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Abstract. Three debris-flow gullies, the Hong-Shui-Xian
(HSX), Sha-Xin-Kai (SXK), and Xin-Kai-Dafo (XKD) gul-
lies, located in the Shinfa area of southern Taiwan, were se-
lected as case studies on the discharge of landslide-induced
debris flows caused by Typhoon Morakot in 2009. The inun-
dation characteristics of the three debris flows, such as the
debris-flow volumeV , deposition areaAd, and maximum
flow depth, were collected by field investigations and sim-
ulated using the numerical modeling software FLO-2D. The
discharge coefficientcb, defined as the ratio of the debris-
flow dischargeQdp to the water-flow dischargeQwp, was
proposed to determineQdp, and Qwp was estimated by a
rational equation. Then,cb was calibrated by a comparison
between the field investigation and the numerical simulation
of the inundation characteristics of debris flows. Our results
showed that the values ofcb range from 6 to 18, and their
values are affected by the landslide ratioRL . Empirical rela-
tionships forcb versusRL , Qdp versusQwp, Qdp versusV ,
andAd versusV are also presented.

1 Introduction

The debris-flow discharge is an important variable when de-
signing debris-flow mitigation structures such as culverts,
flumes, bridges, debris-flow barriers, and check dams. A
debris-flow discharge can rarely be measured directly; thus,
indirect methods are commonly used to estimate the dis-
charges (Jakob, 2005). These methods include field obser-
vations, empirical methods, and numerical simulation meth-
ods. Field observations generally involve the determina-
tion of the flow velocity and cross-sectional measurements
based on hydraulic formulae or channel surveys from flow

superelevation, run up against obstacles, or channel char-
acteristics (Chow, 1959; Hungr et al., 1984; Iverson et al.,
1994). A debris-flow discharge can be correlated to the
debris-flow volume or watershed characteristics. A variety of
empirical equations relating the debris-flow peak discharge
to the debris-flow volume (Mizuyama et al., 1992; Jitousono
et al., 1996; Rickenmann, 1999) and the debris-flow peak
discharge to the watershed characteristics (Bovis and Jakob,
1999) have been proposed to estimate the discharge. At-
tempts have been made to correlate the water-flow discharge
Qwp with the debris-flow dischargeQdp (Takahashi, 1991;
VanDine, 1985; Chen et al., 2008). The relationship between
Qdp andQwp was widely used in engineering planning be-
causeQwp, which is related to the return period, can be easily
determined by hydrologic analysis.

The assumedQdp is proportional toQwp and is expressed
as

Qdp = cbQwp, (1)

where cb is the discharge coefficient of the debris flow.
Qwp is generally considered at its peak value for engineer-
ing planning and determined by a rational equation (Berti et
al., 1999; Chen et al., 2008).cb depends on the sediment-
supplementation conditions. The value ofcb can be high
when a watershed has a high sediment supplementation. If
the water contained in a debris flow has contributions solely
from direct runoff,Qdp is equivalent to the sum ofQwp
and the sediment dischargeQs (Qs = cVQdp, wherecV is
the volumetric sediment concentration).cb in Eq. (1) is ex-
pressed as

cb = (1− cV)−1. (2a)
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Similar to Eq. (2a), an equation for the discharge coeffi-
cient for debris flows generated from gully-bed erosion was
derived by Takahashi (1991), expressed as

cb = (1− k∗
ccV)−1, (2b)

wherek∗
c = c−1

∗ , andc∗ is the volumetric concentration of the
sediment layer on the gully bed. The value ofcV of the debris
flow was generally greater than 20 %, and the maximum val-
ues ofcV observed ranged up to 0.9 c∗ (Takahashi, 1991). On
the basis of Eq. (2a), the minimumcb = 1.25 if cV = 0.2; on
the basis of Eq. (2b), the maximumcb = 10 if cV = 0.9 c∗.
This implies that the maximumQdp is 10 times that ofQwp,
and the minimumQdp is 1.25 times that ofQwp.

The debris-flow discharge is largely dependent on factors
such as the initiation mechanism (the discrete landslide point
source versus the in-channel mobilization), the amount of de-
bris entrained and deposited in the channel, and the chan-
nel morphology (Jakob, 2005). These factors may affect the
value ofcb if Eq. (1) is used to compute the debris-flow dis-
charge. However, the value ofcb calculated by Eqs. (2a) or
(2b) is valid for in-channel debris flows (debris flows trig-
gered by the in-channel mixing of water and sediment to
form a debris flow) because it does not account for point-
source failure volumes. Hence, the value ofcb calculated
by Eqs. (2a) or (2b) may underestimate the discharge of
large landslide-induced debris flows. Owing to the lack of
previous studies on the value ofcb related to the landslide-
induced debris flow, three debris-flow events caused by Ty-
phoon Morakot in the Shinfa area of southern Taiwan were
selected as case studies to analyze the relationship between
Qdp and Qwp using a numerical simulation method (the
FLO-2D model). When the value ofcb with the estimated
Qwp is provided or when the relationship betweenQdp and
Qwp is developed, the debris-flow discharge can be deter-
mined. Knowing the debris-flow discharge is helpful for the
planning of debris-flow hazard mitigation.

2 Debris flows in the Shinfa area

2.1 Debris-flow hazards and rainfall

2.1.1 Debris-flow hazards

In 2009, Typhoon Morakot brought extreme rainfall to south-
ern Taiwan and caused many landslides and debris flows. The
study area is located in the Shinfa village of the Liouguei
District, Kaoshing City, in southern Taiwan (Fig. 1). Three
landslide-induced debris-flow gullies, the Hong-Shui-Xian
(HSX) gully, the Sha-Xin-Kai (SXK) gully, and the Xin-Kai-
Dafo (XKD) gully in the village were selected as case stud-
ies. The three debris-flow events resulted from the majority
of the landslide debris that originated upstream and entered
the main stream of a gully, where it mixed with water and

became a debris flow. The debris flow eroded the sidewalls
of the stream, which entrained additional material that trav-
eled further downstream. The debris-flow volume produced
by the HSX gully ranged from 600 000 to 1 000 000 m3, re-
porting an average of approximately 800 000 m3 (SWCB,
2009). The deposition depth was over 5 m. The debris-flow
event buried the Shin-Shan hot-spring resort, damaged seven
houses, and destroyed a road approximately 700 m in length
(No. 133). The SXK gully produced a debris-flow volume
of 800 000 to 1 100 000 m3, reporting an average of approx-
imately 1 000 000 m3 (SWCB, 2009), in downstream areas
with a deposition depth of over 6 m in certain areas. The de-
bris flow traveled downstream into the Shinfa village and
Laolung River, where over 30 houses were buried. Tragi-
cally, the debris flow caused the death of four individuals,
and 24 people were reported missing. The maximum depo-
sition width on land approached 750 m. For the debris flow
in the XKD gully, the maximum deposition width was es-
timated to be 290 m. Six houses were buried by the debris
flow; fortunately, no injury was reported in this event.

2.1.2 Rainfall

The hourly and cumulative rainfall data collected from the
Shinfa rain-gauge station, which is located approximately
2 km away from the SXK gully, is shown in Fig. 2. During
Typhoon Morakot, an hourly maximum rainfall of 103 mm
was recorded at 18:00 LT on 8 August 2009 (Fig. 2). The
24 h rainfall maximum of 1200 mm occurred over a period
lasting from 03:00 LT on 8 August 2009 to 03:00 LT on 9 Au-
gust 2009. The return periods from 6 h to 48 h rainfall at the
Shinfa rain-gauge station exceeded the past 200 years (WRA,
1999). Debris flows in the study area subsequently occurred
within the period of the 24 h rainfall maximum. The three
debris flows of the HSX, SXK, and XKD gullies almost oc-
curred at the same time during 19:00 to 21:00 LT on 8 Au-
gust 2009. Landslides and sediments slowly began to move
around 19:00 LT on 8 August 2009, 1 hour after the hourly
rainfall reached its maximum. From 20:30 to 21:00 LT on
8 August 2009, the debris flow greatly expanded in size,
flowed downstream, and buried downstream areas in sedi-
ment.

2.2 Hydrogeological parameters

Data pertaining to the watershed and inundation character-
istics of the three debris flows, such as the landslide area,
deposition area, and maximum flow depth, were collected.
These data were identified using two basic stages. Firstly, in-
formation relating to the possible flow or depositional depth
of debris flow was collected using media reports (from lo-
cal newspapers and television news). The 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
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Figure 1. 

 

 

Figure 1. Locations of the HSX, SXK, and XKD gullies and the deposition areas of the debris flows during Typhoon Morakot in 2009.
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Fig. 1 Locations of the HSX, SXK, and XKD gullies and the deposition areas of the debris 4 
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Figure 2. Rainfall data collected from 7 August 2009 to 10 Au-
gust 2009 at the Shinfa rain-gauge station and the time that a debris
flow was triggered.

photographs and satellite images (FORMOSAT2 images be-
tween May 2009 and September 2009) taken before and af-
ter Typhoon Morakot. The second stage involved conducting
field investigations within 6 months of the event (which in-
cluded interviewing local residents), to confirm certain land-
slide locations and inundation as reported in the first stage,
and to thus investigate the flow or deposition depth of de-
bris flow. Devices used for field surveying included cameras,
GPS, and laser measurements. The maximum flow depth was
obtained from the reports of resident witnesses, and by using
the flow track that remained on buildings or trees in the field.
Using these two stages, the landslide area, deposition area,
and maximum flow depth of debris flow in the downstream
area could be determined, which thus provided information
for the subsequent simulation and verification.

Table 1 lists the watershed area measured at the fan apex
(A), the landslide area inA (AL), the deposition area of de-
bris flow (Ad), the ratio ofAL to A (hereafter referred to
as the landslide ratioRL), the maximum deposition width
on land (W), and the debris-flow volume (V ) for the three
debris-flow gullies.AL and Ad were determined by com-
paring the changes in the landslide area before and after
Typhoon Morakot using the interpretation of images and
field investigations. The landslide ratioRL is a dimension-
less parameter that represents the percentage of a landslide
areaAL in watershed areaA due to the landslide-induced
debris flow caused by Typhoon Morakot.RL is an index
that is generally used to evaluate the percentage area of a
landslide area within a watershed, and has been used to as-
sess landslide-prone areas in Taiwan (Wu and Chen, 2004;
Wu et al., 2011). An index of the ruggedness of the catch-
ment (Melton, 1965), the Melton ruggedness numberRM
(= H/

√
A in which H = maximum elevation difference in

A), and the classification of debris-flow magnitude usingV

andAd (Jakob, 2005) are also listed in Table 1. Jakob (2005)
suggested that debris-flow magnitude can be divided into 10
classes between 1 (withV < 100 m3 andAd < 400 m2) and
10 (with V > 109 m3) for bouldery debris flow. In the study
area, HSX and SXK gullies are attributed to class 6, and
XKD gully is considered to be class 5.

The three debris-flow gullies have a small watershed area
(A < 35 ha), a high landside ratio (RL > 25 %), and identical
geological properties. The stratification in the study area is
mainly composed of a Chau-chou layer (primarily composed
of slate and argillite), and a Changchikeng layer (filled with
deep-grey shale and light-grey sandstone).
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Table 1.Hydrogeological parameters for the three debris-flow gullies in the Shinfa area.

Name of gully A (ha) RM AL (ha) RL (%) W (m) Ad (×103 m2) V (×103 m3) Qwp (cms) Size class∗

HSX gully 34.1 1.20 11.4 33.4 640 200–300 600–1000 7.8 6
SXK gully 29.7 0.41 12.1 40.7 750 340–450 800–1100 6.8 6
XKD gully 8.3 0.50 2.12 25.5 290 68 50–100 1.9 5

Note:A = watershed area measured at fan apex;RM = Melton ruggedness number (RM = H/
√

A, in whichH = max. elevation difference inA); AL = landslide area in
the watershed;RL = landslide ratio (RL = AL/A); W = max. deposition width on land;Ad = deposition area of debris flow,Ad in relation to HSX and SXK gullies was
not possible to find exact values because this was altered during the flooding of the Laolung River;V = debris-flow volume;Qwp = estimated peak water discharge

determined by the rational equation (Eq.5) usingC = 0.8 andI = 103 mm h−1; *: size class (the classification of debris-flow magnitude) is based on the method
suggested by Jakob (2005) usingV andAd.

3 Method

3.1 FLO-2D model

The FLO-2D (2009) routing model is software designed
for two-dimensional mathematical modeling of water move-
ment and flowing slope processes including debris flows. The
FLO-2D model has been used successfully for debris-flow
simulations by many researchers (e.g., Lin et al., 2005; Tecca
et al., 2007; Hsu et al., 2010; Sodnik and Mikoŝ 2010), and
it was used to analyze the landslide-induced debris flows on
alluvial fans in this work. The FLO-2D model is physically
based and takes into account the mass and momentum con-
servation of flows. The total friction slopeSf involved in the
momentum equation of the FLO-2D model considers a com-
bination of yield, viscous, collision, and turbulent stress com-
ponents (O’Brien et al., 1993).Sf is expressed as

Sf =
τy

ρhg
+

kηv

8ρh2g
+

n2v2

h4/3
, (3)

whereτy andη are, respectively, the Bingham yield stress
and viscosity,ρ is the flow (sediment and water mixture) den-
sity, g is the gravitational acceleration,h is the flow depth,v
is the depth-averaged velocity,k is the laminar flow resis-
tance coefficient, andn is the pseudo-Manning coefficient
that accounts for both the turbulent boundary friction and
the internal collision stresses. The parameters related toSf ,
namely the friction parameters such asτy, η, k, and n in
Eq. (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 obtained
from a digital elevation model (DEM) of each analyzed
watershed such as the HSX, SXK, and XKD gullies.
The data had a resolution of 5 m× 5 m.

2. Rainfall data: rainfall data were collected from the
Shinfa rain-gauge station. The maximum hourly rain-
fall data from this station were used to determine the

peak water-flow discharges in our study gullies during
Typhoon Morakot.

3. Parameters for simulation: the friction parameters used
in this paper are described as follows:

(1) The Bingham model parameters

Consideration of rheological properties is very important
when modeling debris flow, which generally contains a wide
range of grain sizes from clay up to boulders. However, the
rheological property of coarser particles contained in debris
flow is usually difficult to measure from laboratory exper-
iments. Thus, in some of applications, the Bingham model
parameters (τy andη) were inferred from the measured rhe-
ology of fine material slurry samples (FLO-2D 2009). Bing-
ham model parameters generally reflect the effect of fine par-
ticles or clay on the rheological properties of debris flow (Jan
and Shen, 1992), and the collision effect from coarser parti-
cles within the debris flow may be reflected on values ofn

(Rickenmann et al., 2006).
The Brookfield rotational viscometer and capillary vis-

cometer have been commonly used to determine the rheo-
logical properties of debris-flow slurries in Taiwan (Jan et al.,
1997; Wang, 2007), and the rheological parameters obtained
from these viscometers have been applied to simulate debris
flow and to classify the risk degree of hazardous debris-flow
areas in Taiwan using the FLO-2D model (Lin et al., 2011,
2013). To determine the rheological parameters of the de-
bris flow, soil samples with a particle diameter of less than
1 mm collected from the flow area of the HSX gully were
analyzed in a laboratory experiment using a Brookfield rota-
tional viscometer (type DV-III) (Chen et al., 2013). The re-
lationship between the shear stress and the shear strain for
the soil sample at various values ofcV was analyzed. The
results showed that the rheological properties of the debris-
flow slurries could be described by the Bingham model. The
Bingham model parametersτy (in dynes cm−2) and η (in
poise) both exponentially increased with an increase incV ,
and these quantities are expressed as

τy = 0.459e16.43cv , (4a)

η = 0.0485e14.94cv . (4b)
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The results computed from these equations were consistent
with the bounds reported in previous studies (FLO-2D, 2009;
Dai et al., 1980; Fei, 1981). Equations (4a) and (4b) were
used to determine the rheological parameters for the debris-
flow simulations in this study.

(2) The pseudo-Manning coefficientn

n is primarily a function of the channel or land-surface
roughness, and the respective flow-resistance parameters of
debris flows might additionally depend to some extent on the
mechanical properties of the mixture (Rickenmann, 1999).
n with a value of 0.1 is usually used to analyze the debris-
flow velocity by the Manning–Strickler equation (Pierson,
1986; PWRI, 1988; Rickenmann and Zimmermann, 1993);
it (n = 0.1) was also used to simulate debris flows using
the FLO-2D model (Calligaris and Zini, 2012). Generally,
coarser-grained debris flows tend to require a higher value
for n than finer-grained mudflows. The value ofn can be
determined from a mathematical model calibrated with an
observed natural event (the back-calculated method). Rick-
enmann et al. (2006) showed 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 ofn can
also be determined from the FLO-2D (2009) manual, where
values are suggested for different surfaces over which a de-
bris flow moves, that is,n = 0.2 was adopted for the debris-
flow simulation of the Hrenovec watershed, Slovenia (Sodnik
et al., 2009), andn = 0.18 was used in the simulation of the
Dolomites, Italy (Tecca et al., 2007). In this study, the values
of n were determined by referencing the FLO-2D manual and
the previous studies mentioned above. The value ofn for the
three debris-flow gullies in the Shinfa area ranged from 0.10
to 0.20. Because the simulation results for the debris-flow in-
undation area were not significantly affected by the value of
n in the range of 0.10 to 0.20 (Chen et al., 2013), for simplic-
ity, n = 0.15 was adopted for use in this study.

(3) The resistance parameter for laminar flowk

The value ofk has a wide range, from 24 to 50 000. In the
FLO-2D manual, a higher value ofk = 2285 is calibrated for
modeling debris flows. The selection of a higher value fork

would not affect the simulations (Rickenmann et al., 2006),
and the influence of the value ofk on the debris-flow sim-
ulation is not significant compared to the other parameters
related to the flow resistance (Hsu et al., 2010). Thus, the
value ofk = 2285 typically used in the literature (e.g., Tecca
et al., 2007; Sodnik and Mikoŝ, 2010) was used to simulate
debris flows.

3.2.2 Determination of the discharge

The debris-flow discharge was determined by Eq. (1), and
cb was calibrated by comparing the results obtained from
numerical simulations to those obtained from the field

investigations. The value forQwp is determined from the
rational equation. This equation is probably the most used
method for the design of water-flow discharges (Chow et al.,
1988), and it is generally used to determine the design of
water-flow discharges in a mountainous gully or debris-flow
gully (Berti et al., 1999; Chen et al., 2008). The rational equa-
tion is

Qwp = CIA/360, (5)

whereC is the runoff coefficient,I is the maximum hourly
rainfall intensity (mm h−1), and A is the watershed area
(ha). In the study area, the value ofC ranges from 0.7 to
0.9 (SWCB 2005), andC = 0.8 was used;I = 103 mm h−1

was the maximum hourly rainfall observed at the Shinfa
rain-gauge station during Typhoon Morakot.Qwp for the
HSX, SXK, and XKD gullies was estimated as 7.8 m3 s−1,
6.8 m3 s−1, and 1.9 m3 s−1, respectively, according to the ra-
tional equation.

3.2.3 Construction of the inflow hydrograph for debris
flow

1. Duration and sediment concentration

According to media reports and visits by residents,
landslides and sediments slowly began to move around
7:00 p.m. on 8 August 2009. This escalated into a large
and rapid debris-flow event from approximately 8:30 to
9:00 p.m. that had disastrous consequences. Thus, an in-
flow hydrograph with a duration of 2 h (7:00–9:00 p.m.)
was used. The duration of the inflow hydrograph was
divided into two stages for this study. Stage one (from
7:00 to 8:30 p.m.) was the stage in which the land-
slides gradually transferred material to highly viscous
debris flows (with a high value ofcV), and stage two
(from 8:30 to 9:00 p.m.) was the stage of general debris-
flow (with a lower value ofcV compared to stage one)
formation. The ranges ofcV used for the two stages
were obtained from reference values in the FLO-2D
user’s manual. Stage one usedcV = 0.55–0.65 for land-
slides or highly viscous debris flows, and stage two used
cV = 0.48–0.55 for general debris flows.

2. Discharge coefficient

The inflow hydrograph used in this study was assumed
to be rectangular in shape with a durationt of 2 h, as
shown in Fig. 3. The benefits for using a rectangular
hydrograph shape are the simple shape itself and the
ease in which the relationship betweenQdp and Qwp
may be discussed or developed. If the inflow hydro-
graph followed the shape in Fig. 3,cb can be computed
by cb = V/(Qwpt). The possible values ofcb can be de-
termined by using the ranges ofV , Qwp (as listed in Ta-
ble 1), andt (= 2 h). The estimatedcb ranged from 11
to 18 for the HSX gully, 16 to 23 for the SXK gully, and
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Figure 3. 
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Figure 3. Schematic of the inflow hydrograph used for this study.
The hydrograph was divided into stages 1 and 2 for the simulations
of debris flows.

4 to 7 for the XKD gullies. On the basis of the estimated
cb ranges, the values ofcb were calibrated by compar-
ing the results obtained from numerical simulations to
those obtained from the field investigation.

cV is an important factor related to the variation of the veloc-
ity of a debris flow, especially forQdp in the applied inflow
hydrograph in this study, which was assumed to be constant.
An inflow hydrograph with two stages ofcV values is helpful
to reflect the phenomena observed in the field, which roughly
indicated two stages of velocity for the landslide-induced de-
bris flow, and it can be used to match some of the informa-
tion related to the travel time of the debris flow from the field
investigations. However, the real values ofcV are unknown
and require calibration by comparing the inundation charac-
teristics of a debris flow from numerical simulation to those
from field investigations. The collected data from the field
include the debris-flow volume, deposition area, maximum
flow depth, and flow velocity or the travel time of debris flow.

Owing to lack of observation data for the velocity, some in-
formation related to the travel time of the debris flow were
collected.

3.2.4 Debris-flow simulations and parameter
calibration

Because debris flows often impact downstream areas where
the debris is ultimately deposited, modeling the deposition
area of the debris flow was the primary aim of this study. The
procedures used for determining the deposition area of the
debris flow and the calibration parameters (cb and cV) are
described as follows:

1. Determine the location of the debris-flow fan apex such
as the mouth of the valley or the area downstream of
the topographic apex. The location of the fan apex for

the debris-flow gully was obtained from a topographical
map and field investigations.

2. Assume a set of values forcb andcV (as discussed in
Sect. 3.2.3) for determining the inflow hydrograph, as
indicated in Fig. 3. Input the inflow hydrograph at the
debris-flow fan apex and the various friction parameters
such asτy (Eq. 4a),η (Eq. 4b),k (= 2285), andn (=
0.15).

The inundation characteristics of a debris-flow gully was
then computed via FLO-2D simulations. The results of the
FLO-2D simulations were compared to the field conditions
in terms of the travel time of the debris flow, the maximum
flow depth, and the deposition area. If the simulated results
were not in agreement with the field conditions, the inflow
conditions (i.e.,cb andcV) were adjusted until the simulated
results were similar to the conditions observed in the field
investigation.

4 Results

4.1 Calibrated parameters

The travel times, the deposition areas, and maximum flow
depths for the three debris-flow gullies were collected to cal-
ibratecb andcV of the debris flows. Some information related
to the travel time of the debris flow include a small percent of
the mass or sediment that slowly flowed and blocked the road
(No. 133) between 7:00 and 8:00 p.m. on 8 August 2009, and
the debris flow rapidly inundated the downstream area and
affected houses or buildings between 8:30 and 9:00 p.m. on
8 August 2009 (it could have attained the maximum velocity
in this period). The deposition area of the debris flows were
identified through the interpretation of aerial photographs,
satellite images, and field investigations. The maximum flow
depth (MD) was obtained in two ways: from the testimony
of resident witnesses, and from the flow track remaining on
buildings or trees in the field.

4.1.1 HSX gully

Figure 4 shows the results of the deposition area from the
numerical simulation using the inflow hydrograph withcb =

14, where the values ofcV for stages one and two were 0.64
and 0.55, respectively. The simulated results and field inves-
tigation show that part of the deposited sediment caused by
the HSX debris flow flows into the Laolung River. The actual
deposition area into the Laolung River was not able to be ob-
tained from the field investigation because it was destroyed
by the flooding of the Laolung River. Thus, the deposition
area on land from the field investigation was used for com-
parison with the numerical simulation. Figure 4 shows that
the deposition area on land from the simulation was close to
that from field investigation.
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Figure 4. Comparison of the deposition area between the simula-
tion and the field investigation. A few maximum flow depths are
indicated by green circles collected from the field investigation of
the HSX gully.

The simulated results also show that the debris flow
rapidly inundated the downstream area between 8:30 and
9:00 p.m. on 8 August 2009 with a maximum velocity of
4.2 m s−1. The maximum deposition depth in the debris-
flow deposition area was greater than 6 m. The computed
debris-flow volume from the numerical simulation is around
790 000 m3, which is close to the value of approximately
800 000 m3 estimated by SWCB (2009).

4.1.2 SXK and XKD gullies

Following the same procedure as in the analysis of the HSX
gully, the calibrated values of the inflow hydrograph were
cb = 18,cV = 0.64 for stage one, andcV = 0.50 for stage two
for the SXK gully; andcb = 6, cV = 0.65 for stage one, and
cV = 0.55 for stage two for the XKD gully. Table 2 summa-
rizes the calibrated parameters used for the debris-flow sim-
ulations of the three case studies of the Shinfa area. With the
calibrated values, Fig. 5 shows that the deposition areas of
the SXK and XKD gullies from the simulations are similar
to those from the field investigations.

The simulated results also show that two debris flows inun-
dated downstream areas with houses and buildings at 8:30–
9:00 p.m. on 8 August 2009, which is in rough agreement
with information from the local populace. The SXK debris
flow attained a maximum velocity of 6.6 m s−1, and the XKD
debris flow attained a maximum velocity of 2.1 m s−1. The
higher velocity of the SXK debris flow caused over 30 houses
to be buried, the deaths of 4 people, and 24 missing people.
Compared to the SXK debris flow, the damage caused by
the XKD debris flow was slightly lower owing to the lower
velocity of the XKD debris flow. The major building (Great
Buddha in shape) in the XKD gully was nearly complete, and
no injuries were reported in this event. The simulated debris-
flow volumesV were around 880 000 m3 for the SXK gully
and 82 000 m3 for XKD gully.

The maximum flow depths (MDs) of debris flows in the
field were also collected. Figure 6 shows the MDs for the

Figure 5. Comparison of the deposition areas between the simula-
tions and the field investigations. A few maximum flow depths are
indicated by green circles collected from the field investigations of
the SXK and XKD gullies.

 3 

 1 
Fig. 5 Comparison of the deposition areas between the simulations and the field investigations. 2 
A few maximum flow depths are indicated by green circles collected from the field 3 
investigations of the SXK and XKD gullies. 4 
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Fig. 6 Maximum flow depths (MDs) of debris flows from numerical simulations compared to 7 
those from field investigations in the HSX, SXK, and XKD gullies. Locations of points a, b, c, 8 
d, and e are shown in Figs 4 and 5.  9 

Figure 6. Maximum flow depths (MDs) of debris flows from nu-
merical simulations compared to those from field investigations in
the HSX, SXK, and XKD gullies. Locations of points a, b, c, d, and
e are shown in Figs. 4 and 5.

simulations and field investigations in HSX, SXK, and XKD
gullies; the location of points a, b, c, d, and e therein are indi-
cated in Figs. 4 and 5. The cross section of point “a” (near the
fan apex of the HSX gully in Fig. 4) is shown to be expanded
due to riverbank erosion during the debris flow. Because the
FLO-2D model is unable to simulate the erosion process, the
MD at point “a” in the simulation differs from that in the field
investigation. In general however, MDs for the simulation for
the three gullies are almost in agreement with those from the
field investigation.
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4.2 Relationship between the debris-flow discharge and
the water-flow discharge

According to the calibrated values ofcb (in the range from
6 to 18) in Table 2 for the three gullies in the Shinfa area,
Qdp corresponding toQwp was calculated from Eq. (1) and
is plotted in Fig. 7. Data forQdp versusQwp was also used
to compare with the data from previous studies. Table 3 lists
the sources or methods for the determination ofQdp andQwp
from previous studies. The data from previous studies in-
clude the field observation data on debris flows in the Jiangjia
Gully in China (Wu et al., 1990), field experiments on debris
flows at the Chemolgan test site in Kazakhstan (Rickenmann
et al., 2003), and the estimated peak debris-flow discharges
in the Howe Sound in British Columbia (VanDine, 1985) and
in the Dolomite Mountains in northeastern Italy (Berti et al.,
1999). Data relating to the maximum debris-flow discharge
and the 100-year-design water discharge of the Predelica tor-
rent in the Log pod Mangartom village, Slovenia, in Novem-
ber 2000 (̌Cetina et al., 2006; Mikoš et al., 2007) were also
collected. Figure 7 shows thatQdp increases with increasing
Qwp. The upper and lower bounds for the relationships for
Qdp associated withQwp are approximately expressed by

Qdp = 40Qwp for the upper bound, (6)

Qdp = 5Qwp for the lower bound. (7)

These equations imply that the values ofcb range from 5 to
40. All data in this work (labeled 1, 2, and 3 in Fig. 7) agreed
with the ranges from previous studies. The upper bound for
Qdp versusQwp in our case studies is close toQdp = 20Qwp.

4.3 Relationship between the discharge coefficient and
the landslide ratio

The values ofcb at different areas may be different owing to
different hydrogeological conditions such as rainfall, water-
shed area, landslide area, and topographical and geological
properties. The three debris-flow gullies in this study have
similar rainfall and geological conditions. Figure 8 shows
the relationship betweencb andRL in this study, and the fit-
ted equation with determination coefficientR2

= 0.96 can be
expressed as

cb = 0.0028R2.4
L . (8)

Values ofcb increase with an increase inRL . This result
means thatcb was affected by the large sediment supplement
brought in from the landslides and increased its value. In ad-
dition to direct runoff, the water flow that initiated the debris
flow likely originated from the groundwater or the water con-
tained in sediments that were brought in by the landslides.
Furthermore, the water flow could have been blocked by the
sediment brought in by landslides, which would have rapidly
increased the water storage in the watershed. A high debris-
flow discharge may have resulted when the stored water com-
bined with sediments burst over a short period of time. A

Figure. 7 
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Figure 7. Relationship between the debris-flow dischargeQdp and
the water-flow dischargeQwp.

high debris-flow discharge will be reflected by a higher dis-
charge coefficient (cb). For gully-bed instability or erosion-
induced debris flows (the in-channel debris flow), the maxi-
mum value ofcb could be as high as 10 based on the view-
point of Takahashi (1991), while the value ofcb for high-
RL-induced debris flows (> 30 %) could exceed the bound
(cb = 10) proposed by Takahashi (1991), as shown in Fig. 8.
This means that the value ofcb for the debris-flow type that
forms from landslides is not able to be determined merely
from Eqs. (2) or (3). The case studies on the value ofcb for
landslide-induced debris flows in this work could be helpful
for determining the debris-flow discharge in the engineering
or planning of debris-flow hazard mitigation.

4.4 Other empirical equations relating the debris-flow
discharge

4.4.1 Debris-flow discharge versus debris-flow volume

Various empirical equations relating the debris-flow peak
dischargeQdp to the debris-flow volumeV have been pro-
posed by many researchers (Mizuyama et al., 1992; Ji-
tousono et al., 1996; Bovis and Jakob, 1999; Rickenmann,
1999) and summarized by Jakob (1995) for an indirect deter-
mination ofQdp, as shown in Table 4. These equations are
plotted in Fig. 9. All equations in Fig. 9 have a large vari-
ability due to the variable debris flow rheology (muddy vs.
bouldery flows), initiation mechanism, and/or channel mor-
phology (Jakob, 1995). Therefore, all empirical correlations
need to be verified regionally. The fitted equation forQdp vs.
V in this study is also shown in Fig. 9 for comparison, and is
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Table 2.Calibrated parameters used for debris-flow simulations of the three gullies in the Shinfa area.

Name of gully cb cV at stage 1 cV at stage 2 Qdp (cms) V (m3) Ad (m2)

HSX gully 14 0.64 0.55 109.2 790 000 271 626
SXK gully 18 0.64 0.50 122.4 880 000 406 926
XKD gully 6 0.65 0.55 11.4 82 000 71 372

Note:Qdp was determined by Eq. (1) using the calibratedcb. Other parameters related to the flow resistance adopted in
this study weren = 0.15 andk = 2285.

Table 3.Summary of the estimation of the debris-flow discharge and water-flow discharge from previous studies.

Location Qdp Qwp Source

The Chemolgan test
site, Kazakhstan

Determined from field exper-
iments on debris flows for
measurements and calcula-
tions of debris-flow surges.

Debris flows were artificially triggered
by releasing water from a reservoir.
A total of eight experiments on debris
flows were carried out between 1972
and 1991.Qwp was measured by con-
trolling the inflow gate from the reser-
voir.

Rickenmann et
al. (2003)

Jiangjia Gully, China Determined from observation
data of debris-flow surges for
a debris event.

Qwp was determined from the hydro-
logic design handbook in the study area
using the watershed characteristics and
the rainfall intensity of the rainfall event
triggering the debris flow.

Wu et al. (1990)

Gully in the Dolomite
Mountains, northeast-
ern Italy

Estimated from supereleva-
tions of lateral deposits or
mudlines left by the peak dis-
charge using a superelevation
formula.

Qwp was estimated using a rational
equation using the watershed character-
istics and rainfall intensity of the rainfall
event triggering debris flow in the study
area.

Berti et al. (1999)

22 creeks along the
Howe Sound, British
Columbia

Estimated from the superele-
vations of lateral deposits or
the mudlines left by the peak
discharge using a supereleva-
tion formula.

Qwp was determined by hydrologic
analysis using a 200-year water-
discharge design.

Hungr et al. (1984),
VanDine (1985)

as follows:

Qdp = 0.00014V. (9)

However, the value ofQdp corresponding toV in Eq. (9)
is smaller than that seen in the previous study’s relationships.
This is considered to be attributed to the small watershed area
and the high landslide ratio for the study’s three gullies, in ad-
dition to the long travel time of the debris flows (last around
2 h).Qdp is generally small for a debris flow generated from a
small watershed area with a long travel time; and a high land-
slide ratioRL can result in a largerV , as shown in Fig. 10.
In addition,V has a tendency to increase with an increase
of RL . Furthermore, for the modeling work herein, the dis-
charge at the fan apex was assumed to have a rectangular
form (to easily computecb and to understand the relation-
ship betweenQdp andQwp in application), and the real peak
value ofQdp may therefore have been underestimated. Other

factors, such as the different debris flow rheology, initiation
mechanism, and/or the channel morphology also may affect
the relationship betweenQdp andV .

4.4.2 Deposition area versus debris-flow volume

The deposition area by debris flow influences land-use de-
cisions and the selection and design of mitigation measures.
Iverson et al. (1998) and Griswold (2004) found a correla-
tion between deposition areaAd and debris-flow volumeV ,
which can be expressed as

Ad = λV 2/3, (10)

in which the empirical coefficient isλ = 200 for volcanic de-
bris flows, andλ = 20 for non-volcanic debris flows. How-
ever, the values ofλ may differ for different site condi-
tions due to the various sedimentary properties, and could
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Table 4.Empirical equations of debris-flow peak dischargeQdp versus the debris-flow volumeV from previous research.

Number Equation Source

1 Qdp = 0.135V 0.78 (bouldery debris flow) Mizuyama et al. (1992)
2 Qdp = 0.019V 0.79 (muddy debris flow) Mizuyama et al. (1992)
3 Qdp = 0.006V 0.83 (volcanic debris flow) Jitousono et al. (1996)
4 Qdp = 0.04V 0.90 (bouldery debris flow) Bovis and Jakob (1999)
5 Qdp = 0.003V 1.01 (volcanic debris flow) Bovis and Jakob (1999)
6 Qdp = 0.1V 0.83 Rickenmann (1999)

Figure. 8 
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Figure 8. Relationship between the discharge coefficientcb and the
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Figure 9. Relationship between debris-flow dischargeQdp and
debris-flow volumeV . Numbers (from 1 to 6) corresponding to in-
dividual equations are indicated in Table 4.

therefore result in a value ofλ between 20 and 200 (Jakob,
1995). Using the calibrated data set in this study (listed in
Table 2), a line fitted by Eq. (10) shows the value ofλ to be
approximately 40 (Fig. 11).
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Figure 10. Relationship between debris-flow volumeV and land-
slide ratioRL in the study area.

5 Conclusions

The debris-flow discharge is an important parameter for en-
gineering planning design and evaluating the inundation area
of debris flow. Because the debris-flow discharge is difficult
to measure directly, a numerical simulation method was pro-
posed to calibrate the discharge coefficientcb (the ratio of the
debris-flow dischargeQdp to the water-flow dischargeQwp)

of the debris flow and to determine the debris-flow discharge.
Three debris-flow hazards in southern Taiwan caused by Ty-
phoon Morakot in 2009 were selected as case studies for
the discharge of landslide-induced debris flows. An inflow
hydrograph assumed to be rectangular in shape and divided
into two stages of sediment concentrationcV was used. The
two parameterscb andcV involved in the inflow hydrograph
were calibrated and presented. The calibrated values ofcb
for the three gullies ranged from 6 to 18, and they tended to
increase with an increase in the landslide ratioRL . The re-
lationship betweencb andRL was developed, and this can
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Figure. 11 
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Figure 11. Relationship between deposition areaAd and debris-
flow volumeV .

be used for direct determination of theQdp/Qwp ratio when
RL is known. The value ofcb for high-RL-induced debris
flows (RL > 30 %) could exceed the bound ofcb = 10 for in-
channel debris flows.

The empirical relationships betweenQdp andQwp were
presented by collecting the data ofQdp versusQwp from
previous studies and using the data ofQdp versusQwp in
this study.Qdp tends to increase with increasingQwp. The
upper bound for the relationship betweenQdp andQwp can
be approximately expressed asQdp = 40Qwp, and the lower
bound isQdp = 5Qwp; that is,cb ranges from 5 to 40. When
cb and Qwp (estimated by a rational equation) are known,
Qdp is determined by Eq. (1). Other empirical equations re-
lating the debris-flow discharge in the study area, such as the
Qdp versusV (debris-flow volume), andAd (deposition area)
versusV (i.e., Eq. 9 andAd = 40V 2/3), were also presented
and used as a comparison with previous studies. The empir-
ical relationships developed in this study could be useful for
determining the debris-flow discharge for engineering plan-
ning and evaluating the inundation area of a debris flow.
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