005 s. The length of the reach is set to be 3.5 km.

Table 1. Computational conditions of 1-D numerical simulation.

Computational Conditions
Bed slope, 6 (degree) Potential erosion Rainfall intensity, r Particle diameter, d
depth, Dp (m) (mm/h) (m)
12 2 20 0.10
14 4 40 0.20
16 6 60
18 10 80
15 100
120

In addition to that, the water discharge as the boundary condition are estimated as following.

1
Q= 36 frAL [27]

where Q is the flow discharge, f is rainfall runoff rate (0.82), r is rainfall intensity and Ayg is the area of the
drainage basin at the upper boundary. To determine the A_g, the area, which has the slope angle of more
than 20°, is estimated in the targeted are, with assuming that the saturated non-cohesive sediment
cannot be stably exited on the slope. We obtained Ay the in our targeted area as 0.53 km?, referring to
the Chacaito creek.

3.1.2 Results

1-D numerical simulation is conducted to examine the debris flow characteristic, which is the relationship
between the debris flow volume and the physical parameters, such as the bed slope, rainfall rates and
potential erosion depth, as shown in Table 1.

Firstly, the Figure 2 shows the relation between the debris flow volume and the distance from upper
boundary with different slopes when the potential erosion depth is 5 m, particle diameter is 0.2 m, and
rainfall intensity is 70 mm/h. As it shows the volume increase progressively as the bed slope increases.
As a matter of fact, in the case of 12°, 14°, and 16°, the flow volume increase in between upstream end
and few hundred meters, and they have a peak volume around 1,000 m, and keep decreasing thereafter



with very small decreasing rate. On the other hand, the volume increases linearly in the case of 18°.
Since the debris flow volume increase by the erosion and deposition, it could say that, in the case of 12°,
14°, and 16°, the erosion processes take place more actively in the upstream reaches, and deposition
rate occurred slightly higher than erosion in the downstream reaches. On the other hand, in the case of
the slope of 18°, the erosion process is much more active compared with deposition in this whole section.

Figure 3 shows the relationship between the debris flow volume and the distance from upper boundary
with different potential erosion depth when particle diameter is 0.2 m, the slope is 15.41°, and rainfall
intensity is 60 mm/hour. As it shows, in the case of the potential erosion depth of less than 10 m, the flow
volume increase in between upstream end and few hundred meters. After it reaches to the maximum
value, the most of the case, it does not change much. On the other hand, in the case with the potential
erosion depth of 15 m, it keeps increasing till the downstream end, though increasing rate change at the
100 m from upstream end. They indicates that the erosion already reach to the river bed in the case of
the potential erosion depth of less than 10 m. On the other hand, it does not in the case of the potential
erosion depth of 15 m. Therefore, the potential erosion depth of 15m is deep enough for sediment
transport capacity.

Figure 4 shows the relationship between the debris flow volume and the distance from upper boundary
with different rainfall intensity when particle diameter is 0.2 m, the slope is 15.41°, and the potential
erosion depth is 5 m. As it shows, the trends of the most of the case are similar with that of Figure 1.
They increase rapidly till the distance of around 500 m from upstream end. Thereafter, they decrease
very slightly. Overall, the flow volume increase with supply water increases.
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Figure 2: Relation between flow volume and bed slope.
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Figure 3: Relation between flow volume and potential erosion depth.



Relation between flow velume and rainfallintensity
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Figure 4: Relation between flow volume and rainfall intensity.

3.2 2-D Numerical simulation
3.2.1 Initial and Boundary condition

To investigate the influences of the bed slope of the debris fan and the supply discharge in spreading
process of the debris flow, the 2-D numerical simulation are conducted with assuming the debris fan is
laterally flat and inclined only in the flow direction. As the initial condition, three different slope of the
debris fan are implemented, such as 4°, 6°, and 8°. As the boundary condition, the supplied debris flow
volume including the water and sediment is set to be about 50,000 m®, whose actual sediment volume is
30,000 m®. In these computations, steady uniform debris flows in a rectangular open channel are
provided from the fan head with three different size with constant volume, in order to discuss about the
effects of the velocity. For this purpose, three different expected depth has examined, such as 5.0 m, 7.5
m, and 10.0 m. In addition, the physical parameters are set as same as the 1-D numerical simulation. Ax
=4 m, Ay =4 m, and At = 0.0005 s are applied in this computation.

3.2.2 Results

Figure 5 shows 2-D numerical simulation results as the matrix shape indicating different slope angle in
the column and the expectative depth in the row. Each figure indicates the contour map showing the
thickness of deposited sediment on the debris fan whose X-Y axis is dimension of the meter. In this
figures, the center of outlet of the debris flow are designed as X =100 m and Y = 200 m. Also each figure
indicates the calculation results as deposited area with length and width, as well as the maximum
thickness. In the case of slope 4° (Case 11, 21 and 31), the length of sediment distribution decrease
approximately 10 m to 16 m, and the width grows from 20 m to 18 m, by each 2.5 m of different
expectative depths. Alike, the maximum thicknesses are located in the middle of debris fan. The
average of maximum thicknesses value is 5.28 m, where the highest values obtained is in the case 31
(5.54 m) due to the width of sediment distribution is higher and length is smaller than the cases 11 and
21. For the case of 6° and 8°, the length of distribution decrease to rate of 16 m, but the width and the
maximum thickness have differences in each case of expectative depth. Notwithstanding these
behaviors, the width value increases progressively and the maximum thickness decrease when the depth
increases; for example, when the slope is 8°, the debris fan has a great active deposition due to the
length values are among 576 m (Case 13) and 534 m (Case 33), with widths are between 80 m and 90
m, and the maximum thickness is 1.17 m.

These results demonstrated that the bed slope influences in the debris flow behavior over the debris fan,
because the spatial and temporal distribution of sediment deposition increases due to the highest speeds
and the longest distances reach by debris flow when the slope increases but the widths, lengths and
heights of deposited sediments where not sensitive to the speeds of the debris flow at the fan head;



however, the simulations were sensitive to slopes of debris fan. Likewise, in the numerical simulation the

sediment distribution of deposition is conditioned by the expectative depth.
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Figure 5: 2-D numerical simulation results. Spatial distribution and thickness of deposition area.

Grip size 2 m. Z=[m] Thickness of deposition area.



4. HAZARD MAP

The Chacaito creek is selected for this study to produce the hazard map regarding to the debris flow with
2-D numerical simulation described in the previous chapter. The Chacaito creek basin has an area of
8.43 km?and a length profile of 7.79 km. As the Figure 6 indicates, the Chacaito creek has a upper basin
located in the mountainous area, which has the average slope of 12°, as well as a lower basin located in
the urban area of Caracas city, which has the average slope of 2°. Based on the geometric condition, the
debris flow simulation is modeled as the deposited area of debris flow in the lower basin estimated by 2-D
numerical simulation, as well as the source area of the debris flow in the upper basin estimated by 1-D
numerical simulation.
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Figure 6: Chacaito Creek Location. Google Earth, 2013.

The initial condition is established by Digital Elevation Model obtained (DSM) by Civil Protection and
Environment Institute of Chacao Municipality, 2012.

The boundary condition regarding to the debris flow in 1-D numerical simulation is designed by means of
different returns periods of rainfall intensity, and the estimated discharges are following in the Table 2.
Additionally, the physical parameters and other computational conditions used are ¢ = 2,650 kg/m3, p=
1,000 kg/m3, d=0.20m, ¢,=34°C =0.52,B=15m, Dp = 10 m, Ax = 5.00 m and At = 0.005 s.

Table 2. Rainfall intensity according the return period and input discharge estimated for computational
conditions of 1-D model. Chacaito creek.

Return period (Years) 25 50 100
Rainfall intensity (mm/h) 48.03 63.81 81.15
Estimated input discharge (m®/s) 5.36 7.12 9.06

In the case of 2-D numerical simulations, the sediment volume employed is 120,000 m? because this
value was selected with the flow volumes calculated in 1-D numerical simulations. Also, the
computational conditions for 2-D numerical simulation where established same to 1-D numerical
simulations. The physical parameters and other conditions employed are following: ¢ = 2,650 kg/m3, p=
1,300 kg/m®, d = 0.20 m, ¢; = 34°, ¢. = 0.30, B = 100 m, Dp = 10 m, Ax = 5.00 m, Ay = 5.00 m and At =
0.005 s.



The Figure 7 shows the result of the 2-D numerical simulation, which is the distribution of maximum
thickness of debris flow. This figure is drawn to select the maximum deposited height from the results in
the different time. The debris flow simulated in the model indicates that, firstly, debris moved to simply
downstream as a single stripe, and thereafter, it separated to the west side. Finally it separated to the
east side, which is the Chacaito creek. As final form of the deposition of debris flow indicated, the three
branches of the deposited sediment appears.
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Figure 7: Map of the distribution of maximum thickness of sediment deposition in Chacaito creek

5. CONCLUSIONS

1-D and 2-D numerical simulations were conducted to develop a method for preparing debris flow hazard
map. The governing equations used in this research allowed to evaluate debris flow characteristics in the
torrents and debris fan. The 1-D simulated results demonstrates that the debris flow volume increases
with supply water discharge, length of stream reach and bed slope in condition that potential erosion
depth is deep enough for sediment transport capacity of debris flow, and that the debris flow size reaches
its equilibrium after flowing over some distance. The 2-D numerical results confirm that the bed slope
influences the debris flow behavior over the debris fan and the sediment deposition area, stretches the
distance downstream.

In addition, 2-D debris flow behavior was simulated in the debris fan of Chacaito creek and was analyzed,
focusing on the thickness of sediment deposition of the flow body. The results shows that the hazardous
area spread out over the fan.
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