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Abstract

Three debris-flow gullies, the Hong-Shui-Xian, SKia-Kai, and the Xin-Kai-Dafo gullies,
located in the Shinfa area of southern Taiwan 8efected as case studies of the discharge of
landslide-induced debris flows caused by TyphoonrdWot in 2009. The inundation
characteristics of the three debris flows, sucthasleposition area and maximum flow depth,
were collected by field investigations and simulatssing the numerical modeling software
FLO-2D. The discharge coefficient,, defined as the ratio of the debris-flow discharge

to the water-flow dischargeq,,, was proposed to determine, , and Q,, was estimated by
a rational equation. Theng, was calibrated by a comparison between the fretdstigation
and the numerical simulation of the inundation eb#gristics of debris flows. Our results
showed that the values af range from 6 to 18, and their values are affedigdthe
landslide ratidR . Empirical relationships forc, versusR, Q, versus Q,, Q, Versus

V (debris-flow volume)and A, (deposition area) versu¥ arealso presented.

Keywords. debris-flow discharge, water-flow discharge, disgeacoefficient, FLO-2D
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1INTRODUCTION

The debris-flow discharge is an important variabiden designing debris-flow
mitigation structures such as culverts, flumesides, debris-flow barriers, and check dams.
A debris-flow discharge can rarely be measuredcctlyrethus, indirect methods are commonly
used to estimate the discharges (Jakob 2005). Timeskeods include field observations,
empirical methods, and numerical simulation methddsld observations generally involve
the determination of the flow velocity and crosstemal measurements based on hydraulic
formulae or channel surveys from flow superelevatimnup against obstacles, or channel
characteristics (Chow 1959; Hungr et al. 1984; doaret al. 1994). A debris-flow discharge
can be correlated to the debris-flow volume or wated characteristics. A variety of
empirical equations relating the debris-flow peakcldarge to the debris-flow volume
(Mizuyama et al. 1992; Jitousono et al. 1996; Rickann 1999) and the debris-flow peak
discharge to the watershed characteristics (Bonts Jakob 1999) have been proposed to
estimate the discharge. Attempts have been madertelate the water-flow dischargg,,
with the debris-flow discharge, (Takahashi 1991; VanDine 1985; Chen et al. 200Bg
relationship betweerp, and Q, was widely used in engineering planning becagge
which is related to the return period, can be gatermined by hydrologic analysis.

The assumedy, is proportional toQ,, and is expressed as
de = Cb pr ) (1)

where c, is the discharge coefficient of the debris floq, is generally considered at its
peak value for engineering planning and determimed rational equation (Berti et al. 1999;
Chen et al. 2008)c, depends on the sediment-supplementation condititmes value ofc,
can be high when a watershed has a high sedimpplesnentation. If the water contained in
a debris flow has contributions solely from direaboff, @, is equivalent to the sum of,,
and the sediment discharge. (Q = c¢Q,, where ¢, is the volumetric sediment
concentration).c, in Eq. (1) is expressed as

G =01-c)". (2a)

Similar to Eg. (2a), an equation for the dischargefficient for debris flows generated from
gully-bed erosion was derived by Takahashi (198gpressed as

¢ =(-k'c)", (2b)
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where k., =c¢.*, and c. is the volumetric concentration of the sedimenetaon the gully
bed. The value ofc, of the debris flow was generally greater than 2@%g the maximum
values of ¢, observed ranged up t0.9c. (Takahashi 1991). On the basis of Eq. (2a), the
minimum ¢, = 1.25 if ¢, = 0.2; on the basis of Eg. (2b), the maximum = 10 if ¢, =
0.9c. . This implies that the maximumg, is 10 times that ofQ,,, and the minimumg,, is
1.25 times that ofQ,, .

The debris-flow discharge is largely dependent aotdrs such as the initiation
mechanism (the discrete landslide point sourceugetbe in-channel mobilization), the
amount of debris entrained and deposited in tharélaand the channel morphology (Jakob
2005). These factors may affect the valuecpfif Eq. (1) is used to compute the debris-flow
discharge. However, the value ef calculated by Eqgs. (2a) or (2b) is valid for iraohel
debris flows (debris flows triggered by the in-chahmixing of water and sediment to form a
debris flow) because it does not account for psource failure volumes. Hence, the value of
¢ calculated by Eqg. (2a) or (2b) may underestimiagedischarge of large landslide-induced
debris flows. Owing to the lack of previous studi@s the value ofc, related to the
landslide-induced debris flow, three debris-floneeris caused by Typhoon Morakot in the
Shinfa area of southern Taiwan were selected as stglies to analyze the relationship
betweeng, and Q, using a numerical simulation method (the FLO-2Ddelp When the
value of ¢, with the estimatedq,,is provided or when the relationship between and
Q, Is developed, the debris-flow discharge can berdehed. Knowing the debris-flow

discharge is helpful for the planning of debrisaflbazard mitigation.

2DEBRISFLOWSIN THE SHINFA AREA

2.1 Debris-flow hazards and rainfall

2.1.1 Debris-flow hazards

In 2009, Typhoon Morakot brought extreme rainfalsbuthern Taiwan and caused many
landslides and debris flows. The study area istéatan the Shinfa village of the Liouguei
District, Kaoshing city, in southern Taiwan (Fig). Three landslide-induced debris-flow
gullies, the Hong-Shui-Xian (HSX) gully, the ShanXfai (SXK) gully, and the
Xin-Kai-Dafo (XKD) gully in the village were selemtl as case studies. The three debris-flow
events resulted from the majority of the landshidéris that originated upstream and entered
the main stream of a gully, where it mixed with &raand became a debris flow. The debris
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flow eroded the sidewalls of the stream, which an&d additional material that traveled
further downstream. The debris-flow volume produdsd the HSX gully ranged from
600,000 to 1,000,000 nreporting an average approximately 800,06Q®WCB 2009). The
deposition depth was over 5 m. The debris-flow ebemied the Shin-Shan hot-spring resort,
damaged seven houses, and destroyed a road appteiri00 m in length (No. 133). The
SXK gully produced a debris-flow volume of 800,0001,100,000 ) reporting an average
approximately 1,000,000 HSWCB 2009), in downstream areas with a depositiepth of
over 6 m in certain areas. The debris flow travelednstream into the Shinfa village and
Laolung River, where over 30 houses were buriedgi€ally, the debris flow caused the
death of four individuals, and 24 people were regggbmissing. The maximum deposition
width on land approached 750 m. For the debris flowthe XKD gully, the maximum
deposition width was estimated to be 290 m. Sixskeuwere buried by the debris flow;
fortunately, no injury was reported in this event.

= Liouguei - shad gledy ™ _ 7 B _7_I:ISK watershed
~'Kaohsiung puumees el
o

Shinfa
rain-gauge
‘stat_iQn

0125250 5507 750

Fig. 1 Locations of the HX,SK, and XKD gullieachthe deposition areas of the debris
flows during Typhoon Morakot in 2009.
2.1.2 Rainfall

The hourly and cumulative rainfall data collectedni the Shinfa rain-gauge station,
which is located approximately 2 km away from th&Sgully, is shown in Fig. 2. During
Typhoon Morakot, an hourly maximum rainfall of 1@3n was recorded at 6:00 PM on
August 8, 2009 (Fig. 2). The 24-h rainfall maximwh1200 mm occurred over a period
lasting from 3:00 AM on August 8, 2009 to 3:00 AM August 9, 2009. The return periods
from 6-h to 48-h rainfall at the Shinfa rain-gawgjation exceeded 200 years (WRA 1999).
Debris flows in the study area subsequently ocduwéhin the period of the 24-h rainfall
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maximum. The three debris flows of the HSX, SXKd aKD gullies almost occurred at the
same time during 7:00 to 9:00 PM on August 8, 20@®dslides and sediments slowly began
to move around 7:00 PM on August 8, 2009, one ladtar the hourly rainfall reached its
maximum. During 8:30 to 9:00 PM on August 8, 200® debris flow greatly expanded in
size, flowed downstream, and buried downstreansaresediment.

300 2400
I : Hourly rainfall -
—— : Cumulative rainfall i 2200

250 — Debris flows - 2000

(19:00-21:00) - =
. e - 1800 E
= L
£ 200 - 1600 =
= i 8
= - 1400.E
< 150 — : 1200 E
@ i o
> - 1000 -%
= L
S Disasters caused by —
o 100 huge debris flows - 800 =
T (20:30-21:00) i E
- 600 8
50 - 400
- 200
0 — -0

151821 0 3 6 9121518210 3 6 9121518210 3 6 9121518210 3 6 9 12151821 0 (hr)
Aug, 7 Aug, 8 Aug, 9 Aug, 10 (Month, day)

Date
Fig. 2 Rainfall data collected from August 7, 20@9 August 10, 2009 at the Shinfa
rain-gauge station and the time that a debris fi@s triggered.

2.2 Hydrogeological parameters

Data pertaining to the watershed and inundatiomacieristics of the three debris flows
were collected (landslide area, deposition ared, maximum flow depth, and deposition
depth). These data were identified using two bsfgges. Firstly, information relating to the
possible flow or depositional depth of debris flovas collected using media reports (from
local newspapers and television new$he area relating to the landslide, and the
deposition area of debris flow were also collected from a hazards map of the official
report (SWCB 2009), and from an interpretation of images (such as aerial photographs
and satellite images: FORMOSAT-2 images between May 2009 and September 2009)
taken before and after Typhoon Morakot. The second stage involved conducting field
investigations within six months of the event (Whincluded interviewing local residents), to
confirm certain landslide locations and inundatamreported in the first stage, and to thus
investigate the flow or deposition depth of delfteav. Devices used for field surveying
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included cameras, GPS, and laser measurementsmakinum flow depth was obtained
from the reports of resident witnesses, and bygutie flow track that remained on buildings
or trees in the field. Using these two stages @ineldlide area, deposition area, and maximum
flow depth of debris flow in the downstream arealdde determined, which thus provided
information for the subsequent simulation and veatfon.

Table 1 lists the watershed area measured at thedex @), the landslide area i
(A), the deposition area of debris flowd(), theratioof A to A (hereafter referred to
asthelanddideratio R ), the maximum deposition width on land/{, and the debris-flow
volume (V) for the three debris-flow gulliesA and A, were determined by comparing
the changes in the landdlide area before and after Typhoon Morakot using the
interpretation of images and field investigations. The landslide ratioR is a
dimensionless parameter that represents the percentage of a landdlide area A in a
watershed area A due to the landslide-induced debris flow caused by Typhoon
Morakot. R is an index that is generally used to evaluate the percentage area of a
landslide area within a watershed, and has been used to assess landdide prone areas in
Taiwan (Wu and Chen 2004; Wu et al. 2011). An index of the ruggedness of the catchment
(Melton 1965), the Melton ruggedness numbRy (:H/\/K in which H = maximum
elevation difference iA), and the classification of debris-flow magnituaggng V and A,
(Jakob 2005) are also listed in Table 1. Jakob §2@0iggested that debris-flow magnitude
can be divided into 10 classes between 1 (Witk 100 m*and A,< 400 M*) and 10 (with
V> 10° M%) for bouldery debris flow. In the study area, H®Xd SXK gullies are
attributed to class 6, and XKD gully is considetedbe class 5.

The three debris-flow gullies have a small watetlsheea @ < 35 ha), a high landside
ratio (R. > 25%), and identical geological properties. Ttratgication in the study area is
mainly composed of a Chau-chou layer (primarily posed of slate and argillite), and a
Changchikeng layer (filled with deep-grey shale hglt-grey sandstone).

Table 1 Hydrogeological parameters for the thrdwiddlow gullies in the Shinfa area

Name of gully | A R, A R w A, \% Qup Size
(ha) (ha) | (%) | (M) | (x10°n?) | (x10m) | (cms)| class*
HSX gully 341 | 1.20 {114 | 33.4 | 640 200-30Q0 600-1,000 7.6
SXK gully 29.7 1041 |12.1 | 40.7 | 750 340-45Q0 800-1,100 6.6
XKD gully 8.3 050 (212 | 255 | 290 68 50-100 19|5

A = Watershed area measured at fan agex: Melton ruggedness number,(=H /+/A, in which
H = Max. elevation difference im); A = Landslide area in the watershedy = deposition
area of debris flow;A, in relation to HSX and SXK gullies was not possilh find exact values
because this was altered during the flooding ol#@ung River. R = Landslide ratio R = A / A);
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W = Max. deposition width on land; and = debris flow volume.Q, = Estimated peak water

discharge determined by the rational equation [BYj.using C = 0.8 andl = 103 mm/h*: Size
class (the classification of debris-flow magnitudepased on the method suggested by Jakob (2005)

using vV and A,.

3METHOD

3.1 FLO-2D model

The FLO-2D (2009) routing model is software destynéor two-dimensional
mathematical modeling of water movement and flowshgpe processes including debris
flows. The FLO-2D model has been used successfoilyglebris-flow simulations by many
researchers (e.g., Lin et al. 2005; Tecca et &72Bsu et al. 2010; Sodnik and Mk2010),
and it was used to analyze the landslide-inducdutisidows on alluvial fansin this work.
The FLO-2D model is physically based and takes intooant the mass and momentum
conservation of flows. fie total friction slopes, involved in the momentum equation of the
FLO-2D model considers a combination of yield, viscousllision, and turbulent stress
components (O’'Brien et al. 1993%, is expressed as

20,
s =D 4 Knv +%%g , 3)
22

~ phg 8phig

where r, and n are respectively th&ingham yield stressand viscosity o is the flow
(sediment and water mixture) density, is the gravitational acceleratiom, is the flow
depth v is the depth-averaged velocity is the laminar flow resistance coefficient, and
n Is the pseudo-Manning coefficient that accountsbioth the turbulent boundary friction
and the internal collision stresseShe parameters related tg,, namely the friction
parameterssuch asz, 7, k, and n in Eqg. (3), and the inflow hydrograph should be
determined prior to debris-flow simulation.

3.2 Simulation and analysis procedure

3.2.1 Preparation of the topographic and rainfall data and the selection of parameters
1.Topographic data: Topographic input data were abthifrom a Digital Elevation Model

(DEM) of each analyzed watershed such as the HZX, &nd XKD gullies. The data had
a resolution of 5 mx 5 m.



© 00 N OO O A W DN P

N N D DNDNDNDNDNNDNDRRRR R R R R R
W N o UM WN P O © 0N O 00 M W N R O

W N
o ©

31
32
33

2.Rainfall data: Rainfall data were collected frome tiBhinfa rain-gauge station. The
maximum hourly rainfall data from this station wersed to determine the peak water-flow
discharges in our study gullies during Typhoon MNtota

3.Parameters for simulation: The friction paramsetesed in this paper are described as
follows:

(1) The Bingham model parameters

Consideration of rheological properties is very aripnt when modeling debris flow,
which generally contains a wide range of grainsizem clay up to boulders. However, the
rheological property of coarser particles containeddebris flow is usually difficult to
measure from laboratory experiments. Thus, in safiéese applications, the Bingham
model parametersr( and n) were inferred from the measured rheology of finaterial
slurry samples (FLO-2D 2009). Bingham model paransegenerally reflect the effect of fine
particles or clay on the rheological propertiesdebris flow (Jan and Shen 1992), and the
collision effect from coarser particles within tdebris flow may be reflected on values of
n (Rickenmann et al. 2006).

The Brookfield rotational viscometer and capillariscometer have been commonly
used to determine the rheological properties ofiddlmw slurries in Taiwan (Jan et al. 1997;
Wang 2007), and the rheological parameters obtafr@mu these viscometers have been
applied to simulate debris flow and to classify tis& degree of hazardous debris-flow areas
in Taiwan using the FLO-2D model (Lin et al. 2011in et al. 2013).To determine the
rheological parameters of the debris flow, soil pl® with a particle diameter of less than 1
mm collected from the flow area of the HSX gullyre@nalyzed in a laboratory experiment
using a Brookfield rotational viscometer (type DVf-I(Chen et al. 2013). The relationship
between the shear stress and the shear straihef@oil sample at various values of was
analyzed. The results showed that the rheologieggsties of the debris-flow slurries could
be described by the Bingham model. The Bingham inpat@metersz, (in dynes/crf) and
n (in poise) both exponentially increased with aoréase inc,, and these quantities are
expressed as

r, = 0459 | (4a)

n =0.0485e"* (4b)

The results computed from these equations wereistens with the bounds reported in
previous studies (FLO-2D 2009; Dai et al. 1980; Fe#81). Egs. (4a) and (4b) were used to

determine the rheological parameters for the ddlag simulations in this study.
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(2) The pseudo-Manning coefficient

n is primarily a function of the channel or land{fsge roughness, and the respective
flow-resistance parameters of debris flows mighditahally depend to some extent on the
mechanical properties of the mixture (Rickenmanf@9)9n with a value of 0.1 is usually
used to analyze the debris-flow velocity by the WMag-Strickler equation (Pierson 1986;
PWRI 1988; Rickenmann and Zimmermann 1993);nit 0.1) was also used to simulate
debris flows using the FLO-2D model (Calligaris afidi 2012). Generally, coarser-grained
debris flows tend to require a higher value forthan finer-grained mudflows. The value of
n can be determined from a mathematical model @blrwith an observed natural event
(the back-calculated method). Rickenmann et alO§20showed that the values of the
back-calculatedn varied in a limited rangen = 0.07-0.16 for a large number of
debris-flow observations. The value of can also be determined from the FLO-2D (2009)
manual, where values are suggested for differefases over which a debris flow moves, i.e.,
n = 0.2 was adopted for the debris-flow simulatidnttee Hrenovec watershed, Slovenia
(Sodnik et al. 2009), anch = 0.18 was used in the simulation of the Dolomitedy (Tecca
et al. 2007). In this study, the values of were determined by referencing the FLO-2D
manual and the previous studies mentioned abowe va@lue of n for the three debris-flow
gullies in the Shinfa area ranged from 0.10 to OR€cause the simulation results for the
debris-flow inundation area were not significardffjected by the value of in the range of
0.10 to 0.20 (Chen et al. 2013), for simplicity, = 0.15 was adopted for use in this study.
(3) The resistance parameter for laminar flaw

The value ofk has a wide range from 24 to 50,000. In the FLOrR&nual, a higher
value of k = 2,285 is calibrated for modeling debris flowsieTselection of a higher value
for k would not affect the simulations (Rickenmann et28l06), and the influence of the
value of k on the debris-flow simulation is not significartnepared to the other parameters
related to the flow resistance (Hsu et al. 2010@usI the value ofk = 2,285 typically used
in the literature (e.g., Tecca et al. 2007; Sodml Mikad 2010) was used to simulate debris
flows.

3.2.2 Deter mination of the discharge

The debris-flow discharge was determined by Eq, @)d c, was calibrated by
comparing the results obtained from numerical satioihs to those obtained from the field
investigations. The value foQ,, is determined from the rational equation. Thisatiun is
probably the most used method for the design oemfiaw discharges (Chow et al., 1988),

and it is generally used to determine the desigwatkr-flow discharges in a mountainous
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gully or debris-flow gully (Berti et al. 1999; Chem al. 2008). The rational equation is:
Q., =C1 A/360, (5)

where C is the runoff coefficient,1 is the maximum hourly rainfall intensity (mm/h))ca
A is the watershed area (ha). In the study areayahee of C ranges from 0.7 to 0.9
(SWCB 2005), andc = 0.8 was used] = 103 mm/h was the maximum hourly rainfall
observed at the Shinfa rain-gauge station duringhdgn Morakot.Q,, for the HSX, SXK,
and XKD gullies was estimated as 7.8sn6.8 ni/s, and 1.9 His, respectively, according to
the rational equation.

3.2.3 Construction of the inflow hydrograph for debrisflow
According to media reports and visits by residefdadslides and sediments slowly

began to move around 7:00 PM on August 8, 2009s Elralated into a large and rapid
debris-flow event at approximately 8:30 to 9:00 BMt had disastrous consequences. Thus,
an inflow hydrograph with a duration of 2 h (7:003® PM) was used. The duration of the
inflow hydrograph was divided into two stages foiststudy. Stage one (from 7:00 to 8:30
PM) was the stage in which the landslides graduadgsferred material to highly viscous
debris flows (with a high value o€, ), and stage two (from 8:30 to 9:00 PM) was thgesiaf
general debris-flow (with a lower value @f compared to stage one) formation. The ranges
of ¢, used for the two stages were obtained from retereralues in the FLO-2D user’s
manual. Stage one usefl = 0.55-0.65 for landslides or highly viscous debtows, and
stage two used;, = 0.48-0.55 for general debris flows.

The inflow hydrograph used in this study was asslitoebe rectangular in shape with a
duration t of 2 h, as shown in Fig. 3. The benefits for usangectangular hydrograph shape
are the simple shape itself and the ease in wihiehrdlationship betwee®, and Q,, may
be discussed or developédfithe inflow hydrograph followed the shape in Fgj.c, can be
computed byc, =V /(Q,t) . The possible values of, can be determined using the ranges of
V, Q, (aslistedin Table 1), and (= 2 h). The estimated, ranged from 11 to 18 for the
HSX gully, 16 to 23 for the SXK gully, and 4 to @rfthe XKD gullies. On the basis of the
estimatedc, ranges, the values of, were calibrated by comparing the results obtained
from numerical simulations to those obtained frdwa field investigation.

¢, is an important factor related to the variation tbé velocity of a debris flow,
especially for Q, in the applied inflow hydrograph in this study, iethwas assumed to be
constant. An inflow hydrograph with two stages gf values is helpful to reflect the
phenomena observed in the field, which roughly datkd two stages of velocity for the

10
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landslide-induced debris flow, and it can be usethatch some of the information related to
the travel time of the debris flow from the fieldvestigations. However, the real values ©f
are unknown and require calibration by comparirg ittundation characteristics of a debris
flow from numerical simulation to those from fialtvestigations. The collected data from the
field include the debris-flow volume, depositioneay maximum flow depth, and flow
velocity or the travel time of debris floudwing to lack of observation data for the velocity

some information related to the travel time of debris flow were collected.

1: Landslides gradually transferred to high-viscosity debris flows, C, =0.55-0.65
2: General debris-flow formation, C,=0.48-0.55

2

Discharge

Time (h)
Fig. 3 Schematic of the inflow hydrograph usedtfos study. The hydrograph was divided
into stages 1 and 2 for the simulations of deboiws.

3.2.4 Debris-flow simulations and parameter calibration
Because debris flows often impact downstream avdaere the debris is ultimately

deposited, modeling the deposition area of theigddlow was the primary aim of this study.

The procedures used for determining the deposdiea of the debris flow and the calibration

parametersd, and ¢, ) are described as follows:

1. Determine the location of the debris-flow fareapuch as the mouth of the valley or the
area downstream of the topographic apex. The lacatf the fan apex for the debris-flow
gully was obtained from a topographical map anld fievestigations.

2. Assume a value fok, (as discussed in section 3.2.3) and a set of sdluec, (¢, =
0.55-0.65 for stage one angl = 0.48-0.55 for stage two) for determining thelowf
hydrograph, as indicated in Fig. 3. Input the infloydrograph at the debris-flow fan apex

11



and the various friction parameters suchras[Eq. (4a)], n [EQ. (4b)], k (= 2285), and

n (=0.15).
The inundation characteristics of a debris-flow lguvas then computed via FLO-2D
simulations. The results of the FLO-2D simulatiovese compared to the field conditions in
terms of the travel time of the debris flow, thewl depth, the deposition depth, and the
deposition area. If the simulated results wereim@greement with the field conditions, the
inflow conditions (i.e.,c, and ¢,) were adjusted until the simulated results wengilar to
the conditions observed in the field investigation.

4 RESULTS

4.1 Calibrated parameters

The travel times, the deposition areas, and floptttefor the three debris-flow gullies
were collected to calibrate, and ¢, of the debris flows. Some information related he t
travel time of the debris flow include a small partof the mass or sediment that slowly
flowed and blocked the road (No. 133) at 7:00-800 on August 8, 2009, and the debris
flow rapidly inundated the downstream area andcedfEhouses or buildings at 8:30-9:00 PM
on August 8, 2009 (it could have attained the mammvelocity in this period). The
deposition area of the debris flows were identifidgdough the interpretation of aerial
photographs, satellite images, and field invesogat The maximum flow depth (MD) was
obtained in two ways: from the testimony of residemnesses, and from the flow track
remaining on buildings or trees in the field.

1. HSX gully

Fig. 4 shows the results of the deposition aremftbe numerical simulation using the
inflow hydrograph withc, = 14, where the values of for stages one and two were 0.64
and 0.55, respectively. The simulated results aeld investigation show that part of the
deposited sediment caused by the HSX debris flowdlinto the Laolung River. The actual
deposition area into the Laolung River was not &blee obtained from the field investigation
because it was destroyed by flooding of the LaolRnger. Thus, the deposition area on land
from the field investigation was used for comparmiswith the numerical simulation. Fig. 4
shows that the deposition area on land from theilsition was close to that observed during
the field investigation.

The simulated results also show that the debris flapidly inundated the downstream
area at 8:30-9:00 PM on August 8, 2009 with a maxrinvelocity of 4.2 m/s. The maximum

12
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deposition depth in the debris-flow deposition avess greater than 6 m. The computed
debris-flow volume from the numerical simulatiorai®und 790,000 fwhich is close to the
value of approximately 800,000°restimated by SWCB (2009).

Watershed area
Deposition area on land from field investigation
Deposition area from simulation

— L

300

Fig. 4 Comparison of the deposition area betweersittmulation and the field investigation. A
few maximum flow depths are indicated by greenlegcollected from the field investigation
of the HSX gully.

2. SXK and XKD gullies

Following the same procedure as in the analysth®MHSX gully, the calibrated values
of the inflow hydrograph werec, = 18, ¢, = 0.64 for stage one, and, = 0.50 for stage
two for the SXK gully; andc, =6, ¢, = 0.65 for stage one, and = 0.55 for stage two
for the XKD gully. Table 2 summarizes the calibchigarameters used for the debris-flow
simulations of the three case studies of the Shanéa. With the calibrated values, Fig. 5
shows that the deposition areas of the SXK and Xjillies from the simulations are similar
to those from the field investigations.

The simulated results also show that two debriwdgllmundated downstream areas with
houses and buildings at 8:30-9:00 PM on AugustO892 which is rough agreement with
information from the local populace. The SXK delfteav attained a maximum velocity of
6.6 m/s, and the XKD debris flow attained a maximuetocity of 2.1 m/s. The higher
velocity of the SXK debris flow caused over 30 hesuto be buried, the deaths of four people,
and 24 missing people. Compared to the SXK debms, fthe damage caused by the XKD
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debris flow was slightly lower owing to the loweglocity of the XKD debris flow. The major
building (Great Buddha in shape) in the XKD gullgswnearly complete, and no injuries were
reported in this event. The simulated debris-flaumes v were around 880,000%for the
SXK gully and 82,000 rhfor XKD guilly.

The maximum flow depths (MDs) of debris flows iretheld were also collected. Fig. 6
shows the MDs for the simulations and field invgations in HSX, SXK, and XKD gullies;
the location of points a, b, c, d, and e theremiadicated in Figs 4 and 5. The cross section
of point “a” (near the fan apex of the HSX gullg)shown to be expanded due to riverbank
erosion during the debris flow. Because the FLO-n2@xlel is unable to simulate the erosion
process, the MD at point “a” in the simulation di§ from that in the field investigation. In
general however, MDs for the simulation for theethigullies are almost in agreement with
those from the field investigation.

Watershed area
Deposition area on land from field investigation
Deposition area from simulation

e _— Meters
o ™75 150 300 450

Fig. 5 Comparison of the deposition areas betwkersimulations and the field investigations.
A few maximum flow depths are indicated by greemncles collected from the field
investigations of the SXK and XKD gullies.
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Fig. 6 Maximum flow depths (MDs) of debris flow®f numerical simulations compared to
those from field investigations in HSX, SXK, and RKjullies. Locations of points a, b, c, d,
and e are shown in Figs 4 and 5.

Table 2 Calibrated parameters used for debris-fsawulations of the three gullies in the
Shinfa area

Name of gully | R (%) | Qu(cms) | c, atstagel ¢, atstage2 V() A ()
HSX gully 30.3 7.8 14 0.64 0.55 790,000 271,626
SXK gully 40.7 6.8 18 0.64 0.50 880,000 406,926
XKD gully 25.5 1.9 6 0.65 0.55 82,000 71,37P

Note: Other parameters related to the flow rescgadopted in this study wene= 015 and
k = 2285.

4.2 Relationship between the debris-flow dischar ge and the water-flow discharge

According to the calibrated values @f (in the range from 6 to 18) in Table 2 for the
three gullies in the Shinfa areay, corresponding tog,, was calculated from Eq. (1) and
is plotted in Fig. 7. Data forg, versus q,, was also used to compare with the data from
previous studies. Table 3 lists the sources or austiior the determination ofp, and g,
from previous studies. The data from previous sidinclude the field observation data on
debris flows in the Jiangjia Gully in China (Wuagt 1990), field experiments on debris flows
at the Chemolgan test site in Kazakhstan (Rickemmeral. 2003), and the estimated peak
debris-flow discharges in the Howe Sound in BritSblumbia (VanDine 1985) and in the
Dolomites mountains in Northeastern lItaly (Bertiaét1999). Data related to the maximum
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debris-flow discharge and the 100-year-design wdisgharge of the Predelica torrent in the
Log pod Mangartom village, Slovenia in November @@0etina et al., 2006; Miko3 et al.,
2007) were also collected. Fig. 7 shows thgt increases with increasing, . The upper
and lower bounds for the relationships fey, associated withg, are approximately
expressed by

Q,, = 40Q,,, for the upper bound, (6)
Q,, =5Q,,, for the lower bound. 7)

These equations imply that the values @f range from 5 to 40. All data in this work
(labeled 1, 2, and 3 in Fig. 7) agreed with thegemnfrom previous studies. The upper bound
for @, versus @, inourcase studies is closeqq =20Q,, -

4.3 Relationship between the dischar ge coefficient and thelandslideratio

The values ofc, at different areas may be different owing to d#fe hydrogeological
conditions such as rainfall, watershed area, laelsirea, and topographical and geological
properties. The three debris-flow gullies in thiady have similar rainfall and geological
conditions. Fig. 8 shows the relationship betweep and R in this study, and the fit
equation with determination coefficier®*= 0.96can be expressed as:

¢, = 0.0028R * (8)

Values of ¢, increase with an increase iR . This result means that, was affected by the
large sediment supplement brought in from the lkahels and increased its valda.addition

to direct runoff, the water flow that initiated thebris flow likely originated from the ground
water or the water contained in sediments that Wwevaght in by the landslides. Furthermore,
the water flow could have been blocked by the sedinbrought in by landslides, which
would have rapidly increased the water storagbenatatershed. A high debris-flow discharge
may have resulted when the stored water combin#d sediments burst over a short period
of time. A high debris-flow discharge will be refted by a higher discharge coefficient)(
For gully-bed instability or erosion-induced debflisws (the in-channel debris flow), the
maximum value ofc, could be as high as 10 based on the viewpointakhfashi (1991),
while the value ofc, for high-R_-induced debris flows (>30%) could exceed the boixd

= 10) proposed by Takahashi (1991), as shown in&ighis means that the value of for
the debris-flow type that forms from landslidesat able to be determined merely from Eq.
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(2a) or (2b). The case studies on the value;ofor landslide-induced debris flows in this

work could be helpful for determining the debrigwil discharge in the engineering or

planning of debris-flow hazard mitigation.

Table 3 Summary of the estimation of the debrigvfthscharge and water-flow discharge

from previous studies

Location Qs Qup Source
The Determined  from Debris flows werg Rickenmann e
Chemolgan |field experiments artificially triggered by| al. (2003)
test site, on debris flows for releasing water from @
Kazakhstan | measurements andeservoir. A total of eight
calculations of experiments on debris
debris-flow surges | flows were carried out
between 1972 and 199
Q, Wwas measured hy
controlling the inflow gate
from the reservoir.
Jiangjia Gully,| Determined  from Q,, was determined fromWu et al,
China observation data Cfthe hydr0|ogic design (1990)
debris-flow surges handbook in the study are¢a
for adebrisevent | ysing the  watershed
characteristics and the
rainfall intensity of the
rainfall event triggering the
debris flow.
Gully in the| Estimated from Q, was estimated using|&Berti et al.
Dolomites superelevations  dfrational equation using the(1999)
mountains, | lateral deposits orwatershed characteristics
Northeastern | mudlines left by the and rainfall intensity of the
Italy peak dischargerainfall event triggering
using al debris flow in the study
superelevation area.
formula.
22 creekg Estimated from the Q, was determined byHungr et
along Howe| superelevations afhydrologic analysis using [g@l-(1984);
Sound, British lateral deposits 0r200-year water-discharge/anDine (1985)
Columbia the mudlines left by design.
the peak discharge
using a
superelevation
formula.
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Fig. 7 Relationship between the debris-flow disgkaQ,, and the water-flow dischargg,, .
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Fig. 8 Relationship between the discharge coefiicie, and the landslide ratia, .
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4.4 Other empirical equationsrelating the debris-flow discharge

4.4.1. Debris-flow dischar ge ver sus debris-flow volume

Various empirical equations relating the debrisvflpeak dischargeQ, to the debris-flow
volume V have been proposed from many researchers (Mizuydrah 1992; Jitousono et
al. 1996; Bovis and Jakob 1999; Rickenmann 19968)sarmmarized by Jakob (1995) for an
indirect determination ofQ,,, as shown in Table 4. These equations are plait€ag. 9. All
equations in Fig. 9 have a large variability du¢hte variable debris flow rheology (muddy vs.
bouldery flows), initiation mechanism, and/or chelnmorphology (Jakob 1995). Therefore,
all empirical correlations need to be verified cegilly. The fitted equation foQ,, vs. Vin
this study is also showed in Fig. 9 for comparison is as follows:

Q, = 0.0000V (9)

However, the value ofQ, corresponding tov in Eq. (9) is smaller than that seen in the
previous study’s relationship$his is considered to be attributed to the smatevahed area
and the high landslide ratio for the study’s thgedies, in addition to the long travel time of
the debris flows (last around 2 hrd,, is generally small for a debris flow generatedrfra
small watershed area with a long travel time; ardgh landslide ratioR can result in a
larger V, as shown in Fig. 10. In addition/ has an increasing tendency with an increase
of R. Furthermore, for the modelling work herein, thecderge at the fan apex was
assumed to have a rectangular form (to easily coenpu and to understand the relationship
between Q, and Q, in application), and the real peak value qf, may therefore have
been underestimated. Other factors, such as theredif debris flow rheology, initiation
mechanism, and/or the channel morphology also nff@gtathe relationship betwee,
and V.

Table 4 Empirical equations of debris-flow peakcterge Q, versus the debris-flow
volume V from previous research.

Number | Equation Source

1 Q, = 0135/" (bouldery debris flow) Mizuyama et al. (1992)
2 Q, = 0019/ ** (muddy debris flow) Mizuyama et al. (1992)
3 Q,, = 0006V ** (volcanic debris flow) Jitousono et al. (1996)
4 Q, = 004/™ (bouldery debris flow) Bovis and Jakob (1999

19



5 Q,, = 0003/** (volcanic debris flow) Bovis and Jakob (1999
Q, = 0.1V Rickenmann (1999)
1
2
10000
E 1
1000 E
W 100 o
= ;
\J
O-% 10 E
4
14 2
;59, @® O @ :cCalibrated data in the study area
: Fitted line
01 LR LR LR
100 1000 10000 100000 1000000
3 V (m?)
4  Fig. 9 Relationship between debris-flow dischai@g and debris-flow volumeV . Numbers
5 (from 1 to 6) corresponding to individual equati@me indicated in Table 4.
6
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@® O O :Datainthe study area
°
800000 — )
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£
>
400000 —
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8 Fig. 10 Relationship between debris-flow volurieand landslide ratioR, .
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4.4.2. Deposition area versus debris-flow volume
The deposition area by debris flow influences lasd-decisions and the selection and design

of mitigation measures. Iverson et al. (1998) andw&ld (2004) found a correlation between

deposition areaA, and debris-flow volumeV , which can be expressed as:
A = AV (10)

In which the empirical coefficient ist = 200 for volcanic debris flows, and = 20 for
non-volcanic debris flows. However, the values.Af may differ for different site conditions
due to the various sedimentary properties, anddcthwdrefore result in a value of between
20 and 200 (Jakob 1995). Using the calibrated settan this study (listed in Table 2), a line
fitted by Eq. (10) shows the value of to be approximately 40 (Fig. 11).

600000 -
; |@®@ @ @ :Calibated data in the study a;as/
)

L : Emperical equation (Jakob,19

500000 /

('v\ - 213
400000 — ! Ag =200V ®
I (Volcanic debris flow)
/ AN
h / Ag=40V 23
é 300000 —| (Fitted equation in the study area)
<U . - -

200000 —

100000 —

-
-

TN Ay =20V

- (Non-volcanic debris flow)

Fig. 11 Relationship between deposition ardaand debris-flow volumeV

T T T
5000 10000 15000

V23 (m?)
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5 CONCLUSIONS

The debris-flow discharge is an important paramieteengineering planning design and
evaluating the inundation area of debris flow. Bseathe debris-flow discharge is difficult to
measure directly, a numerical simulation method wesposed to calibrate the discharge
coefficient ¢, (the ratio of the debris-flow discharge, to the water-flow dischargeq,,)
of the debris flow and to determine the debris-fldischarge. Three debris-flow hazards in
southern Taiwan caused by Typhoon Morakot in 20@®evselected as case studies for the
discharge of landslide-induced debris flows. Adawf hydrograph assumed to be rectangular
in shape and divided into two stages of sedimemiceotrationc, was used. The two
parametersc, and c, involved in the inflow hydrograph were calibratedd presented.
The calibrated values o€, for the three gullies ranged from 6 to 18, andyttended to
increase with an increase in the landslide ra®o. The relationship betwee, and R
was developed, and this can be used for directrdetation of the Q,/Q,, ratio when R,
is known.The value ofc, for high-R -induced debris flows R >30%) could exceed the
bound of ¢, = 10 for in-channel debris flows.

The empirical relationships betweeq,, and Q, were presented by collecting the
data of Q, versus Q, from previous studies and using the data @f versus Q,, in
this study. Q, tends to increase with increasing,,. The upper bound for the relationship
between Q, and Q, can be approximately expressed &5 =40Q,,, and the lower
bound is Q, =5Q,; that is, ¢, ranges from 5 to 40. When, and Q, (estimated by a
rational equation) are knowngQ, is determined by Eq. (1)Other empirical equations
relating the debris-flow discharge in the studyaamuch as theqQ, versusV (debris-flow
volume), and A, (deposition area) versu¥ (i.e., EQq.(9) andd =40V**), were also
presented and used as a comparison with previadiest The empirical relationships
developed in this study could be useful for deteing the debris-flow discharge for
engineering planning and evaluating the inundagi@a of a debris flow.
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