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Abstract. In this paper, a methodology is proposed for the delineation of debris-flow deposition
areas. First, based on the theory of reliability, the delineated hazardous area is defined. Then, uncer-
tainty analyses of all the uncertain parameters affecting the probable maximum length, width and
thickness are performed. Finally, the proposed methodology is applied to an actual site susceptible
to debris flow. It is found that the maximum deposition length is much more uncertain than the
maximum deposition width. The delineated hazardous areas for various reliability are obtained using
the inverse first-order second moment method. The proposed methodology is recommended for the
delineation of debris-flow hazardous areas, because the influence of all the uncertain parameters is
considered.
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1. Introduction

Debris flows occur in many areas in Taiwan due to intense storms and steep slopes.
Improper land use, such as deforestation and excavation of slopes for roads or
buildings, deteriorates the situation. Many canyons in Taiwan are susceptible to
debris flows. When the debris flow travels through the steep canyon and reaches
the canyon mouth, the debris spreads over a broad area where developed areas are
often found. An effective means to reduce the debris-flow hazards is the delineation
of the threatened area, also referred to as deposition area or hazardous area herein,
in advance. One can then control the development of the hazardous area or provide
adequate warning devices.

Regarding the delineation of debris-flow hazardous areas, one needs to know
how far and how wide the debris flows can deposit. Takahashi (1991) proposed em-
pirical formulas for the probable maximum length and thickness of the debris-flow
deposits. Major and Pierson (1992) made experimental analysis of fine-grained
slurries. Shieh and Tsai (1997) constructed relationships among the maximum
length, width and thickness based on experimental data. So far, the delineation of
the debris-flow deposition area is limited to a deterministic approach. That is, the
existing methods ignore the influence of the uncertain parameters on the probable
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Figure 1. A schematic diagram showing the delineated hazard area and hypothetical probable
deposition areas of debris flows.

maximum length, width and thickness. Hence, efforts on the search for a reliability-
based methodology (Ang and Tang, 1984; Yen et al., 1986; Mays and Tung, 1992)
are justified.

The objective of this paper is to develop a reliability-based methodology for
the delineation of debris-flow deposition areas. First, the delineated hazardous
area is defined using the concept of reliability. Furthermore, uncertain parameters
affecting the probable maximum length, width and thickness are identified and
their corresponding means and standard deviations are derived. Finally, an actual
application of the proposed methodology is performed. The delineated hazardous
areas for various values of reliability are obtained.

2. Basic Theory

A common measure for reducing the damages of debris flows is the management
of areas susceptible to debris flows. For such a purpose, one has to delineate an
area for the site of interest first and declare it as a hazard-warning area. However,
the actual deposition area may fall inside or outside the delineated area as shown in
Figure 1. The probability that the actual deposition area falls within the delineated
area is called reliability herein. The reliability » can be mathematically expressed
asr = Prob[R > L], where R is the delineated hazardous area, and L is the actual
deposition area. It should be noted that only the area starting from the canyon
mouth is concerned in this paper. Variables R and L can be referred to as resistance
and loading, respectively, of a system according to the terminology of reliability
analysis theory. Using the safety margin SM = R — L as the performance function
(Mays and Tung, 1992), then the reliability can be further expressed as

r = Prob[R > L] = Prob[SM > 0] = Prob [W > ’“‘ﬂ] , 1)
OsMm
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Figure 2. A sketch of the debris-flow longitudinal profile.

where W = (SM — usm)/osm, and pusyv and ogy are the mean and the standard
deviation of SM, respectively. Assuming that the random variable W is normally
distributed, one can obtain the reliability r as

r=1-o(—p) =) 2)

where B = pusm/osm is the reliability index, and ®(B) is the cumulative
distribution function of the standardized random variable W.

3. Reliability-Based Delineation

In this section, the maximum length and width of the debris-flow deposition area
are discussed. The maximum length and width corresponding to a given value of
reliability are to be found. This problem is referred to as the inverse reliability
problem.

3.1. THE MAXIMUM DEPOSITION LENGTH

When a debris flow reaches the canyon mouth (end of the flow channel), the debris
will spread over flatter ground. The probable maximum deposition length L.«
from the end of the flow channel (Figure 2) can be estimated from (Takahashi,
1991)

—p)-Cpr - K, .cosf, gh,])>
{UM-COS(QM—Qd){l—{—[(S p) - Cpg + p] - cos ‘gz“
2[(s —p) - Cpe +p U
(s —p)g-Cpg-cosf,-tanw
(s —p)-Cpe+p

Lmax =

—g- Sil’l@d

3)

where 6, is the bed slope of the flow channel (degree), 6, is the bed slope of debris-
flow fan downstream of the end of the flow channel (degree), g is the acceleration
of gravity (m/s?), s is the density of gravel (g/cm?), p is the density of water
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(g/cm3), h, is the average debris-flow depth in the flow channel (m), U, is the
cross-sectional mean velocity of debris flow in the flow channel (m/s), K, is the
coefficient of active earth pressure, « is the angle of dynamic friction (degree),
and Cpg is the equilibrium debris-flow concentration. The values of parameters
6u> 64, s, hy, U,, @ and Cpg originate from measurement methods, field data,
or the expert knowledge of the investigators. These parameters are considered as
random variables herein. Hence, the safety margin for the maximum deposition
length becomes

SMLmax (Qua Qd, S, hu’ Uua o, CDE) = RLmax - LLmax (Qua Qd, S, hua Uu’ o, CDE) (4)

where R, is the delineated maximum length and L is the probable maximum
length (Figure 3).

3.2. THE MAXIMUM DEPOSITION WIDTH

The probable maximum deposition width (Figure 4) at the canyon mouth (end of
the flow channel) can be estimated from (Shieh and Tsai, 1997)

B v 5
e K - Zmax . Lmax ( )
where V is volume of debris flow (m?), Z .y is the maximum deposition thickness
(m), and « is a coefficient varying from 0.220 to 0.235. V, Z ., Lmax and « are
regarded as random variables herein and, hence, the safety margin for the maximum
deposition width becomes

SMBmax(V’ K, Zmax, Lmax) = RBmax - LBmax(V7 K, Zmax, Lmax) (6)
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Figure 4. The top view of the deposition area.

where Rp__ is the delineated maximum width and Lp__ is the probable maximum
width (Figure 3).

3.3. THE DEPOSITION AREA

In the common practices of reliability analysis, one wants to find the reliability. But
here R, and Rp for a given value of reliability r are to be found. The inverse
first-order second moment method (Armen et al., 1994) is used herein to obtain
Rp,. and Rp_ . According to the experimental results of Shieh and Tsai (1997),
the shape of the deposition area (Figure 4) can be described by

2 2
(x)+<b):1 x>0 %
LmaX BmaX ’ -

where x is the distance from the end of the flow channel (m), and b is the de-
position width at x (m). Once a set of Ry, and Rp  is obtained using the
inverse first-order second moment method, replacing L, and Bp,, by Ry and
R, in Equation (7) gives the delineated area corresponding to a known value of
reliability:

x 0\’ b\’
= 1’ > () 8
( RLmax ) + < RBmax ) x N ( )

4. Uncertainty Analysis of Maximum Length

To perform the reliability analysis, one has to estimate the means and standard
deviations of the probable maximum length and width first. As Equations (4) and
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(6) show, R; . and Rp_  are functions of random variables. Most of these random
variables are in turn functions of other fundamental random variables.

As Equation (3) shows, the maximum deposition length L. is a function of
04, Ous s, hy, Uy, @ and Cpg. Keeping only the first two terms in the Taylor-series

expansion of L., and taking the expectation, one can obtain the approximate mean
of Lyax as

2

{l_]u-cos(éu—éd){l+ — — —
i 2[(s —p)-Cpp+p Uz

(E—p)g-C_’DE-coséd-tan&
S—p)-Cpe+p

[5—p) - Cpk - Ku + pl - cos, gﬁu}}

= g -siné,

®)

where 6,, 6,, 5, h,, U,, @ and Cp are means of 6,, 0,, s, hy, U,, @ and Cp,
respectively. Similarly, keeping the same terms and finding the standard deviation,
the approximate variance of L,x can be written as

2 2
) 8Lmax 2 8Lmax 2
SL == 59 + 59
max 80 - - - - u 89d - - - = d
u 0a,S5,hu,Uy,a,CpE) (Ou,8,hu,Uy,a,CpE)

B T2 2
aLmaX 2 aLmaX 2
+ s+ Sh,
- ds - (éu,éd,/:lu-,ﬁu-,af’éDE) ahu (éu éd 5.04.a éDE)
B T2 2
al‘max 2 aLmax 2
+ 53, + 52
L U 10,80 5.h0.3.Cop) 0 16,.00.5.h.00.Cop)
B 92
0 L nax 2
+|5¢ 2, (10)
- DE | (éu»édj,ﬁu,[]u»&)

As shown in Equations (9) and (10), the means and variances of 8,,, 64, s, h,, Uy,
a and Cpg are needed. Reading the topographic map by different persons can form
a set of observed data of 6,. Then the mean and variance of 6, can be estimated
from this data set. The mean and variance of 6,; can be obtained in a like manner.
The means and variances of s, &, and « can be estimated from field data. As to U,
and Cpg, their means and variances are derived as follows.

4.1. CROSS-SECTIONAL MEAN VELOCITY

The cross-sectional mean velocity U, can be estimated from (Takahashi, 1991)

’ ing, 1/2 c.\'/3
Ui = 455220 [Cpp + (1= Cpp) 2] 1| xB2
5d | asina s CpE
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where C, is the concentration of debris-flow deposits, d is the mean diameter (mm),
and a is a coefficient (@ = 0.042 for Cpg/C, < 0.813 and a = 0.24 for 0.813 <
Cpe/C, < 0.842). Variables Cpg, g, a, and h, are as defined in Equation (3).
Assuming that 6,, C, and Cpg are random variables, one can obtain the mean and
the variance of U, as

L= 1,2 - 1/3
0 2{gsme” [éDE+(1—éDE)§]} [(C) —1:|><h3/2 (12)

“7 5d | asina Cpe
1 [gsinb,[ - _ \p
2 u
=1 Cc 1-C —
. {5d{asinoe|: DE+< DE)S:|}
ind, [ - ) “2p s B\ 2
(2 e (-] ) o
asmao s Cpk !
1 cosd, [ - - -1z sin 6,
+{ 8= Cpe + 1_CDE£ hi -2
5d | asina s asina s
- A N1/3 5 1/2
[E) i erlmalens (e}
L\ CpE asino

T 1cl? 2 2 [gcosb,[ = - 12
— ——— |W**} st — “|C 1-C
1 3@4/3] }SCDE+ 5d | asine | PET DE

DE
_1 1 3/2 ? 2
" 3W}h K (42

In general, C, ranges from 0.6 to 0.7 (Takahashi, 1991). It is reasonable to
assume that C, is equally likely to take on any value over that range. Hence, one
can refer to any general textbook of statistics to find the mean and variance of the
uniformly distributed random variable C,.

4.2. EQUILIBRIUM DEBRIS-FLOW CONCENTRATION

Equilibrium debris-flow concentration Cpg can be estimated from (Takahashi,
1991)

_ ptanf,
(s — p)(tang — tan6,)

where ¢ is the internal friction angle (degree). The mean and the variance of Cpg
can be written as

Cpe (14)

= p tan Q_M
Cpe = =
(s — p)(tang — tan 6,)

(15)
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5 [ psec?0, p tan 0, sec?6, ] : 5
0”

Sc, . = — + =
DE (s — p)(tang —tanB,) (s — p)(tan¢ — tan,)?

(16)

5. Uncertainty Analysis of Maximum Width

Equation (5) gives the maximum deposition width B, as a function of random
variables V, Zy.x, Lmax and «. In a like manner, one can write the mean and
variance of By, as

_ v
Biax = -5 (17)
K Z max Limax
1 ? v T
2 2
= —— Sy + | =——= Sy
Bmax [ K deLde } v [ ZIH' Lmax ]
+ [f:rsz + [#Tsz (18)
/Z-Zrznax . Lmax Zmax /Z-Zrlnax . Lmax Lmax

The variable « is in the interval 0.220 to 0.235 (Shieh and Tsai, 1997) and is
considered to be uniformly distributed in this interval. In addition to the means
and variances of x and Ly, those of V and Z,., have to be found as shown in
Equations (17) and (18). Their derivations are presented below.

5.1. VOLUME OF DEBRIS FLOW
The volume of debris flow V is (Shieh and Tsai, 1997)
V =600pCprt (19)

where Q is debris-flow discharge (m?/s) and ¢ is the rainfall duration (min) which
is assumed to be equal to the concentration time. Variables Qp, Cpg and t are
regarded as random variables herein. Hence, the mean and variance of V can be
written as

V =600pCprt (20)
S‘z/ = [6OC‘DEZT]2S2QD + [60C_'DEZT]2S(2;DE + [60QDC_'DE]2SI2 (21)

where Cpg and S%DE are given above in Equations (15) and (16). The means and
variances of Qp and ¢ are derived as follows.
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5.1.1. The Debris-Flow Discharge

According to the local technical manual (CSWCS, 1997), the debris-flow discharge
QO p can be expressed as

C

- 2
C*_CDEQ (22)

Op

where Q,, is the peak water discharge:

1

CITA 23
360 " 23)

Qu
where C, is the runoff coefficient, I refers to the rainfall intensity with T-year
frequency and #-minute duration (mm/hr), and A, is the drainage area (ha). Ac-

cording to the local technical manual (CSWCS, 1997), the T -year ¢-minute rainfall
intensity /7 can be estimated from

T

A
L =(G+HlogT)——— 24
15 ( g )(t—l-B)C (24)

where A, B, C, G and H are coefficients, and

2
- (R a— (25)
607\ 25.29 +0.094 P

where P is the mean annual rainfall (mm).

Variables C,, Cpg and Q,, in Equation (22), C,, I/ and A, in Equation (23),
and ¢ in Equation (24) are regarded as random variables. From Equation (22), one
can obtain the mean and variance of Qp as

Op = ﬁQw (26)
* — “DE
_w é* 2
I
C.—Cpk C.—Cpk
e oo K
[(C* — Cpg)? Cor C.—Cppl

where C,, sé{, Cpg, and S%DE are mentioned in previous section already. Qw and
SZQw in turn can be obtained according to Equation (23) as

_ 1 - . _
w=—CI'A 28
0 360 Cr i Ad (28)
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1 2 1 1 2
2
s = [3601 Ad} se + [360C Ad] S [360c I } s3, (29)

where A, and 5% , can be obtained from the data set formed through reading the
topographic map by different persons. The local technical manual (CSWCS, 1997)
gives C, arange for a specified land use condition. It is reasonable to assume that
C, is equally likely to take on any value over that range. As to I_tT and szT, they can

2

be obtained from Equation (24) as

IGA
=(G+ HlogT) (_—I()-OB)C (30)
EZA 7
sir = [(G + H log T)(—me:| s 31

where 7 and o2 are derived as follows.

5.1.2. Time of Concentration

The time of concentration is the sum of the time of overland flow and the travel
time in the channel. The time of concentration can be estimated from (Shih ez al.,
1997)

L 0.87 x L3\
- 60 32
0660 < H, ) x (32)

where ¢ is in minutes, L; is the length of overland flow (m), L, is the length of
channel (km), and H,, is the elevation difference between the most upstream point
and the outlet of the channel (m). Regarding L, L, and H,, as random variables
gives the approximate mean and the variance of ¢ as

0.385

_ L 0.87 x L3\
P=o = x 60 (33)

172 0. 87L2 —0.61572
st =|—| si +|60. 3— 57

36 ! Hm Hm :

2
0.8703\ P
{20}1— < 5 ) St (34)

where the means and variances of L, L,, and H,, can be estimated from the data
set formed through reading the topographic map by different persons.
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5.2. THE MAXIMUM DEPOSITION THICKNESS

The maximum deposition thickness Z,,x can be written as (Takahashi, 1991; Shih
etal., 1997)

Zmax = Lmax tan(e - ed) (35)

where 6 is the longitudinal slope of debris-flow deposits (degree) and is also re-
garded as a random variable. Hence, the mean and the approximate variance of
Z max are written as

Zmax = l_lmax tan(é - éd) (36)
sy =[tan(® — 6,157, + [Lmax sec”(0 — 0)1s;
+ [Lmax sec*(0 — 0) s, (37)

where the means and variances of L, and 6; have been mentioned before. As to
0, in general it is between 6 and 10 degree according to field investigation and is
considered herein to be uniformly distributed over that range.

6. Uncertainty Analysis of Deposition Area

The shape of the deposition area is described by Equation (7). According to Equa-
tion (7), the width at any distance x from the canyon mouth (end of the flow
channel) is

5,705
b=B,.. [1 _ (Lx‘ ) } . (38)

Since B« and L, are random variables, b is a random variable too. Its mean
and variance are written as

b=3 1—(’6)2 : (39)
- max imax

x 290542
i={l-() ] |

_ x 2905 _ 2
+ {Bmax[l - (I:—> ] (szﬁiaX)} s%max (40)

where L., SE Binax and sz are given in Equations (9), (10), (17) and (18),
respectively.
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Figure 5. The Chen-Yu-Lan Creek Watershed in central Taiwan.

7. Application and Discussions

The methodology proposed herein is applied to an actual site susceptible to debris-
flows. The site, Shih-Pa-Chung Creek, is located in central Taiwan (Figure 5). This
creek is a tributary of the Chen-Yu-Lan Creek that flows into the Chou-Shui River,
the longest river in Taiwan. The Shih-Pa-Chung Creek is on the Ti-Li Fault and
close to the Chen-Yu-Lan Fault.

As mentioned above, one needs to estimate the means and variances of the
upstream and downstream bed slopes of the debris-flow path, the density of gravel,
the average debris-flow depth in the flow channel, the angle of dynamic friction,
drainage area, the length of overland flow, the length of channel, and the elevation
difference between the inlet and outlet of the main channel. In this application, the
available field data of s, /1, and « are inadequate for uncertainty analysis, and hence
s, h, and o are considered to be deterministic without uncertainty. Once enough
field data of s, h,, and o are available, the corresponding means and variances can
be found accordingly. Based on the topographic map with a scale of 1:10000, well-
trained persons are asked to measure these variables. For each random variable,
a set of readings from different persons is then formed from which the mean and
variance can be estimated. Table I summarizes the means and standard deviations
of the aforementioned geometric variables. Also included in Table I is the mean
and standard deviation of the runoff coefficient. Table II presents the means and
standard deviations of the hydrologic variables including the time of concentration
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Table 1. Means and standard deviations of geometric variables

Variable Mean Standard deviation

Bed slope of canyon 6, (degree) 14.0 35

Bed slope of fan 6, (degree) 6.0 1.5

Overland flow length L (m) 375.0 93.8

Channel length L, (km) 2.8 0.7

Elevation difference of channel H,; (m) 1,600 16

Drainage area A4 (ha) 210.0 10.5

Runoff coefficient C, 0.825 0.060

400.00 —
s T= 25 years
- = = T= 50 years

T=100 years

T=200 years

200.00

y (m)

-200.00

-400.00 : I \ [ ‘ I !
0.00 40.00 80.00 120.00 160.00
x (m)

Figure 6. Deposition areas with a reliability of 70% for different return periods.

(rainfall duration), rainfall intensity and peak water discharge under four condi-
tions of return period. Table III summarizes the means and standard deviations of
the other variables (named debris-flow variables herein) under four conditions of
return period. Parameters values for Equations (24) and (25) are given in Table IV.
The values are obtained using the rainfall data of the nearby Wan-Hsiang rainfall
station.

Figure 6 shows the delineated deposition areas corresponding to a reliability
of 70% for four return periods, namely, 25, 50, 100, and 200 years. In a like
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Table 1V. Parameter values for Equations (24)

and (25)
Parameter Value
Mean annual rainfall P (mm) 2427
Coefficient A 14.05812
Coefficient B 55
Coefficient C 0.54659
Coefficient G 0.53095
Coefficient H 0.32608

400.00 —

200.00 —

y (m)
|

-200.00 —

- -
e - - - -

- - - a L
-
-

GWO-FONG LIN ET AL.

T= 2§ years
T= 50 years
T=100 years
T=200 years

-400.00 1
0.00 40.00

80.00

x (m)

160.00 200.00

Figure 7. Deposition areas with a reliability of 80% for different return periods.

manner, those corresponding to a reliability of 80% are given in Figure 7. The
delineated maximum deposition length increases with increasing return period of
rainfall intensity when the reliability is fixed, whereas the maximum deposition
width decreases with increasing return period. Figures 8 and 9 give the delineated
deposition areas of different reliability for return periods of 25 and 50 years, re-
spectively. When the return period is fixed, the maximum deposition area increases
as the reliability increases. The influence of reliability on the maximum deposition
length is more significant than that on the maximum deposition width. That is due
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Figure 8. Deposition areas of different reliability with a return period of 25 years.

to the fact that the variables affecting the maximum deposition length are much
more uncertain than those affecting the maximum deposition width.

8. Summary and Conclusions

In this paper, a methodology is proposed for the delineation of debris-flow de-
position areas. The methodology is based on the theory of reliability. Actual
application of the proposed methodology is performed. The delineated maximum
deposition length and width are obtained using the inverse first-order second mo-
ment method. For a fixed value of reliability, the delineated maximum deposition
length increases with increasing return period of rainfall intensity, whereas the
maximum deposition width decreases with increasing return period. When the
return period is fixed, the maximum deposition area increases with increasing re-
liability. Because the variables affecting the maximum deposition length are much
more uncertain than those affecting the maximum deposition width, the influence
of reliability value on the maximum deposition length is more significant than that
on the maximum deposition width. The proposed methodology has advantages
over existing methods for the delineation of debris-flow hazardous areas, because
it considers the influence of all the uncertain parameters.
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Figure 9. Deposition areas of different reliability with a return period of 50 years.
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