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SYNOPSIS

To compute the hazard area, a numerical simulation model that estimates a debris flow’
hydrograph by assigning an arbitrary rainfall to an arbitrary, very steep basin was developed.
The debris flow hydrograph is not much affected by the scale of a surface landslide but is
strongly affected by the position and number of landslides. Moreover, a numerical simulation
model that estimate a hazard area by using the hydrograph as an input boundary condition.
When applied to an actual event, this model reproduced the actual deposition situation in the
fan area reasonably well. Non-structural countermeasures, such as residents of the hazard area:
taking refuge before debris flow flooding, are effective for saving lives. A simulation method
for evacuation based on a refuge network built using the GIS (Geographic Information Systems,
ARC/INFO) is presented. Information on calculated evacuation results such as traveling time’
from the start of evacuation to arrival at a refuge, degree of congestion of a refuge route, number
of refugees in each designated refuge, and etc. is very important, and the graphic tools of the
GIS can provide it intelligibly for both administrators and residents.

INTRODUCTION

A serious debris flow disaster occurred along the Gamaharazawa River, a tributary of the
Hime River, in Nagano Prefecture on Dec. 6, 1996. Fourteen persons working on repairs were
killed, and 9 injured by this flow. It'is very rare for a debris flow to occur in winter, and it is’
thought that the thawing of snow combined with rainfall was one cause of this debris flow (1,
2).  On May 11, 1997, a debris flow was induced by a massive landslide along the Kumazawa
River, Kaduno City, Akita Prefecture. In spite of its large scale (2,500,000 m?®) and that of
the subsequent debris flow (500,000 m® in sediment volume) that destroyed 16 houses, no deaths
or injuries were reported because the landslide had been observed, and residents had already
evacuated their homes (3).

Another severe debris flow disaster occurred on the Harihara River, Izumi City, Kagoshima
Prefecture at midnight July 10, 1997. Twenty-one persons were killed, and 18 houses destroyed
by this flow which, due to heavy rainfall, was caused by a massive slope failure with a sediment
volume of 160,000m3. Residents were aware of an extraordinary phenomenon occurring in the,
river and took refuge, but they returned home because it stopped raining and water depth of
the river became normal level resulting in much material and human damage (4).

In order to mitigate the flood hazards generated by debris flows, erosion control works
must be undertaken as well as river improvement works. In fact, such structural countermea-
sures have mitigated, even prevented, disasters. Financial concerns and social situations do
not always allow prompt implementation of structural mitigation measures, therefore hazard
avoidance, including regulation and zoning restriction of development in the potential hazard
zone, and an evacuation program are required. These ‘soft’ non structural measures are only
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effective when reliable information is available concerning 1) the locations of hazardous and safe
areas, 2) the degree of danger, 3) the potential danger period, 4) the time needed for evacuation,
5) the potential for casualties, and 6) whether evacuation systems as well as systems for the
prediction of disasters are adequate. In other words, reliable hazard map and, if possible, a risk
map must first be prepared, after which the best type of evacuation system can be established
for the hazard area. : : :

We present numerical methods for simulating the occurrence of debris flows, and spatial and
temporal effects of a landslide on the debris flow hydrograph generated are examined. More-
over, prediction method of a debris flow flooding area on the Tochio debris fan, Gifu Prefecture,
is presented. A simulated evacuation method based on a GIS network consisted of refuges,
evacuation routes, and nodes in the hazard area also is presented.

BASIC EQUATIONS

Because a debris flow is considered to move as a continuous fluid until just before it stops,
a system of momentum and mass conservation equations for fluid flow which take into account
the variation in discharge as well as the quality of the fuid owing to erosion and deposition is
applicable. The basic equations used to calculate the development and deposition of a debris
flow and its flooding are depth-averaged two-dimensional momentum and continuity equations:
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The continuity of the coarse particle fraction sustained in the flow by the action of particle
encounters is
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The continuity of the fine particle fraction sustained in the flow by turbulence is
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where M = uh and N = vh are the z and y components of the flow flux; v and v = the z and
y components of mean velocity; h = the flow depth; z, = the erosion or deposition thickness
measured from the original bed elevation; 6., and bsyo = the & and y components of the in-
clination of the original bed surface; pr = the density of the debris flow; # = the momentum
correction coefficient; 7, and 7, = the z and y components of the resistance to flow; i = the
erosion (= 0) or deposition (< 0) velocity; C, = the volume concentration of the solids in the
bed; Sy = the degree of saturation in the bed (applicable only for erosion, when deposition takes
place substitute S, = 1); = the water supply intensity from the side per unit length of channel
(unidirectional flow case); Cf, = the volume concentration of the coarse particles in the flow;
Cr = the volume concentration of the fine particles in the interstitial fluid; C,; and C,p =
the volume concentrations of the coarse and fine particles in the original bed; and C,p; = the
volume concentration of the coarse particles in the bed produced by the deposition of the debris
flow.

Because a debris flow develops in a narrow upstream channel, its flow is virtually unidi-
rectional (no y component), and N and v necessarily are zero. In this case the quasi-steady
approximation of the equation of motion is applicable rather than equations (1) and (2) (5).
The approximation for a fully developed stony debris flow is

(4)

-+
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and for an immature debris flow and a turbulent flow the respective approximations are
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where dp = the mean diameter of the coarse sediment; o. = the density of the coarse parti-
cle; pm = the density of the interstitial fluid including the fine particles; n,, = the resistance
coefficient; a = the numerical coefficient (0.04); o = the dynamic internal angle of friction

(tan @=0.6), and 6 = the energy gradient given by tan6 = (/72 4+ 7 /prgh.  An immature
debris flow whose sediment concentration Cr, is less than 0.4C,; and greater than 0.02 occurs
when 0.03jtan #;0.138. Equation (8), which is nothing but the Manning formula, is applicable
when Cp is less than 2% or h/dy 1s larger than 30 and the flow occurs tan# is less than 0.03.
The momentum correction coefficient, 3, is equal to 1.25 for a stony type debris flow (6) and to
1.0 for both an immature debris flow and a turbulent flow.
The bottom resistance for a two-dimensional flow is described as follows. For a fully
developed stony debris flow (7);
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For an immature debris flow;
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The equation of erosion for an unsaturated bed is
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and for a saturated one (5),
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where K and 6. = constants, ¢ = the angle of internal friction of sediment particle on the bed,

Cr = the volume concentration of the total solids, gr = the flow discharge per unit width, and
p = the density of the clear water;

P tan tan d

(14)
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For an immature debris flow and for a bed load, the respective equilibrium solid concentra-
tions are

Csoo = 67072100 (17) CBeo = QBoo/(hu) (18)

where g = the equilibrium bed load transport rate. In this study the equation used is (8)
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where f = the resistance coefficient; 7. and 7...= the nondimensional tractive and nondimen-
sional critical tractive forces, and ¥ = a constant. Equation(17) is applicable only when Cg.,
has a value less than Cre, as calculated by eq.(15) (9).

We introduce the following deposition equations (9). For a fully developed debris flow;
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and for an immature debris flow and a turbulent flow;
R N

Cupr

where 87,87 and p = constants; and v, = the equilibrium velocity that continues the run down
with neither deposition nor erosion. This is given by eq.(6) by substituting 8, for 8, tan 6, being

i=8 (21) i = 555-’3%2;&\/112 + 02

(22)

from eq.(16);

tan 6, = {Cr(0 — pm) tan @}/ {Cr(0 — pm) + pm} (23)
Equation for the variation of the bed surface elevation {ACTURL T 4
is given by 0z, /0t + 1 = 0. ey CD??;\_J?""

AREA STUDIED

The Horadani basin (Fig.1) in the Northern
Japan Alps has an area of 2.3km? and 4 typical trib-
utaries. The 2,675 m main channel shown in Fig.1 as
@ originates at the altitude of 2,185 m and debouches
at 800 m. At the outlet of the ravine a relatively large
debris fan, 500 m wide, has developed that has a 9.5°
average slope for the downstream direction. The com-
munity of Tochio is located on this debris fan.

On August 22, 1979 at about 7:50 in the morn-
ing at the time of peak rainfall intensity, a debris flow
suddenly struck Tochio. It killed three persons, as
well as destroying 7 houses, half destroying 36, and
inundating 19. Spatial sediment deposition and the
damage to houses are shown in Fig.2. The total vol-
ume of the sediment deposit was about 66,000 m®, and
the sediment volume of the landslide in the uppermost
upstream part (shown in Fig.1 as ()) which enlarged
the scale of the debris flow was estimated to be about
8,740 m® (10), but it is not clear whether all of the
sediment flowed out or not.

DEBRIS FLOW HYDROGRAPH

Conditions for Calculations

Fig.3 shows the estimated flood runoff discharge
at the outlet of the ravine based on the existing flood
runoff analysis for the condition in which no debris
flow has occurred. To calculate the development of
the debris flow along the channel’s course, a discharge
hydrograph for water only is needed at each point on
the course.  To meet this requirement the time lag
is neglected, the outlet water discharge, Qo, is firstly
assigned proportionally to the sub-basin areas of the
tributaries. Next the lateral inflow discharge of water
per unit width along each channel is assigned as shown
in Fig.4, in which a main course is taken along the
channel () and landslide occurs at (T).

As the time at which the landslide occurred at the
upstream end is not known, we assume that it took

Inflow
Thickness of Deposit
0.0 v 2.5 (m)
2.5~ 5,0
B2 5.0~ 7.5
W 7.5 v
[l Houses

By Channel Works

Completely Half Sediment
Destroyed Destroyed Intrusion

e

Fig.2 Thickness of the accumulated

sediment
houses

and its hazard to

place at 7:50, at which time a debris flow of 10-second duration was introduced into the up-
stream end of the channel (). A constant debris flow discharge of 400m>/sec was assumed

with Cy, = 0.5 and Cp = 0.

The channel characteristics of flow width, and thickness, and the
properties of the sediment are estimated from field and aerial photograph surveys.

A uniform

channel width of 10m is assumed from the upstream to downstream end, and the bed sediment
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is assumed to be 4m thick with the properties dy, = 10cm,
C)g = 0.65, C*DL = 0.65, C.,p = 0.2, O*L = (C* -—C,,F)/(l - Q
C,r) = 0.5625, tan ¢ = 0.75, o = 2.65g/cm®, p = 1.0g/cm® @ /=) 20
for all the tributaries. The degree of saturation is assumed 9 "0
to be Sy = 1.0 for a bed with a slope flatter than 21° and 50
0.8 for a steeper bed.

The values of K in eq.(13) and 4. in eq.(14) were
identified in previous flume experiments as K = 0.05 and
6. =0.0007 (5). A sensitivity analysis determined that
these values could be applied to debris flows; therefore, they
were used in the analysis of the effects of the landslide on
the debris flow hydrograph. A one dimensional finite differ-
ence calculation for the river channel was made with grids
of Az = 50m and At = 0.2 sec.
numerical constant values adopted were §) = 67 = 0.1 and

p=1/3(9).
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Fig.4 Flood discharge variation along the main stream channel

Effects of Landslide Scale on the Debris Flow Hydrograph

Fig.5 shows effects of the sediment volume of 207 el (o)
the landslide, which corresponds to the landslide ==~ 1000
scale, on the debris flow hydrograph at the outlet 1504 2000
of the ravine. The position of the landslide and o 1 —3000
the method of supplying landslide sediment to the (m¥g { ——a4000
upstream end of the channel in the calculation are 100
the same as described previously, but the sediment ]
volume supplied is different. A supplying sediment
volume range of 1,000 ~ 4,000 m® (substantial sed- 50-]
iment volume) for a surface landslide caused by a ;
heavy rainfall is considered to cover the possible
scale of the supplied sediment volume. From this 0]
figure, the sediment volume of the landslide, there- 700 t 800 ‘ t(;xour;
fore, does not have a marked effect on the debris 8/22 1979 occurrence

flow hydrograph Fig.5 Effect of landslide sediment volume

Effects of Landslide Position on the debris flow hydrograph

on the Debris Flow Hydrograph

Fig.6 shows effects of the landslide location in the watershed on the debris flow hydrograph
at the outlet of the ravine. The position of the sediment supply given by O ~@® in Fig.1 is the
upstream end of each channel. Because a debris flow hydrograph generated by erosion of the
bed material depends on the sediment volume on the bed and the water discharge in the channel,
the debris flow hydrograph produced by the landslide at @ has a smallest peak discharge, in
which the channel length is the shortest. On the other hand, the debris flow generated by the
landslide at @) has the highest peak discharge because it has the longest channel length, namely,
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that has the largest erodible sediment volume on the bed if the water discharge in the cliannel
is enough to generate a debris flow.

Effects of the Number of Landslides on the Deb‘ris Flow Hydrograph

Fig.7 shows debris flow hydrographs calculated for conditions under which two landslides
occur at (D and @). One case is for two landslides that occur at the same time, the other is for
a landslide at ) that occurs 10 minutes later than that at (). The peak discharge of the debris
flow is higher in the former case. In the latter, the hydrograph has two peaks, a first peak due
to the landslide at (D) and a second due to the landslide at @).

300 300
7 Position of landslide 7
1 —0 } —— Landslides of )
J ® and @ occurred
a4 ® E simultaneously
200~ e @ 200 ;
Q [ SR [ Lendslide of @ |
(m%s) | {m%s) occurred 10 min
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100 - 100
: ] A
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N
E g QOccurrence of
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8/22 1979 o“imnce (houn) 8/22 1979 gecurrence of (how
of Landslide Landslide at ()

Fig.6 Effect of landslide position on the

Fig.7 Effect of the time of occurrence and
debris flow hydrograph

nuiiber of landslides on the debris
flow hydrograph

| PREDICTION OF FLOODING IN A HAZARD AREA

Neither how many surface landslides may occur nor when or where are identified in this
study. We examined two types of landslides; one in which a surface landslide occurs at @ (CASE-
1), corresponding to the actual event of 1979, and one in which landslides occur simultaneously
at @ and @ (CASE-2).

The calculated hydrograph and solids concentrations in the debris flow at the outlet of the
ravine constitute the upstream boundary conditions for flooding calculations on the debris fan at
Tochio. The flooding process and deposition on the fan were computed using a two-dimensional
numerical simulation, and a staggered up-wind finite difference scheme (9). The grid sizes are
Az = Ay = 5m, At = 0.02 sec.

Fig.8 shows the calculated results of final stage of the sediment deposition by the debris
flow flooding for CASE-1. A comparison with Fig.2 shows that both the area of inundation
and deposit depths are reasonably well reproduced by the calculations.

Fig.9 shows the calculated results of final stage of the sediment deposition by the debris flow
flooding for CASE-2. The peak discharge of the debris flow hydrograph used in this calculation
is about twice that in CASE-1. The total sediment volume outflow is about 70,000m® in
CASE-2 and about 50,000m® in CASE-1. The deposit thickness is greater in CASE-2, but
the depositional area does not differ substantially from that in CASE-1. We conclude that
the representative features of the depositional area and the thickness of deposits produced by a
typical debris flow in this basin are well approximated by this figure. '

SIMULATION OF EVACUATION USING THE GIS
Refuge Network Based on the GIS

In our research on a simulation method for evacuation action during overland flood flows and
mud flows (12, 13), the refuge networks were established by man-power. Very careful treatment
and much labor were needed to check the relationship between the node and arc numbers. In
contrast, refuge networks can very easily be established with the aid of a GIS, in which the
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Fig.9 Calculated sediment accumulation

in CASE-2

Fig.8 Calculated sediment accumulation
in CASE-1
relationship is checked automatically when nodes
are input by a digitizer. This method saves much
time and trouble in managing and updating com-
plicated data.

Fig.10 shows an example of a refuge network
comprised of nodes of the intersection point and
vertexes, and those of the places of refuge. By in-
putting the data on nodes and vertexes using the
digitizer, tables (arc attribute, node attribute ta-
bles, etc.) can be made in which node numbers are
automatically set in correspondence to arc num-
bers. The most important point is that not only
are refuge networks very easily established by the
GIS and networks made available for evacuation
calculations because the coordinates of the nodes
and arcs are stored as ASCII data, but the calculated results of evacuation action can be dis-
played on the GIS’s coverage.

© Nodes of the places of the refuge
O Nodes of the intersection point
® Vertex e AYC

Fig.10 Example of the nodes, vertexes,
and arcs in the refuge network

Simulation Method of the Action of Evacuation

Refuge networks constructed with the aid of a GIS consisted
of refuges, evacuation routes, and nodes in the hazard area. The
hazard evacuation area was determined by the numerical simula-
tion of sediment flooding. Refuges (e.g., schools, public offices)
had been designated in the existing Regional Plan for Disaster Pre-
vention. :

Adequacies of the refuges and evacuation routes are evalu-
ated in relation to the calculated flow depth, deposit thickness,
and evacuation simulation. For example, buried refuges or evacu-
ation routes would be unsuitable, and new refuges or routes would
have to be established. This simulation model therefore provides a
reasonable foundation on which to plan better evacuation systems.

The distance between the locations of the residents and the

refuges generally is one of the most important factors for selecting a particular refuge.

[[]: Nodes of Refuge Place
O : Nodes of Intersection
@ : Position of Resident

Fig.11 Relationship between
the refuge network and the
position of an evacuee

it 1s

assumed that the method of selection of optimal refuge can be formulated as a selection problem
of shortest-path algorithms in network theories. Fig.11 shows an example of the position of
a group of residents en route on the refuge network. The group is located at the distance Z1
from the node of N1 and at the distance Z2 from the node of N2. The simulated evacuation
action is

(a) The shortest distance from an arbitrary position between nodes N1 and N2 to an arbitrary
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refuge node is calculated by

FF =min{Fy11+ 2L, Fyum + 21, Fyog + 22, From + 22} (24)

where F'F' = the shortest distance from an arbitrary position between the node of N1 and N2 on
the refuge route to an arbitrary refuge node; F;; = the shortest distance between an intersection
node, Ni, and a refuge node, Nj, as found by the Warshall-Floyd method (13) and m = the
total number of refuges.
(b) Assuming that the solution of eq.(24) is Fiy,p1 + Z1 (i.e., the shortest path is the approach
route to refuge node R1 through intersection node N1). Time T'L required to move from the
position of the group to node N1 is calculated from the walking speed of the evacuating group,
the details of which are described later.
(c) Let T be the time set to calculate the evacuating action: if TL > T (i.e., an evacuating
group can not arrive at node N1 within time T') a new position between the last position and
N1 is calculated from the value T' and the walking speed. But, if TL < T, the evacuating group
can reach node N1, and time remains which can be used for further motion. If N1 is a refuge,
the evacuating action of this group is finished; if not, 7' — T'L is replaced by a new T' and going
back to (a), the remaining time is consumed in proceeding through IN1.

This procedure is repeated making it possible to simulate the evacuation action of residents.

Walking Speed

Walking speed during evacuation is affected by various types of factors: environmental ones
such as the season, weather, time, brightness; physical factors such as sex, age, health, fatigue;
collateral factors such as clothes, baggage; psychological factors such as fear, whether the place is
well known; and factors of assembly such as the number of persons in the group, and the density
of people on the road. It is very difficult to correctly estimate walking speed in the midst of
evacuation because these affecting factors are interconnected.

In this calculation, the walking speeds of an adult, a child, and an elderly person are in-
troduced in the cases of solitary walking and group one. Moreover, a reduction rate of walking
speed due to congestion on the evacuation route and fatigue are considered. Fig.12 shows the
walking speeds of elderly persons in solitary walking and group walking (14). The curves in this
figure are calculated results of frequency of walking speeds assuming a normal distribution and
using the observed values of the parameters of the mean walking speed, Uy, and the variance,
0%, The mean walking speed of an elderly person in the case of solitary walking is 0.948 m/sec
and the variance 0.045 (m/sec)?, whereas the values in the case of group walking are 0.751 m/sec
and 0.021 (m/sec)?>. Walking speed in the group walking case is slower than it is for solitary
walking, and the variance becomes smaller. Fig.13 shows walking speeds of persons with a
baby carriage or a child (14). The mean walking speed of a person with children is 1.02 m/sec
and the variance is 0.036 (m/sec)’. The density of the persons evacuating on the refuge route
is said to affect the walking speed markedly.

30+
5 )
o~ & g——Group Walking 10~
kS ) n T, =0.751 mis R
- ! #3=0.021 (misy’ - With Children
& 20 1 15} Ty =1.02 m/s
§ H 5 2320036 (mis)?
& s Solitary Walking §
@ 3 T =0.948 m/s =
- 2=0.045 /sy’ - With
Fa T 5~ Baby Carriage
10+ T, =1.07 mis
72=0.056 (m/s)”
- 4
? i SR
ot e ) 00.....,..'"-:'—1

Walking §peed (m/sec) z Walking épeed (m/sec)

Fig.12 Frequency of the walking speeds of  Fig.13 Frequency of the walking speeds of
elderly persons in cases of solitary persons with a baby carriage or with
and group walking a child



81
In this study the walking speed is defined as (15)

Vi =UL/{0.982 + exp (1.12¢ — 4.0)} (unit:t; hour, Vf, Uf; m/s) (25)
Uo—Cply (ph < Pmax)

Ui = { _ (26)

Usnin (P:z. > Pmax)

where V! = the walking speed of a group on the nth route at time #; t = the time elapsed since
evacuation began; U! = the walking speed of a group on the nth route at time ¢, which depends
on the density of people on the route but is independent of fatigue; and U = the initial walking
speed of 1.42m/sec for an adult, 0.948m/sec for an elderly person walking alone, 0.751 for an
elderly person walking in a group and 1.02 m/sec for a person with children. Walking speed de-
pends on the minimum value when elderly persons or children are included in the group. Umin =
the minimum walking speed of the group, assuming the value of 0.49m/sec; pf, = the density of
people in the group on the nth route at time ¢, written pf, = M}/(B,L,) , (unit: person/m?),
in which M? = the total number of evacuees on the nth route at time ¢; B, = the width of the
nth route (unit:m); L, = the length of the nth route (unit:m); C' = the coefficient describing the
reduction rate of walking speed due to congestion, written C' = (Up — Upmin)/ pmax; a0d prax =
the allowable maximum density of people, assuming the value of 3.85 person/m?.

Conditions for Calculations ‘
Fig.14 shows a map of the Tochio district and its outskirts. This district has 79 house-
holds and a population of 272. Thirty-seven percent of the population consists of children and

the elderly. The respective values for the Kashiwade and Murakami districts are 17 and 25 for
households, and 42 and 118 for population. The number of households and the organization of
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KANKO®P)
KAIKAN T
)

ﬁ? m?n

SHRINE

Fig.14 Map of the Tochio district and its outskirts

Fig.15 gives an example of the refuge network in . p1e 1 Number of households and
the Tochio district and its outskirts. The number of in-
tersection nodes totals 490. Three of them, Tochio el-
ementary school, Tochio junior high school, and Kanko
Kaikan are the refuges designated in the Regional Plan -
for Disaster Prevention of the municipal government. Novsanow| 79 25 7 121

‘the persons in each district

District | Tochio |MurakamilKashiwade] Total

The minimum unit of residents is here defined as a -f; Adult] 171 61 25 257
family (one household), therefore the number of refuge | 5 |Child | 49 22 6 77
group is 121. G |Elderly| 52 35 11 98

The simulation cases are shown in Table 2. |8|Total| 272 118 42 432

CASEs 1, 2, 5, and 6 denote that residents choose the
nearest place of refuge, and CASEs 3 and 4 that residents can not choose Tochio junior high
school or Kanko Kaikan due to river flooding and must select Tochio elementary school as the
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Fig.15 Refuge networks in the Tochio Fig.16 Example of calculated results
district and its outskirts of the state of evacuation
place of refuge. CASEs 1, 3, and 5 are those

in which the initial walking speed of all the
residents is assumed to be 1.42m/sec (walk-

Table 2 Conditions for calculations
and the calculated results

ing spee d of an a dul’c). CASEs 2’ 4’ and 6 C&\(S"E Condition of Evacuation District Me(asne‘gme M(asxe'gl)me2
are those in which the %nitzal walking .speeds Walking Speed: Fodhio 378 335
of elderly persons or children are considered. , | Adut Murakami | 292 426
CASEs 5 and 6 are those in which a new refuge Sglection of Refuge Place:  [Kashiwadel 277 313
. - " e Nearest Refuge Place |~ Whole 346 839
place is established on the east side of the Ho- Walking Speed: Tochio 548 1588
radani River in the Tochio district. In these 2 S‘;du't';-o‘df";&}r”e’%?“dfe" Wurekarmi 473 805
. . election of Refuge Place:  [Kashiwade] 4 767
cases, we consider that all the residents start Sarme a5 in CASE 1 Whole |~ 518 7588
to take refuge simultaneously. Walking Speed: Tochio | 378 839
Fig.16 shows the position of a resident | 3 |GireaRea® ] =~ Mosami | 493 o
who has evacuated his/her home (A) and that Tochio Elementary School [“Whole | 449 839
of refuge (B) (Tochio elementary school) at 20 Walking Speed: Tochio | 548 | 1588
2 L 4 | Sameasin CASE2 Murakami 795 1216
second intervals (position: V¥, refuge: @). In Selection of Refuge Place: [Kashiwade] 1113 1585
this case it takes 374 seconds to arrive at the WSa:L‘? 2 in CQS(ECiSE” TW:“ole 678 1588
" 8 . alking Speed: ochio 145 395
refuge. The calculated results are shown in 5 |Selection of Refuge Place: |Murakami | 292 426
Table 2.  All the residents in the Tochio SameasinCASE1 ~ |Kashiwadel 277 515
district move to this refuge (B) because it is e ge o Whole ] 193 313
s . A Walking Speed: (CASE 2)  [Tochio 208 747
the closest one. The maximum traveling time o |Selectionof Refuge Place: [Murakami | 473 805
from the start of evacuation to arrival is 1,588 i;'gg:: in g’ﬁ?{Eef‘uge piacel Ka‘:’h'wadeh fadel_434 767
seconds in CASEs 2 and 4. This traveling time = 299 767

increases more than 1.5-fold when the walking zea"“mg‘ # Mean Time Required for Evacuation
speeds of elderly persons or children are con- axTime? : Maximum Time Required for Evacuation
sidered. Residents of the Murakami district move to refuge (C) (Kanko Kaikan) in the case in
which they can select the nearest refuge. The maximum traveling time is 805 seconds to this
refuge, whereas it takes 1,216 seconds when they have to evacuate to Tochio elementary school.
The calculated results of the distributions of the time required for evacuation in CASEs 2
and 6, show that 15 minutes can be saved by establishing a new place of refuge in the Tochio
district on the east side of the Horadani River. These results need to be verified from records
of evacuation training. The graphic display based on the GIS (ARC/INFO) and EWS provides
both municipal government administrators and residents an understanding of the evacuation
systems in the basin.

CONCLUSIONS

A mathematical model is proposed for the prediction and assessment of debris flow hazards.
Debris flow hydrographs were analyzed by assigning an arbitrary rainfall to an arbitrary, very
steep basin. Spatial and temporal effects of a landslide on the debris flow hydrograph generated
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were examined. The magnitude of the landslide was shown to have no significant effect on
the hydrograph, whereas the location and number of landslides substantially affected the peak
discharge of the hydrograph, timing of its occurrence, and the shape of the hydrograph.

A two-dimensional numerical simulation of a historical debris flow accurately replicated its
fan deposits. The depositional characteristics of the historical event were analyzed with the
model. The use of this model requires many parameter values and constants, the standard
values of which are matters for future investigation. Moreover, we had to assume the time at
which the landslide occurred as well as its sediment volume and water content in order to obtain
a debris flow that matched the actual records. Predictions of the time of occurrence, magnitude,
quality, and location of the landslide(s) under given rainfall and basin characteristics are difficult -
to verify. Our proposed method, however, is effective for obtaining a risk assessment in a river
basin and for designing such appropriate countermeasures against debris flow as evacuation
systems. ]

An evacuation model was developed using a GIS refuge network. The optimum refuge route
and place, as well as the time required for evacuation can be obtained with this model. These
findings should be made available to both residents and administrators. A visual evacuation
display using a GIS model is a very useful for helping administrators and residents to understand
or improve the actual evacuation system in the basin.
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APPENDIX-NOTATION

The following symbols are used in this paper:

a
B,
C

Cur
Cur,

C*DL

* S
o

J

FF

dBo
qr

S

L

it

I

i

I

numerical coefficient (=0.04);

width of the nth route (unit: m);

coefficient describing the reduction rate of walking speed due to congestion;
volume concentration of the fine particles in the interstitial fluid;
equilibrium solid concentration of the bed load;

volume concentration of the coarse particles in the flow;

equilibrium solid concentration of the stony debris flow;

equilibrium solid concentration of the immature debris flow;

volume concentration of the total solids; '

equilibrium concentration of the total solids;

volume concentration of the solids in the bed;

volume concentration of the fine particles in the original bed;

volume concentration of the coarse particles in the original bed;

volume concentration of the coarse particles in the static bed produced by
debris flow deposition;

mean diameter of the coarse particles;

resistance coefficient;

the shortest distance between the intersection node, Ni, and refuge node,
Nj;

the shortest distance from an arbitrary position on the refuge route to an
arbitrary refuge node;

gravitational acceleration;

flow depth;

erosion (> 0) or deposition (< 0) velocity;

numerical constant;

length of the nth route (unit: m);

total number of refuges;

respective flow discharge per unit width in the @ and y directions;

total number of residents on the nth route at time t;

resistance coeflicient on the bed for the turbulent flow:
numerical constant;

equilibrium bed load transport rate;

flow discharge per unit width;

water supply intensity from the side per unit length of channel;
degree of saturation in the bed;

time;

time set to calculate the evacuating action;
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time required to move from the position of the group to the nearest node;
respective mean velocity components in the @ and y directions;

walking speed without fatigue of a group on the nth route at time ¢;
initial walking speed;

minimum walking speed of a group (=0.49 m/sec);

equilibritum velocity that continues the run down with neither deposition
nor erosion;

walking speed of a group on the nth route at time ¢;

coordinates of the flow;

erosion or deposition thickness measured from the original bed elevation;
respective distances from the position of the group to nodes N1 and N2 in
Fig.10;

dynamic internal angle of friction (tan a=0.6);

momentum correction coefficient;

numerical constant;

numerical constant of the equation of deposition;

numerical constant of the equation of deposition;

numerical constant of the equation of deposition;

numerical constant of the equation of erosion;

time interval in the finite difference equations; ‘

respective spatial mesh sizes in the x and y directions in the finite difference
equations;

respective inclination of the original bed surface in the x and y directions;
energy gradient given by tan = /72, + 7,/ prgh;

equilibritm angle of the bed surface;

density of the clear water; '

density of the interstitial fluid (= p(1 — Cr) + 0CFr);
allowable maximum density of people (=3.85 person/m?);
density of people in the group on the nth route at time ¢;
density of the debris flow (= p,,(1 — C1) + 0CL);

density of the coarse and fine particles;

variance in walking speed;

respective shear stresses on the bed surface in the 2 and y directions;
nondimensional tractive force;

nondimensional critical tractive force; and

angle of internal friction of sediment particles on the bed.
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