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PREDICTION METHOD OF DEBRIS FLOWS
Lixian Wang' and Songdong Shao®
ABSTRACT

Debris flows often cause extensive destruction of property and loss of life in
mountainous regions of Beijing. Prediction of debris flows in these areas is of great
importance. The paper presents a combination of methods to predict debris flow,
including short-term prediction and long-term prediction. The short-term prediction
method of debris flows is established by means of statistical analysis and calculation of
recorded precipitation data from mountainous regions of Beijing. The prediction
equations deal with one key issue—the critical rainfall for simplicity and provide the
warning, disastrous and critical rainfall lines, which indicate the possibility and danger
levels of debris flows. The long-term prediction method of debris flows is established by
simplifying and numerically solving the mass and momentum equations of unsteady
flow in two horizontal dimensions, as well as by mapping hazard areas. The reliability
and accuracy of both methods have been validated against field data from Beijing
mountainous regions and it is shown that they provide a useful tool for predicting debris
flows in most mountainous areas in Beijing.

GENERAL SITUATIONS

About 40% of Beijing areas are located in mountainous regions. Due to the unique
geographical, geological and geomorphologic conditions in these areas, debris flow
occurs frequently in stormy seasons and causes extensive property damage and life loss
to the local people. In order to mitigate debris flow hazards, studying the mechanisms of
debris flow initiation, motion and deposition and taking suitable protective measures are
indispensable. Debris flow prediction is mainly composed of short-term prediction and
mid/long-term prediction. The former is also called real-time prediction and various
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prediction methods have been established, in which predicting by critical rainfall is
widely appreciated. The latter is often in the form of hazard zone mapping, which
provides a solid basis for the land use planning and long-term economic development in
debris flow hazard areas. Here it is achieved by means of numerical simulation. The
long-term prediction is the precondition and basis of the short-term prediction. In
addition, large amount of observed data collected in mountainous regions of Beijing
play an important role in establishing and testing the prediction methods in the paper.

SHORT-TERM PREDICTION METHODS OF DEBRIS FLOWS

Introduction

Short-term or real-time prediction of debris flows by critical rainfall methods is
widely accepted (Keefer et al 1987, Tan 1996, Wilson 1997). According to available
information obtained in China and abroad, critical rainfall that triggers a debris flow is
usually characterized by rainfall rate and effective rainfall. The former includes the
maximum hour(s) or minute(s) rainfall rate in the event day, and the latter is the
summation of the accumulated rainfall in the event day and effective rainfall of pre-
event days. Thus the short-term prediction method is set up here by combining these two
factors. In this regard, other conditions for triggering a possible debris flow (such as the
ground environments) are assumed to have been mature.

The accumulated rainfall of pre-event days is of great importance. It is generally
agreed that abundant previous rainfall is the basis of debris flow occurrence and the
event-day rainfall intensity is a triggering factor. The more precipitation of previous
days, the less will be the rainfall required to initiate a debris flow. There are also various
methods to evaluate the effective rainfall in pre-event days. Based on debris flow
characteristics in Beijing mountainous regions, it is found that soil conditions in pre-
event days can be better represented by employing the previous 15 days rainfall
multiplied by an empirical coefficient for soil moisture dissipation.

Establishment of Prediction Methods

Field data were collected from various hydrological and gauging stations located in
the mountainous areas of Beijing. Two groups of rainfall data near the hazard zones are
obtained, namely rainfalls that triggered disastrous debris flows (including 20 observed
precipitation values of the event day and pre-event days) and that did not induce debris
flows (including 37 observed precipitation values among which the consecutive rainfall
was over 80 mm or the maximum 1-hour rainfall rate was over 20 mm from 1958 ~
1991). By plotting these data, the critical precipitation triggering debris flow is obtained.

The total effective rainfall, which is the summation of the event day rainfall and
pre-event days rainfall, is plotted against maximum 1-hour rainfall rate in Fig. L.

By detailed statistical analysis (Yu et al 1997), three rainfall lines are obtained in

cach case. In Fig. 1, they are represented by the following equations
Y=-0.116(X+K)+38 (1)
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Y=-0.116(X+K)+77 o)

Y=-0.116(X+K)+115 (3)
where X = accumulated rainfall of the event day in mm, K = effective rainfall of
previous 15 days in mm and Y = maximum 1-hour rainfall rate in mm.
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Fig. 1 Prediction of Debris Flows—Between
Total Effective Rainfall and Maximum 1-Hour Rainfall Rate

Equations (1), (2) and (3) correspond to warning, disastrous and critical rainfalls of
debris flows respectively. According to Fig. 1, if the precipitation values fall below the
warning rainfall line, the chance for debris flow to occur is small and no measures need
to be taken. If the observed precipitation values fall between the warning and disastrous
rainfall lines, the debris flow is likely to occur and preventative measures should be
considered. When the recorded current precipitation values exceed the disastrous
rainfall line, the debris flow is about to occur and people must be evacuated to the
shelters. Moreover, the uppermost line is critical rainfall for the occurrence of debris
flows.

By employing different statistical methods, another set of useful prediction
equations can be established. The effective rainfall of 15 previous days is plotted against
the accumulated rainfall of the event day in Fig. 2.

In the same way, the corresponding equations in Fig. 2 are represented by

X=-2.8019K+155 (4)
=2.8019K+270 (5)
X=-2.8019K+390 (6)

where K = effective rainfall of previous 15 days in mm and X = accumulated rainfall of
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the event day in mm.
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Fig. 2 Prediction of Debris Flows—Between Effective Rainfall of Previous 15 Days
and Accumulated Rainfall of Event Day

Prediction Methods Application and Test

Two disastrous debris flows resulted from continuous and heavy precipitation in
August 3rd, 1950 and 1956 in West Mountain near Beijing. The corresponding data
were not included in those used to establish the above prediction methods. So they are
applied here to test the reliability and accuracy of the methods. Relevant recorded
rainfall parameters are shown in Tab. 1.

Tab. 1 Debris Flow Inducing Rainfall Parameters in West Mountainous Regions of
Beijing during 1950s (HDHP 1989)

Time of | Location of | Name of | Effective Rainfall of | Accumulated | Maximum

Debris Debris Flows | Gauging | Previous 15 Days Rainfall 1-Hour
Flows Stations of the Event | Rainfall
K (mm) Day Rate

X (mm) Y (mm)
Night Men Tougou
of August | District and | Upper 79.8 190.1 56.5
3rd, 1950 Qingshui Qingshui

Patch

Night Qingshui Upper
of August | River Qingshui 70.7 136.0 38.6
3rd, 1956
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For the case in 1950, substituting the effective rainfall of 15 days before the
incidence of debris flow and the accumulated rainfall of the event day into Equation (1)
and (2), the warning and disastrous rainfalls are calculated as 6.7 mm and 45.7 mm,
respectively. Both are below the recorded maximum 1-hour rainfall rate of 56.5 mm.
Thus the occurrence of debris flow was inevitable. Similarly, the calculated warning and
disastrous rainfalls of 1956 are 14.0 mm and 53.0 mm, respectively. In comparison with
the recorded maximum 1-hour rainfall rate of 38.6 mm, although the upper limit value
of precipitation triggering the debris flow was not exceeded, the occurrence of disasters
was still possible. By employing data in Tab. I, the prediction equations in Fig. 2 can
also be verified.

Here it should be emphasized that the short-term or real-time prediction of debris
flow is always based on the long-term prediction and the two should be closely
integrated in real practice. The long-term prediction method of debris flow is to be
introduced below.

LONG-TERM PREDICTION METHODS OF DEBRIS FLOWS
Introduction

One of the main goals of long-term prediction of debris flows is to delineate the
extent and level of hazard areas. Since most civil structures and inhabitant dwellings are
located near or on the alluvial fan of debris torrents, the contents of hazard zone
mapping are closely associated with the depositional fan. As far as the present
knowledge is concerned (Shih, Shieh and Chen 1997), about four types of methods are
available to map hazard areas, including field investigation, experimentation, theoretical
calculation and numerical simulation. The numerical simulation has become very
popular during the recent years due to its convenience and feasibility (MacArthur and
Schamber 1986, Han and Wang 1996). Thus in this paper an effective numerical method
is introduced to simulate debris flow deposition on alluvial fan and as a result, to map
hazard areas. Although the torrent classification and hazard zone mapping by the field
investigation for whole potential hazard regions are tremendous and costly, this method
can provide an accurate and reliable delimitation approach (Wang 1995), which is used
here as a control method to validate the numerical one.

Establishment of Numerical Model

The depositional processes of viscous debris flow on alluvial fan, without erosion
and deposition of bed, can be described by the mass and momentum equations of
shallow flow as follows:

§+v-(hv‘)=o (7)

%+(ﬁ-V)ﬁ=—gV(Zo +h)-gS, (8)
where ¥ = 2D velocity of debris flow, z, = topographic elevation, 4 = flow depth, ¢ =
time, g = gravitational acceleration and 51 = 2D frictional slope of debris flow.
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For simplicity, the rheological properties of viscous debris flow can be
approximately modeled as Bingham fluid. Thus the frictional slope S ' is represented by

S, = ;—"h Sgn(¥) + %’-ﬂ )
where 7, = Bingham stress, u, = viscosity coefficient of the debris flow, y, = specific
weight of the debris flow mixture and Sgn(7)=+l1, are signs of 2D velocity in the x
and y directions, respectively.

The numerical scheme is implemented by the particle model (Wang, Shao and Fei
1997), in which the debris flow media is assumed to be composed of a large number of
identical individual elements. The motion of each element is controlled by the equations
of motion, and the general flow behavior is obtained by averaging the velocity and
spatial position of all elements at nearby 2D grid points. The 2D grids are set in the
computational domain.

According to Equation (8) and (9), the discrete form of equation of motion for a
debris element is

v (+ _i;'.r — , T = = 2/.[ v '
Tl Tk gF, - g(—2—Sgn(¥,, )+ —3) (10)
A! m" },mhk.r

where 7,,,, and ¥,, = velocity of debris element £ at time £ +1 and ¢ respectively, At

= time increment, .S_‘k‘, and h,, = frictional slope and flow depth where element & is

located, the calculation of which requires interpolation between grid points.

The spatial position of a debris element is given by
= = VgtV
Xk,n—l = Xk_.' + Vk'mz LAt (1)

where X, 4is and X, ., = spatial coordinates of element k at different times.

The initial conditions provide topographic elevation at 2D grid points at the
beginning of the computation. The flow boundary conditions provide input debris
elements at the entrance of the depositional fan during each time increment Af to ensure
mass conservation in the computational domain. The number and spatial position of
these input elements are determined through the discharge information. The numerical
stability and convergence require that the translation distance of all debris elements
during At time should be constrained to half of a grid spacing 0.5AX and enough
clements should be existing in a grid cell in the computation. This criterion is achieved
by gradually adding the number of debris elements(equivalent to reducing the element
volume AV) into the computation domain and gradually reducing the time increment
Al

Evaluation of Computing Parameters of Debris Flow Simulation in Beijing
Mountain Regions
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According to the topographic map provided by the local department(scale: 1:2500),
the computation domain was divided into square cells, with the 2D grid spacing AX =
25 m. Thus the initial conditions are defined.

By means of field investigation, the total volume of deposits in the upper and
middle reach of the debris gully was estimated to be W . Considering the most
dangerous cases of debris tlow, it was assumed that all these deposits are deposited in
the lower reach of the gully to form the alluvial fan and the debris flow is viscous, i.e.,
the density of which ranges from 1800 to 2000 kg/m’.

The flow discharge © at the entrance of the alluvial fan, which is employed as the

upper boundary condition, was evaluated by the hydrological methods. The selections of
volume of one debris element AV =5 m’ and time increment At = 0.1 s satisfy the
requirement of numerical stability and convergence. The rheological parameters 7, and

4, were evaluated by the Fei’s formula(1991).

Method Verification and Hazard Zone Mapping

By operating the numerical model, the depositional fans of debris flow in several
typical debris gullies in Men Tougou District of Beijing mountainous regions were
simulated and according to the computation results, hazard areas were drawn through
software Graphtool 3.3, as shown in Fig. 3 and 4.
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Fig. 3 Hazard Area of Stony House in North Harbor Torrent of Qingshui County
(W =6575m>, Q =67.1 m%s)
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Fig. 4 Hazard Area of Sang Valley in Yaozi Mount Torrent of Junxiang County
(W =8350m>, O =1512m%s)

In the above Figures, “—” corresponds to computed values and “ *” corresponds
to field investigation values by Wang (1995). It seems that both fit each other well,
demonstrating the reliability of the numerical method. The mapped hazard areas are
helpful for the land use planning and debris flow hazards mitigation. Thus the goal of
predicting debris flow in the long run is basically realized.

CONCLUSIONS

The short-term or real-time prediction of debris flow is always based on the long-
term prediction and the integration of both in real practice is very important. The
combination of the short-term and long-term prediction method of debris flows in the

paper proves to be effective. However, more research needs to be done in future work in
order to predict debris flows more accurately.

ACKNOWLEDGMENTS
This paper was supported by the China Postdoctoral Science Foundation.

REFERENCES

Fei X. J., Kang Zh. Ch. and Wang Y. Y. (1991). “The effects of fine particles and slurry
on debris flow motion.” Mountain Research. Vol.9, No.3; 143-152. (in Chinese)

- 342 -



Han G. Q. and Wang D. G. (1996). “Numerical modeling of Anhui debris flow.” J. Hydr.
Engr., ASCE. Vol.122, No.5; 262-265.

Hydraulic Department of Hebei Province-HDHP (1989). “River systems of Yongding
River and Chaobai River.” Annual Hydrologic References of Haihe River Basin
1950 ~ 1982. (in Chinese)

Keefer D. K., Wilson R. C., Mark R. K., etc. (1987). “Real-time landslide warning
during heavy rainfall.” Science. Vol.238; 921-925.

MacArthur R. C. and Schamber D. R. (1986). “Numerical methods for simulating
mudflows.” Third Intl. Symp. on River Sedimentation, The University of
Mississippi. 1615-1623.

Shih B. J., Shieh C. L. and Chen L. J. (1997). “The grading of risk for hazardous debris-
flow zones.” Proc. First Intl. Conf. on Debris-Flow Hazards Mitigation: Mechanics,
Prediction, and Assessment, San Francisco, August 7-9. 219-228.

Tan W. P. (1996). “Basic theories and the status quo of the research on storm debris
flow forecast in China.” Journal of Soil Erosion and Water & Soil Conservation.
Vol.2, No.1; 18-24. (in Chinese) )

Wang G. Q., Shao S. D. and Fei X. J. (1997). “Particle model for alluvial fan
formation.” Proc. First Intl. Conf. on Debris-Flow Hazards Mitigation: Mechanics,
Prediction, and Assessment, San Francisco, August 7-9. 143-152.

Wang L. X. (1995). Soil and Water Conservation. China Forestry Publishing House. (in
Chinese)

Wilson R. C. (1997). “Normalizing rainfall/debris-flow thresholds along the U.S.
Pacific Coast for long-term variations in precipitation climate.” Proc. First Intl. Conf.
on Debris-Flow Hazards Mitigation: Mechanics, Prediction, and Assessment, San
Francisco, August 7-9. 32-43.

Yu Zh. M., Wang L. X, Xie B. Y., etc. (1997). Research Report on Forecast and
[dentification Methods for Torrent Hazards in Beijing Mountainous Region
(Research project supported by Beijing Science Commission). Beijing Forestry
University Publishing House. (in Chinese)

- 343 -



