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Abstract

Debris flows can cause severe loss of human lives and damage to property, especially on densely populated hilly terrains. In the
changing climate, the frequency of debris flows is on a rising trend. Therefore, it is important to forecast possible scenarios of
debris flows under extreme weather conditions. Previous numerical studies often deal with one individual debris flow in one
analysis. Yet a large number of debris flows can occur in a large storm. This paper presents a physically based model to predict
likely debris flow clusters on Hong Kong Island with an area of approximately 80 km? considering the influence of the changing
climate. Firstly, a slope stability analysis is conducted, and unstable cells and landslide deposition areas are predicted. Then
clusters of debris flows initiating from these landslides are simulated considering hillslope erosion. The models are validated with
historical debris flows triggered by a rainstorm in 2008. Finally, debris flow clusters under three reference extreme rainstorms (i.e.
44%, 65% and 85% of the 24-h probable maximum precipitation, PMP) are predicted. With the increase of rainstorm magnitude,
numerous debris flows can occur simultaneously and merge, posing much greater threat to society. The consequences of debris

flows grow dramatically when the magnitude reaches a certain extent, i.e. 65% of the 24-h PMP.
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Introduction

Debris flows have often occurred in clusters under large rain
storms (e.g., Staley et al. 2013; Zhang et al. 2013), and caused
loss of lives and property. Due to the changing climate, the
frequency of extreme storms is becoming larger in Hong
Kong and many parts of the world (e.g., Ho 2013; AECOM
and Lin 2014), indicating a growing frequency of rainfall-
induced landslides and debris flows. For example, the 24-h
rainfall intensity of the top 10 outstanding storms in Hong
Kong from 1984 to 2010 ranged from 468 mm to 956 mm,
while that from 1966 to 1983 ranged from 255 mm to 557 mm
(AECOM and Lin 2014). In the future, slope failures can be
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more frequent and provide abundant source materials for de-
bris flows. For example, on 7 June 2008, a severe rainstorm hit
Hong Kong, triggering 1900 natural terrain landslides, 900
debris flows, and 622 floods (DSD 2008; Li et al. 2009).
When many debris flows occur in the same catchment, some
of them may merge into a larger debris flow, which can be
more catastrophic, especially on Hong Kong Island where the
density of population and buildings is very high. While
rainfall-induced slope failures have been paid great attention,
less effort has been made to analyze debris flow clusters under
extreme conditions. An island-wide quantitative assessment
of rainfall-induced multiple debris flows under extreme con-
ditions is important to provide a basis for policy-making.
Many qualitative studies on rainfall-induced debris flow
clusters have been conducted (e.g. Dai et al. 1999; Chen
et al. 2012; Cui et al. 2013; Li et al. 2017; Fan et al. 2018).
Dai et al. (1999) investigated the 1993 debris flows on Lantau
Island, Hong Kong, conducted field investigations, and
carried out laboratory tests to look into the initiation modes
of these debris flows. Cui et al. (2013) analyzed 21 simulta-
neous debris flows induced by rainfall in Qingping Town.
Chen et al. (2012) conducted field studies and analyzed the
initiation mechanisms and runout characteristics of the
rainfall-induced debris flow in Xiaojiagou, Sichuan
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Province, China. Li et al. (2017) conducted detailed study on
the distribution, mobility, and volume changes ofthe 16 debris
flows in mountains near Beijing induced by extreme rainfall
on 12 July 2012 by conducting field investigation and aerial
photo interpretation. Fan et al. (2018) studied four major de-
bris flow activities in Gaojiagou Ravine during 2010-2016,
evaluated the change of loose deposit volumes, and looked
into the triggering mechanisms and runout characteristics of
these debris flows.

Quantitative studies on debris flows have also been inves-
tigated (e.g. Pudasaini 2012; Huang et al. 2015; Gao et al.
2016; He et al. 2016; Han et al. 2017; Bout et al. 2018; Han
et al. 2018; Zhang et al. 2018). Pudasaini (2012) proposed a
general two-phase debris flow model considering viscous
stress, virtual mass, generalized drag, and buoyancy. Huang
et al. (2015) simulated the propagation process of post-
earthquake debris flows with smoothed particle hydrodynam-
ics (SPH) modelling techniques. Gao et al. (2016) simulated
debris flows in an urban catchment on Hong Kong Island. He
et al. (2016) proposed a coupled two-phase model to describe
the characteristics of debris flow movement. Han et al. (2017)
improved a cellular automaton model by proposing a new
transition function and regressing the persistence function
based on flume tests and studied the run-out extent of the
2010 Yohutagawa debris flow event in Japan. Bout et al.
(2018) proposed a two-phase integrated model to simulate
landslides, debris flows, and hydrological responses. Han
et al. (2018) investigated the runout of a potential debris flow
in the Dongwopu gully where the topography is rather com-
plex with a finite volume scheme. Zhang et al. (2018) studied
the volume, concentration, discharge, velocity and deposition
characteristics of post-seismic debris flows in the Wenchuan
earthquake area with a combined soil-water mixing model and
depth-integrated particle method. Many numerical models
have been developed for debris flow simulation, such as
FLO-2D (O’Brien et al. 1993), DAN (Hungr 1995),
DAN3D (Hungr and McDougall 2009), a coupled landslide-
debris flow model (Chiang et al. 2012), a basal entrainment
model (Ouyang et al. 2015), and EDDA (Chen and Zhang
2015; Shen et al. 2018).

There have been some statistical studies on landslides and
debris flows in Hong Kong (e.g. Dai et al. 1999; Ko and Lo
2016) and limited numerical analysis at catchment scale (e.g.,
Gao et al. 2016); however, the simulation of the burst of debris
flow clusters at regional scale is still challenging.

This paper aims to predict potential debris flow clusters
over the entire Hong Kong Island under extreme rainfall. In
this paper, slope failures under three extreme conditions (i.e.
44%, 65% and 85% of the 24-h probable maximum precipi-
tation, PMP) over the entire Hong Kong Island are simulated
first to identify the initiation locations and volumes of debris
flows. Then, based on the deposition area and scar area of
landslides, two schemes of debris flow simulation are
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conducted for debris flows initiating at landslide scars
(scheme 1) and at deposition areas (scheme 2). The maximum
flow depth and flow velocity of the debris flows under the
three extreme storm conditions are predicted, and the flow
paths of debris flows are delineated, which provide a basis
for debris flow risk management. Finally, the outcomes of
the two initiation schemes are compared.

Analysis methodology

A debris flow can initiate through three mechanisms, e.g. bed
erosion, transformation from a landslide, breach of a dam, or
combination of processes. Most debris flows in Hong Kong
initiated from landslides and bed erosion (e.g. Lam et al.
2012). In this paper, we consider two major debris flow initi-
ation mechanisms simultaneously: transformation from slope
failures and bed erosion. As the flow mixture advances, it
entrains materials along its flow path by bed erosion.
Accordingly, a two-step simulation scheme is adopted
(Fig. 1). A slope failure simulation is conducted first to deter-
mine the initiation locations and volumes of the debris flows,
followed by the simulation of the debris flow movement. The
detailed procedure is as follows:

(a) Discretize the study area into a grid on a digital elevation
model (DEM) and assign parameters to each cell such as
soil type and material properties.

(b) Define extreme rainfall scenarios and interpolate the
rainfall to the analysis grid.

(c) Analyze rainfall infiltration, slope stability, and landslide
traces to determine the locations and volumes of land-
slide deposits.

(d) Determine the initiation locations and volumes of debris
flows. The volumes are the sum of the landslide deposits
adjacent to each other.

(e) Analyze the marching, entrainment and deposition pro-
cess of the debris flows for each scheme.

Initiation locations and volumes of debris flows

Since the main objective of this study is to predict likely debris
flows under extreme conditions, the method to simulate shal-
low slope failures is only presented briefly. More details can
be found in Chen and Zhang (2014). Two mechanisms for
rainfall-induced slope failures are the rise of pore-water pres-
sure during the process of rainfall infiltration along the inter-
face between the bedrock and the soil where the soil is fully
saturated (Collins and Znidarcic 2004), and the loss of shear
strength due to the decrease of suction where the soil is unsat-
urated (Fredlund and Rahardjo 1993; Zhang et al. 2011). To
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Fig. 1 Simulation procedure in
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simulate rainfall-induced slope failures, an infiltration analysis
should be conducted first. It is assumed that the soils in this
study are homogeneous, and the Richards equation is adopted
to describe the infiltration process.

0 (k 61/)) + ok cosﬁ—at9 (1)

oz" oz" oz" T o

where £ is the permeability; v is the pore-water pressure head;
7" is the layer thickness in the normal direction; /3 is the slope
angle; ¢ is time; 6 is the volumetric water content.

The permeability function adopted here is the empirical
equation proposed by Gardner (1958):

k = kg™ (2)
where k; is the saturated permeability and « is a material

parameter. The soil-water characteristic curve (SWCC) pro-
posed by Gardner (1958) is adopted:

0 =0, + (6,-6,)c"" (3)

where 6, and 6, are the saturated and residual volumetric water
content, respectively.

After the infiltration analysis, the slope stability is evaluat-
ed. Since most of the slope failures in Hong Kong are shallow-
seated with sliding depths seldom exceeding 3 m (Au 1998),
only shallow slope failures will be considered. Due to large
calculation demands in such a large area, a simple model, i.e.
an infinite slope model, is used here to calculate the factor of
safety F;, which is expressed by Brunsden and Prior (1984)
for positive pore-water pressure when the slip surface occurs
in the saturated zone:

tang ¢ —Y(Z, 1)y, tang
FS = ! .
tan( ~,Z sinffcos3

(4)

where 3 is the slope angle; ¢’ and ¢’ are the effective cohesion
and friction angle, respectively; ,, and , are the unit weights
of water and soil, respectively; ¥(Z ) is the pore-water pres-
sure head at depth Z and time .

When the slip surface occurs in the unsaturated zone, the
pore-water pressure is negative, and F is expressed by
Fredlund et al. (1978) as:

_tang ¢ —Y(Z, 1)y, tang,
F,= - (5)
tan( v,Z sinffcos3
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where ¢, is the friction angle associated with the matric suc-
tion (u, — u,,).

Based on historical data, a logistic regression model was
proposed by Corominas (1996) to estimate the trace and travel
distance of landslides:

Log(H /L) = —0.047-0.085log(V) (6)

where H is the elevation difference between the initiation and
deposition points, L is the distance between the two points,
and V (x10° m?) is the landslide volume. This relation is
shown to be applicable to Hong Kong (Chen and Zhang
2014).

Initiation schemes of debris flows

This study considers two schemes of initiation points, i.e. at
the landslide scar (scheme 1) and the deposition area
(scheme 2). The two schemes are shown in Fig. 2. When
initiating at a landslide scar, the initiation cells of landslides
are found from the landslide study, and a certain percentage of
the landslide material is assumed to transform into a debris
flow. When initiating at a landslide soil deposition, the land-
slide material is routed to the deposition location according to
Eq. (6). The landslide deposits adjacent to each other are
grouped. According to the locations and volumes of the de-
posits, the initiation point is selected near the largest deposit,
and the total volume is the total volume of the deposits. If the
deposits belong to the same landslide group (where the
unstable cells are bordered upon each other; Chen and
Zhang 2015), they are grouped and the volumes are aggregat-
ed for debris flow initiation analysis.

(a)

* Initiation point
@ Landslide scar

=—>»  Debris flow

Debris flow dynamics, erosion and deposition

In the debris flow simulation, an integrated model EDDA 1.0
developed by Chen and Zhang (2015) is adopted here. The
governing equations are depth-integrated mass conservation
equations (Egs. 7 and 8) and momentum conservation equa-
tions (Egs. 9 and 10) as described below:

v o(hv,
% 6<ng) % = i[Cor + (1=Cyi)sp) + A[Coa + (1=Cia)sa]  (7)
A(Cyh)  8(Cohvy)  A(Cyhvy)
=iC,«+AC, 8
a T T T tACm (8)
vy Ovy [ 6(Zb + h)
_ — = — » S —
o Ty TS5 )
_d[Cy+ (1=Cy)sp] + A[Cya + (1-Cya)54]
* h
ov Ov [ oz + h
—tw—t=g ’Sg“(Vy)Sfy" @ )]
ot oy L oy (10)
_ i[Cv* + (I_CV*)S})] +A[CVA + (I_CVA)SA]
’ h

where 4 is the flow depth; t is time; v, and v, are the average
flow velocities in the x and y directions, respectively; i is the
rate of erosion or deposition, which can be expressed as i =
—0z,/0t; A is the entrainment rate; C, .« is the volume fraction of
solids in the erodible bed; C,4 is the volume fraction of solids
in the entrained materials; s, and s, are the degrees of satura-
tion in the erodible bed and the entrained materials, respec-
tively; C, is the volumetric sediment concentration of the mix-
ture; g is the gravitational acceleration; S and Sy, are the flow
resistance slopes in the x and y directions, respectively; z;, is
the bed elevation; and the sgn function is used to make sure
the direction of resistance is opposite to the flow direction.

(b)

~~
-~
-~
-

B Landslide scar

---» Landslide trace

@® Landslide deposit L
* Initiation point
=> Debris flow

Fig. 2 Two schemes of initiation of debris flow: a at the landslide scar, and b at the landslide deposition area
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Fig. 3 Ground surface elevations and building distributions on Hong Kong Island

The quadratic rheological model (Julien and Lan 1991),
which accounts for friction, viscosity and turbulent flow, is
adopted in this study:

212
ny,V

Ty Kuv
— + 173 (11)

8pgh®

S =
7 pgh

where K is the resistance parameter for laminar flow; p is the
dynamic viscosity; Vis average velocity of the mixture; p; and
pw are the densities of the solid and water, respectively; 7, is
the equivalent Manning coefficient which adopts the value
recommended by the FLO-2D reference manual (FLO-2D
Software Inc. 2009); 7, is the yield stress of the debris flow.

Empirical equations proposed by O’Brien and Julien
(1988) are adopted to estimate the yield stress and dynamic
viscosity:

T, = et (12)
1= e (13)

where «;, a3, 3; , and 3, are empirical coefficients.

Characterization of the erosion and deposition process is
essential in debris flow analysis. Erosion occurs when the bed
shear stress is sufficiently large and the volumetric sediment
concentration of the debris flow mixture C,, is smaller than an
equilibrium value proposed by Takahashi et al. (1992):

p,tand
Y = 14
Cor = (v (tangspog—tant) (14)

where C,., is the equilibrium value, and ¢, is the internal
friction angle of the erodible bed. From the equation above,
when the slope angle becomes larger, C,., can be larger than 1
or smaller than 0, in which case no erosion process is consid-
ered since the cell is not stable. The erosion rate is expressed
by Hanson and Simon (2001) as:

i=K.(m-7.) (15)
where i is the erosion rate; K, is the coefficient of erodibility;

7. 1s the critical erosive shear stress; and T is the shear stress
expressed by Hanson (1990) as:

™= pghS; (16)
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Fig. 4 Bedrock and superficial soil deposits in the study area

When the slope angle is small, C, can be larger than C,,,
and, hence, deposition of the solid material will occur. The
critical velocity is proposed by Takahashi et al. (1992) as
follows:

2 (gsinfep\™* s
f=— L)\ 17
5dso ( 0.02p; ) an

where ds, is the mean particle size and p is the density of the
mixture.

The rate of deposition can be calculated by (Takahashi et al.
1992):

\% C,,—C
:5 1_ Voo VV 18
’ "( pve) Cor (18)

where d, is the coefficient of deposition rate and was calibrat-
ed by Chen and Zhang (2015); p is a coefficient related to the
location difference between the initiation point of deposition
and the point where the velocity becomes smaller than the
critical velocity, V..
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Based on this analysis method and results of slope failures
mentioned above, debris flows under extreme rainfall condi-
tions can be analyzed further. Through numerical simulations,
the flow path, maximum flow velocity, maximum flow depth,
and total debris flow volume can be predicted.

Study area and model parameters
Topography and bedrock conditions

The study area covers the entire Hong Kong Island that has an
area of 78.59 km”. A high-resolution light detection and rang-
ing (LiDAR) digital terrain model (DEM), with vertical accu-
racy of £0.1 m and horizontal accuracy of +0.3 m, was con-
verted to raster format on a GIS platform. The peak elevation
of'the study area is 551.7 m, which is located at Victoria Peak.
The terrain of Hong Kong Island is rather hilly, with 30% of
the land steeper than 30°. The slope angle within the area
ranges from 0 to 67°. The DEM is shown in Fig. 3.
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Table 1 Parameters for slope instability and debris flow simulation
Material zone Granitic Volcanic Vegetated Hard urban Granitic Volcanic Reclaimed
deposit deposit bedrock surface bedrock bedrock land
Friction angle related to soil suction, 28 24 - - - - 24.6
Q)
Permeability, &, (m/s) 8§x10° 4%x10°° 2x1077 9x1077 2%x107°
Saturated volumetric water content, 0.5 0.5 0.2 0.2 0.5
95(7[
Residual water content, 6, 0.27 0.27 0.07 0.07 0.27
Material parameter, o 0.7 0.7 0.7 0.7 0.7
Volume fraction of solids in erodible ~ 0.65 0.65 0.65 - - - -
bed, C, =
Coefficient of erodibility, K, (m*/Ns) 107 10°° 1077 - - - -
Mean particle size, ds,) (mm) 33 33 - - - - —
Soil density, p, (kg/m®) 2650 2665 2680 - - - -
Effective cohesion, ¢’ (kPa) 4 4.5 - - - - 10.5
Internal friction angle, ppeq (°) 42 36 - - - - 37
Coefficient of deposition rate, d, 0.02 0.02 0.02 0.03 - - -
Manning’s coefficient, n 0.15 0.15 0.08 0.05 - - -
Resistance parameter for 2500 2500 2500 2500 - - -
laminar flow, K
Coefficient of suspension of solid 0.4 04 0.4 0.4 - - -

particles, Cy

The major characteristics of the geology and superficial
conditions have been described by Fyfe et al. (2000). The
solid geology of Hong Kong Island (Fig. 4) consists primarily
of two main types of rocks, i.e. volcanic rocks and granitic
rocks, with volcanic rocks covering over 50% of the area and
granitic rocks covering over 40%. Granite rocks are mostly
located at the northern part of the island, while volcanic rocks
are mostly at the southern part and at high elevations. Eight
major faults are found in the study area, mostly along a north-
east direction, which can affect both the bedrock and superfi-
cial deposits.

Superficial geology and model parameters

The surficial deposits can be classified into volcanic deposits
and granitic deposits. According to outcomes of a mid-levels
study (Geotechnical Control Office 1982), a correlation study
between soil thickness and slope angle has been performed by
Gao et al. (2015): The soil thickness gently decreases from
foothills to steep slopes as the elevation increases. For slopes
gentler than 15°, the soil thickness is estimated as 15 m or
larger; for slopes steeper than 50°, the thickness is 0; for slopes
between 15° and 50°, the thickness decreases with the slope

angle:
=-0.435421.43 (19)

where [ is the soil thickness (m), and s denotes for the slope
angle (degree).

The parameters for slope stability analysis have been cali-
brated by Gao et al. (2015). The mean particle size of debris
materials (i.e. granite deposits and volcanic deposits), dsy=
33 mm, is adjusted from King (2013). The coefficient of sus-
pension of the solid particles, C;, is assumed according to
Chen and Zhang (2015). The soil density p, is measured and
summarized in a mid-levels study (Geotechnical Control
Office 1982) and listed in Table 1. A set of erosion parameters
should be included. According to Chen and Zhang (2015), the
volume fraction of solids in erodible bed C, - for granitic de-
posits, volcanic deposits, and vegetated bedrock is assumed to
be 0.65. The coefficient of erodibility K, is assumed according
to the study of Chang et al. (2011). The effective cohesion of
bed materials and the internal friction angle of erodible bed
Vpea Was measured in the mid-levels study (Geotechnical
Control Office 1982).

The coefficient of deposition rate J,; is assumed to be 0.02
for soil deposits and bedrock and 0.03 for a hard urban sur-
face. Manning’s coefficient # and resistance parameter for
laminar flow K are listed in Table 1 according to FLO-2D
Software Inc. (2009).

Validation with historical records
The slope stability analysis over northwestern Hong Kong
Island has been validated by Gao et al. (2015). In this paper,

the validity of the analysis methods over the entire Hong Kong
Island is checked using the 67 June 2008 landslide and debris
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Fig. 5 Slope failures and debris flows in June 2008 under a storm magnitude of 29% of 24-h PMP

flow event. The two schemes of debris flow initiation are
examined separately. The rainfall during June 67, 2008
corresponded to approximately 29% of the 24-h PMP, and
the process was measured using rain gauges and interpolated
using universal Kriging over the entire Hong Kong Island.

Slope stability analysis is conducted first to obtain the land-
slide scars, traces, deposition locations, and volumes, which
are key input parameters for debris flow simulation.

During the entire year of 2008, 161 landslide incidents,
including 26 major landslides, were recorded on Hong Kong

Table 2 Predicted debris flows under extreme storms for scheme 1 (debris flows initiating at landslide scars)

Magnitude of storm 29% PMP 44% PMP 65% PMP 85% PMP
Landslide volume (m?) 18,000 57,000 1,124,000 1,838,000
Initial debris volume (m®) 6000 19,000 371,000 607,000
Maximum travel distance (m) 340 870 1200 1270
Maximum flow depth (m) 2.6 3.8 7.8 8.6
Maximum flow velocity (m/s) 2.7 33 5.0 5.0

Total debris flow volume (m3) 8000 30,000 727,000 1022,000
Deposition volume (m’) 2000 5000 117,000 179,000
Erosion volume (m?) 2000 11,000 356,000 415,000
Mobile volume (m®) 6000 25,000 610,000 843,000
Affected area (m?) 23,600 111,400 2,610,700 3,214,200
Affected area/terrain area (%) 0.03 0.14 332 4.09

PMP probable maximum precipitation

@ Springer
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Table 3  Predicted debris flows under extreme storms for scheme 2 (debris flows initiating at deposition areas)

Magnitude of storm 29% PMP 44% PMP 65% PMP 85% PMP
Landslide volume (m®) 18,000 57,000 1,124,000 1,838,000
Initial debris volume (m3) 6000 19,000 371,000 607,000
Maximum travel distance (m) 300 680 780 860
Maximum flow depth (m) 2.6 3.7 6.2 6.5
Maximum flow velocity (m/s) 2.7 33 39 43

Total debris flow volume (m?) 7000 30,000 426,000 669,000
Deposition volume (m?) 1000 7000 66,000 102,000
Erosion volume (m3 ) 1000 11,000 55,000 62,000
Mobile volume (m?) 6000 23,000 360,000 567,000
Area affected by debris flows (mz) 13,100 94,400 639,400 817,700
Affected area/terrain area (%) 0.02 0.12 0.81 1.04

PMP probable maximum precipitation

Island (Lam et al. 2012). According to the Enhanced Natural
Terrain Landslide Inventory (ENTLI) shown in Fig. 5, there
were 37 landslides among which 6 turned into debris flows in
2008 over the entire Hong Kong Island, and most of the land-
slide locations were within the western part of the island. The
total landslide volume is approximately 11,700 m> from the
ENTLI records, while the landslide volume that turned into
debris flows is estimated to be 4400 m>. One major debris
flow occurred on the natural hillside at Mount Davis, and
the total initial volume is estimated to be 435 m>. However,
some small landslides and debris flows that occurred in re-
mote areas were not recorded, so that the total landslide vol-
ume might be underestimated.

According to Zhang et al. (2014) and Zhang and Zhang
(2017), the proportion of loose deposits that turned into debris
flows in active catchments during storms at Wenchuan earth-
quake area in 2010 was 24.5%. Hence, the assumption
adopted in this study that 1/3 of the total landslide volume is
transformed into debris flow is slightly on the safe side. The
calculated total landslide volume is 18,000 m’ , and the as-
sumed initiation volume is 6000 m®, which is slightly larger
than that from the ENTLI records. From Table 2, when initi-
ating at landslide scars, the total volume of the debris flows is
8000 m>, with an erosion volume of 2000 m>. The maximum
travel distance is 340 m, while the actual maximum travel
distance record in ENTLI records is 344 m. The maximum
flow depth, the maximum flow velocity, and the total area that
is affected by the debris flows are listed in Table 2 for initiation
scheme 1 and Table 3 for initiation scheme 2. When initiating
at the deposition areas, the total volume of debris flows is
7000 m>, with an erosion volume of 1000 m?>.

From the summary above, it can be noticed that the total
volume of debris flows in scheme 1 is larger than that in
scheme 2, because the initiation points in scheme 1 are mostly
located on hillslopes at higher elevations, while those in
scheme 2 are mostly located in valleys at lower elevations.

This also accounts for the difference in the maximum travel
distances in the two schemes and the areas affected by debris
flows. Hence, the consequences are much more severe if the
debris flows initiate at the landslide scars.

The assumed initiation volume is slightly overestimated for
several reasons. First, many small landslides were not record-
ed in the database because they occurred at remote areas or
their volumes were too small to be recorded. Second, the
initial volume is estimated from landslide scars, and the debris
flow records in the ENTLI include channelized debris flows
only. Third, only natural terrain slope failures are considered
in the study.

Prediction of likely debris flow clusters
under extreme storms

Probable maximum precipitation (PMP) is used to represent
the magnitude of a storm, especially for extreme rainfall
(WMO 2009). The rainfall on 6-7 June 2008 was adopted
as a reference storm for the validation and verification of the
analysis methods in this study. According to Chang and Hui
(2001), the maximum rolling 24-h rainfall of this storm on
Hong Kong Island corresponds to approximately 29% PMP.
Three additional scenarios of extreme rainstorms corre-
sponding to 44%, 65% and 85% of the 24-h PMP are gener-
ated for predicting future scenarios of debris flows on Hong
Kong Island. The rainfall is assumed to be uniformly distrib-
uted over the entire island in this study. The rainfall data is
from the record at rain gauge N19 on Lan Tau Island, and the
record at this gauge corresponds to 44% of the 24-h PMP, with
a total rainfall of 668 mm. The rainfall data at this rain gauge is
then upscaled to 65% and 85% of the 24-h PMP by applying
suitable upscaling factors (Gao et al. 2015). A storm of 65% of
the 24-h PMP corresponds to the maximum rainfall in the
history of Hong Kong (Chang and Hui 2001) with a total
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Fig. 6 Hyetographs of a 44%, b
65%, and ¢ 85% of 24-h PMP
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rainfall of 982 mm. A storm of 85% PMP is an extremely rare
case considering the local moisture maximization, with a total
rainfall of 1290 mm. The hyetographs are shown in Fig. 6.
The influence of the spatial distribution of rainfall is not con-
sidered in this study.

From the prediction of the slope failures, the total soil de-
posit volumes are 57 x 10° m3, 1124 x 10> m> and 1838 x
10° m® under 44%, 65% and 85% of the 24-h PMP, respective-
ly. With the assumption that 1/3 of the total volume of landslide
deposits is transformed into debris flows, the initiation debris
flow volumes are assumed to be 19 x 10° m3, 371 x 10> m> and
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607 x 10°> m®, respectively. Based on the simulation results of
slope failures and the assumptions mentioned above, the pre-
dicted debris flows initiating at the landslide scars and deposi-
tion areas are listed in Tables 2 and 3, respectively. The land-
slide deposits and landslide scars are presented in Fig. 7. The
distributions of the maximum flow depth and velocity for
scheme 1 are presented in Figs. 8 and 9, respectively.

Figure 10 shows how the urban area at the central area is
affected by debris flow clusters under different storm magni-
tudes. At 44% of the 24-h PMP, only 1 debris flow occurs in
the catchment, and the runout distance is relatively small. The
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Fig. 7 Simulation results of
landslide deposits and landslide
scars corresponding to a 44%, b
65%, and ¢ 85% of 24-h PMP
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Fig. 8 Simulation results of
maximum debris flow depth
corresponding to a 44%, b 65%,
and ¢ 85% of 24-h PMP for
scheme 1 in which debris flows
are initiated at landslide scars
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Fig. 9 Simulation results of 11401‘0'0"E 11401‘5'0"E
maximum debris flow velocity (a)
corresponding to a 44%, b 65%, ‘
and ¢ 85% of 24-h PMP for
scheme 1 in which debris flows
are initiated at landslide scars
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Fig. 10 Simulation results of
maximum debris flow depth at the
central area corresponding to a
44%, b 65%, and ¢ 85% of 24-h
PMP for scheme 1 in which de-
bris flows are initiated at landslide
scars
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Fig. 11 Comparison of a debris flow volumes and b affected areas under different storm magnitudes for scheme 1 in which debris flows are initiated at
landslide scars and scheme 2 in which debris flows are initiated at landslide deposition areas

debris flow stops at the foot of the hill and no building is
affected. When the storm magnitude increases to 65% of the
24-h PMP, a lot of debris flows are initiated in the catchment,
and some buildings closest to the foot of the hill are affected
by debris flows. When the storm magnitude reaches 85% of
the 24-h PMP, the number of debris flows does not grow
much, but the magnitude of debris flows increases significant-
ly. Some debris flows even run further into the urban area. A
large number of buildings and people in the area can be
affected.

For the debris flows that initiate at the landslide scars, as
shown in Table 2, the total volumes reach 30 x 10° m? , 727 x
10° m®, and 1022 x 10* m?, respectively, in the three storm
scenarios. The erosion volumes are 11 x 10° m>, 356 x
10® m?, and 415 x 10> m?, respectively. The large entrained
soil volumes agree well with common observations that en-
trainment is a significant factor in debris flow development.
The areas that are affected by debris flows are 111.4 x 10° m?,
2610.7 x 10° m2, and 3214.2x 103 m2, respectively. For the
debris flows that initiate at the deposition areas (Table 3), the
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Fig. 12 Influence of slope angle on initial debris volume under a storm of 85% of PMP

total volumes of debris flows reach 30 x 10> m>, 426 x
10° m?, and 669 x 10° m’, respectively. The areas affected
by the debris flows are 94.4 x 10° m?, 639.4 x 10°> m?, and
817.7 x 10°> m?, respectively. Figure 11 compares the debris
flow volumes and affected areas in the two initiation schemes.

As shown in the figures and tables, the consequences in
scheme 1 are much more severe than those in scheme 2. The
area of debris flow path is much larger in the first scheme. The
total volumes in scheme 1 are 1.0, 1.7, and 1.6 times those in
scheme 2, and the maximum flow depth and maximum flow
velocity are also larger. Thus, the debris flows in scheme 1 can
be more destructive. Within each scheme, the maximum flow
velocity, flow depth, travel distance, total volume of debris
flow, and area affected increase with the initial debris volume
or the magnitude of rainstorm. The differences between the
consequences of those under 44% PMP and those under 65%
PMP are much larger than the differences between those under
65% PMP and 85% PMP, which means the debris flow scale
grows dramatically when the storm magnitude increases from

44% to 65% PMP, while the growth becomes slower when the
storm magnitude is even larger. From the results, it can be
inferred that a threshold has probably been reached when the
storm magnitude grows up to 65% of the 24-h PMP. Taking
the total debris flow volumes in scheme 1 as an example, the
total debris volume under 65% PMP is 24 times that under
44% PMP, while that under 85% PMP is only 1.4 times that
under 65% PMP. The erosion volumes in scheme 1 also grow
dramatically with the initial debris volume. Thus, the hazard
intensities in scheme 1 are much higher than those in
scheme 2.

There are two reasons for the different consequences in the
two schemes. First, the initiation locations in scheme 2 are at
deposition zones, which are at low elevations and the slope
angles are smaller. Thus the erosion rate is smaller according
to Eq. (15). Second, when initiating at the landslide scars, the
flow paths of debris flows are longer than those in scheme 2,
which also means a larger amount of entrainment. In scheme 1,
the debris flows are assumed to initiate at the landslide scars

Table 4  Predicted debris flows under extreme storms under 65% of PMP considering different transformation rates for scheme 1 (debris flows

initiating at landslide scars)

Transformation ratio 33% 50% 100%
Initial debris volume (m?) 371,000 562,000 1,124,000
Maximum travel distance (m) 1200 1280 1500
Maximum flow depth (m) 7.8 9.0 10.9
Maximum flow velocity (m/s) 5.1 5.2 5.8

Total debris flow volume (m3) 727,000 992,000 1,710,000
Deposition volume (m3) 117,000 172,000 335,000
Erosion volume (m®) 356,000 430,000 586,000
Mobile volume (m?) 610,000 820,000 1,375,000
Area affected by debris flows (mz) 2,610,700 2,958,400 3,610,700

@ Springer



Predicting debris-flow clusters under extreme rainstorms: a case study on Hong Kong Island 5791

1800 -
—a— nitial volume

—e— total volume
1500

1200

900

initial volume

600

300 A

0 T

20 33 40 50

60 80 1

T
0

Transformation rate (%)

Fig. 13 Comparison of initial debris volume and total debris flow volume corresponding to different transformation rates under a storm of 65% of PMP

and the landslide scars with the highest elevations are almost
the same under the three rainstorms. According to Figs. 8 and
9, the debris flows can reach the urban area more easily under
extreme conditions, which poses a great threat to society, and
have to be prepared for.

Key factors influencing the magnitude
of debris flow clusters

Influence of slope angle

A parametric study is conducted to examine the influence
of the slope angle at the initiation point on the results.
Figure 12 shows the percentage of total initial debris vol-
ume vs. slope angle for 85% of the 24-h PMP and the
distribution of slope angle of the terrain. The figure shows

Table 5 Predicted debris flows under an extreme storm of 65% PMP
considering different effective cohesion values (scheme 1, debris flows
initiating at landslide scars)

Effective cohesion (kPa) 35 4.0/4.5 5.5
Initial debris volume (rn3) 690,000 371,000 10,000
Maximum travel distance (m) 1250 1200 750
Maximum flow depth (m) 94 7.8 4.5
Maximum flow velocity (m/s) 52 5.1 3.8
Total debris flow volume (m3) 1,183,000 727,000 21,000
Deposition volume (m*) 221,000 117,000 5000
Erosion volume (m3 ) 493,000 356,000 11,000
Mobile volume (m?) 962,000 610,000 16,000
Area affected by debris flows (m2) 3,080,900 2,610,700 6300

that the terrain is rather steep and about 30% of the terrain
area is steeper than 30°. No debris flow initiates in areas
with slope angles gentler than 20°. The majority of debris
flows initiate at slopes ranging from 30° to 50°. The total
initial debris flow volume is the largest on slopes ranging
from 40° to 50° in this case, which means that this range is
the most susceptible to debris flows and should be paid
more attention when taking actions to cope with slope fail-
ures and debris flows.

Influence of initial debris volume

A sensitivity study is conducted to study the fraction of the
volume that turns into a debris flow from a soil deposit. In this
section, the 65% PMP is selected as a study storm case. In
addition to a transformation rate of 33% that is assumed in the
previous section, transformation rates of 50% and 100% are
examined in this section, which are obviously on the safe side.
The simulation results are listed in Table 4. The assumed total
initial debris volumes are 562 x 10° m> and 1124 x 10°> m°.
The total volumes of the debris flows increase from 727 x
10*> m® for a transformation ratio of 33% to 992 x 10° m® f
and 1710 x 10> m> for transformation ratios of 50% and
100%, respectively. The affected area increases from
2610.7 x 10> m? to 2958.4 x 10> m? and to 3610.7 x 10> m?,
respectively. A comparison of the initial and total debris flow
volumes is presented in Fig. 13. The total debris flow volume
grows approximately proportional to the initial volume. From
Table 4, it can be found that the travel distance, total volume,
erosion volume, mobile volume, maximum flow depth and
velocity, and affected area all increase as the initial debris
volume increases.
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Influence of effective cohesion

A sensitivity study is conducted to study the influence of
the effective cohesion of soil. In this section, the 65%
PMP storm [Fig. 6(b)] is selected as a reference storm,
and the landslide transformation rate is assumed to be
33%. In addition to the values of 4.5 kPa for volcanic
deposits and 4.0 kPa for granitic deposits, effective cohe-
sion values of 3.5 kPa and 5.5 kPa for both types of
deposits are examined in this section. The simulation re-
sults are listed in Table 5. The total initial debris flow
volumes are obtained as 690 x 10° m*® and 10 x 10° m’
for 3.5 kPa and 5.5 kPa, respectively; the total volumes
of debris flows are 1183 x 10° m> and 21 x 10> m?, re-
spectively, and the affected areas are 3080.9 x 10° m?
and 6.3 x 10> m? for 3.5 kPa and 5.5 kPa, respectively.
It can be found that the effective cohesion has a great
influence on the hazard magnitudes. This is expected, as
cohesion is a controlling factor for shallow-seated fail-
ures. The cohesion of fully saturated grade IV or grade
VI granitic or volcanic deposits is zero. The presence of
small cohesion reflects the contributions of vegetation
roots and the soil suction that is not completely dissipated
during rainfall infiltration (e.g. Zhu and Zhang 2015; Zhu
et al. 2017). Both factors are known to help prevent
shallow-seated slides.

Limitations
The models in this study are subject to several limitations:

(1) The geological and initial conditions (e.g. the initial wa-
ter table) for all analysis cases are assumed to be the same
in this study, while they may vary under different rainfall
scenarios.

(2) Each type of material is considered to be isotropic and
homogeneous. The parameters of soils can vary due to
their spatial distributions and histories, especially in
such a large area as the entire Hong Kong Island. The
variation in each soil type is not considered; for ex-
ample, granitic colluvium and granitic alluvium are
both classified as completely decomposed granite
(CDQG).

(3) The study follows a two-step analysis procedure, which
means slope failure and debris flow simulations are con-
ducted separately. The initiation points of debris flows
are identified from the slope failure simulation results.
Thus, an integrated full-process analysis that takes sur-
face runoff and groundwater flow, and landslides and
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debris flows as a single process will be preferred in the
future.

Conclusions

Possible clusters of debris flows over the entire Hong
Kong Island under extreme rainstorm conditions have
been studied in this paper. In addition to a physically
based distributed cell model adopted in the slope failure
analysis, a depth-integrated computational scheme con-
sidering erosion and deposition processes is adopted to
predict likely debris flows. The models are validated
using historical records of the rainstorm during 6-7
June 2008. Finally, the debris flows under three extreme
rainfall scenarios, i.e. 44%, 65%, and 85% of the 24-h
PMP, are predicted. Based on the study, the following
conclusions can be drawn:

(1) Under the three extreme rainstorm scenarios, 0.14%—
4.09% of the Hong Kong Island can be affected by debris
flow clusters when they initiate at the landslide scars, and
0.12%—1.04% when they initiate at the landslide deposi-
tion areas.

(2) The travel distance, maximum flow depth and ve-
locity, total volume, and affected area become
much larger with the increase of the storm magni-
tude, and the consequences when initiating at the
landslide scars are much more severe than those
when initiating at the deposition areas, as the ele-
vations of the landslide scars are higher.

(3) The majority of debris flows occur on steep terrains 40°—
50° in slope angle, although such steep terrain only ac-
counts for 3.5% of the land area.

(4) The sensitivity study shows that when initiating at the
same location, the total debris flow volume grows pro-
portionally to the initial debris volume. Therefore, the
debris flow scale depends on both the initiation location
and the initial volume.

(5) The total debris flow volume increases 24 times in
scheme 1 when the storm magnitude increases from
44% PMP to 65% PMP, but the debris flow scale
only increases 1.4 times when the storm magnitude
further increases from 65% PMP to 85% PMP.
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