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INTRODUCTION
In mountainous regions, the identification of suitable sites for major facilities such as pump
stations or terminals can be severely constrained by the steep, rugged topography. Flat ground
is often limited to the alluvial fan areas at the mouths of steep catchments. These sites can be
particularly vulnerable to channelised debris flows. Debris flows generally comprise slurry of
fine (sand, silt and clay) and coarse material (cobbles and boulders) mixed with varying
quantities of water. The mixture moves downslope, often along pre-existing drainage paths, in
surges induced by gravity and channel bank collapses. They are a common and highly
destructive feature in mountain environments, where earthquakes, heavy rainfall or snowmelt
can mobilise surface debris and the thin soil cover and incorporate it into a flow (Costa and
Wieczorek 1987). Observed debris flow velocities range from 0.5 to 20m/second. These
events can be extremely destructive. For example, in 1994 an earthquake (magnitude 6.4) in
the Paez Valley, southwest Colombia triggered landslides and debris flows over an area of
around 250km2 (Martinez et al. 1999). Some debris flows travelled some 120km downstream,
destroying villages, 6 bridges and 100km of road.
Quantitative risk assessment involves estimating the probability of landslide events of
different magnitude and their consequences (e.g. Cruden and Fell 1997; Lee and Jones 2004).
This paper describes a Quantitative Risk Assessment (QRA) method developed for
establishing the levels of risk to the personnel based at a hypothetical facilities site in a steep
mountain catchment in Hong Kong. The general approach is broadly applicable to other
settings.
The approach uses a combination of geomorphological and engineering geological mapping
to provide the framework for evaluating the hazards and risk that could be expected at the site.
The assessment has involved:
•
•
•
•

development of a hazard model, estimating the maximum credible debris flow event and
its probability;
development of a consequence model, based on the expected population at risk and their
exposure and vulnerability;
estimating risk in terms of individual risk and societal risk;
considering the acceptability of the estimated levels of risk.

Terrain and geohazard challenges facing onshore oil and gas pipelines, Thomas Telford, London, 2004.
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In this example, individual risk is defined as the risk for an individual who is present at a
particular location for the entire period under consideration, which may be 24 hours per day,
365 day per year or during the entire time that a risk generating plant, process or activity is in
operation (i.e. the Location-Specific Individual Risk). Societal Risk is the frequency and the
number of people suffering a given level of harm from the realisation of specified hazards
(IChemE 1992). It usually refers to the risk of death and is expressed as risk per year.

Figure 1 Steep mountain catchment, Hong Kong

THE SITE
The site is located on the northern slopes of Lantau Island, east of Tung Chung, Hong Kong
(Figure 1). It comprises a single very steep catchment (35-40° slopes) characterised by a
series of northwest trending drainage lines that join about mid-slope into a single stream
course running to the base of the slope. The site is approximately 400m in length, from
mountain crest to the sea, and 100m at its widest narrowing downslope to 40m. The area has a
high incidence of recent debris flow activity triggered by rainstorms (Evans et ah. 1997;
Franks 1999).
An integrated programme of engineering geological and geomorphological mapping was
undertaken in order to define a series of hazard models (Halcrow 1999a,b; Moore et al. 2001,
2002). Field mapping identified a series of distinct terrain units and sub-units, based on
interpretation of slope morphology and surface drainage (Figures 2 and 3). These include an
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upper catchment (Terrain Unit 1), comprising a series of convergent incised stream channels
(Terrain sub-units 1.1 to 1.4), and a lower catchment (Terrain Unit 2), comprising a single
incised stream channel (Terrain sub-unit 2.2). Below Terrain sub-unit 1.3 there is a narrow,
sediment filled channel storage zone (Terrain sub-unit 2.1). A large debris fan occurs at the
mouth of the catchment (Terrain Unit 3) that extends onto the shoreline.
A total of 75 landslides were identified within the catchment. Most landslides occur on 35-40°
slopes, are of recent origin (i.e. vegetated or partly vegetated failures that most likely occurred
within the last 50 years; Halcrow 1999a,b) and have involved an initial phase of detachment
as a shallow (<3m deep) debris slide or avalanche (Evans et al. 1997) within weathered rock
and/or saprolite. Evidence for channelised debris flows was limited to the presence of an
extensive fan of debris flow deposits at the catchment mouth (debris fan) and the indistinct
traces of debris trails on the steep valley sides and stream channels.
Ground investigation confirmed that the debris fan deposits were probably of debris flow
origin and revealed up to 5m of material in three distinct layers with an estimated volume of
48,000m3. The evidence indicated that the fan comprises debris from three main events of
comparable magnitude of about 16,000m3.
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Figure 2 Geomorphology and geology map of debris flow catchment
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Hazard Models
A schematic summary of the distribution of terrain units and the associated natural hazards
across the catchment is presented in Figure 3. The field investigations provided the
framework for deriving channelised debris flow event scenarios for the catchment. The
approach involved estimation of a sediment budget for the catchment (i.e. the balance
between sediment inputs from landsliding and the outputs from the catchment). The whole
catchment was viewed as a cascading sequence of interrelated physical systems (i.e. terrain
sub-units), so that the outputs from one system provide the inputs to the next in line. Within
the catchment, five main stages of landslide activity were recognised: initiation and
detachment of material from hillslopes; transport and delivery of this material into the
channel system; storage of material within the channel system (and also, in the short-term, on
hillslopes before delivery to the channels); entrainment and runout from the catchment; and
deposition on the debris fan.
The sediment budget for the catchment provided an indication of the current potential
sediment supply to the debris fan at the catchment mouth. However, a large proportion of the
potential sediment inputs remain stored within the natural terrain as:
•

landslide debris upon hillslopes; most landslides within the area have delivered less than
50% of the failed mass to the stream channels and valley stores. The amount of material
stored within individual landslides was estimated visually during the field mapping;

•

colluvial and alluvial deposits within channels; as ribbon-like stores along stream channel
banks and beds (often as angular and sub-rounded boulders within a sandy matrix) or
broader accumulations in valley floors (valley floor stores). The amount of material stored
within stream channels was estimated as an average volume per metre run. The volume of
material stored within valley floors was estimated from surface dimensions and an
assumed average depth.

For relatively high frequency, shallow, open hillside landslides, debris enters the slope or
valley stores rather than being directly mobilised as channelised debris flows. Thus, the stores
act as a buffer between hillslope instability and stream valley transport, either as channelised
debris flows or in flash floods. However, for low frequency high magnitude events, debris
stored upon hillslopes and within valley floors provides a source of generally unconsolidated
sediment that can be entrained and mobilised by channelised debris flows. For example, the
Tsing Shan debris flow of 1992 entrained twice as much as its initial volume as it entered a
drainage line and entrained bouldery colluvium (King 1996). It follows that the accumulation
of unconsolidated debris from numerous shallow hillside landslides within valley stores over
time can provide a large volume of sediment capable of being mobilised in a single episodic
event.
Figure 4 presents a summary sediment budget for the catchment. For each terrain sub-unit the
sediment budget was calculated as follows:
• the inputs were estimated as the volume of material supplied from open hillside landslides
(i.e. landslide volume less the amount remaining on the hillslope), plus the volume of
material supplied from upslope terrain sub-units;
• the hillslope and valley storage was estimated from field observations (i.e. length x
average width x average depth);
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Figure 3 Schematic hazard model of the debris flow catchment
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Figure 4 Sediment budget of the debris flow catchment
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• the output from each terrain sub-unit was assumed to be the balance between the inputs
and storage. Where the inputs are greater than the estimated hillslope and valley floor
storage, the excess is assumed to be the output from the terrain sub-unit and, hence, an
input to the next sub-unit.
In this way, the contemporary catchment yield was estimated to be about 5,770m3 i.e. the
supply to the debris fan. This figure represents the difference between the inputs from the
current suite of open hillside landslides and the catchment storage. The recorded landslide
features have involved 23,900 m3 of sediment of which around 13,500m3 has been supplied to
the catchment (a further 10,400m3 remains in storage upon the hillsides within landslide
scars), 7,730m3 (i.e. 32% of the total) remains as channel storage and 5,770m3 (24% of the
total) has been transported to the debris fan by channelised debris flows and flash floods.

Landslides
input
23,900m3

Hillside
storage
10,400m3

Channel
storage
7,730m3

Output to
debris fan
5,770m3

The sediment budget calculation was used to estimate the volume of possible future scenarios,
one of which was the maximum potential channelised debris flow event that could be expected
to occur within the catchment, with an expected frequency of 1:50 years. This Scenario was
estimated by defining a maximum potential open hillside landslide for each terrain sub-unit
(i.e. source area) and the potential entrainment of colluvium from the existing channel storage
areas (Table 1). Field evidence indicated that the largest existing open hillside landslide has an
estimated volume of 1,800m3. As rainfall events that could trigger major landslide activity are
likely to cover the entire catchment, it was assumed that events of a comparable magnitude
could be triggered simultaneously in each of the 3 sub-catchment source areas, providing an
input of 5,400m3 of sediment.
A series of channel sections were defined from each potential source of landsliding along the
stream course highlighting channel storage areas from which colluvium can be entrained by
the channelised debris flow. It was assumed that all debris from channel stores could be
mobilised and transported down the channel to a point where deposition takes place. Based on
existing knowledge of channelised debris flow behaviour in Hong Kong, debris entrainment
has been observed on channel gradients above 22° whilst deposition occurs where gradients
reduce to 15° or less. An ''initial deposition poinf was therefore defined by the 15° break in
slope contour, below which channel gradients are generally less than 15°.
For channel sections steeper than 22°, it was assumed that 2.5m of debris per metre length of
stream channel may be entrained. This assumption accounts for the potential entrainment of
loose colluvium from the steep side-slopes adjacent to the stream channel. In some locations,
the potential channelised debris flow passes over colluvium previously deposited in stream
channels. If the colluvium is within a channel at gradients of 22° or above, it was assumed
that all material within the channel could be entrained. For example, a 5m deep deposit of
colluvium in a 7.2m wide stream channel could yield 36m3/m length of channel: i.e. 7.2m x
5m x lm = 36m3.
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Table 1 Best Estimate Maximum Potential Channelised Debris Flow Event (from
Moore ef a/., 2002)
Terrain Sub-units and landforms
Terrain Sub-unit 1.2
Maximum Open Hillside Landslide Source Event
Channel Section 1 (35°)
Entrainment of colluvium = 64 m x (2 m x 2 m/tan 35)
Channel Section 2 (17°)
No entrainment due to low gradient = 1 3 5 m x 0 m / m
Channel Section 3 (27° to 30°)
Entrainment = 195 m x 2.5 m3/m
Terrain Sub-unit 1.1
Maximum Open Hillside Landslide Source Event
Channel Section 4 (28°)
Entrainment of colluvium = 163 m x (lm x lm/tan 35) = 1.43m3/m
Since 1.43 < 2.5, use 2.5m3/m
Channel Section 5 (25° to 36°)
Entrainment = 157mx 2.5 m3/m
Terrain Sub-units 1.3 & 2.1
Maximum Open Hillside Landslide Source Event
Channel Section 6 (30° to 50°)
Entrainment of colluvium = 1 8 5 m x ( 2 m x 2 m/tan 35)
Channel Section 7 (<20°)
No entrainment due to low gradient = 65 m x 0 m3/m
Channel Section 8 (12°)
No entrainment due to low gradient = 75 m x 0 m3/m
No deposition
Terrain Sub-unit 2.2; V-shaoed stream channel below confluence
Channel Section 9 (18° to 20°)
No entrainment due to low gradient = 300 m x 0 m3/m
Channel Section 10 (25°)
Entrainment = 54 m x 2.5 m3/m
TOTAL POTENTIAL OUTPUT TO TERRAIN UNIT 3

Volume m
1,800
367
0
488
1,800

408
393
1,800
1,057
0
0
0

0
135
8,248mJ

The results indicate a 'best estimate' maximum potential channelised debris flow event of
about 8,250m3. This compares with a possible 'worst-case' maximum potential channelised
debris flow event of about 24,000m3. This latter event would involve the mobilisation and
transport of all the current hillside, channel and valley floor storage in a single event. It was
assumed that there would be no storage of sediment within the catchment after the event i.e.
for each terrain sub-unit the outputs have been estimated as the volume of material currently
held in store and the volume of material supplied from an upslope terrain sub-unit. The
likelihood of the 'worst-case' scenario was considered remote with an expected frequency
well in excess of 1:200 years. Indeed, evidence from the debris fan of only three main events
suggests that channelised debris flows are extremely rare. In this case, high-magnitude
channelised debris flows are only likely to be triggered by the rare occurrence of multiple
open hillside landslides, coupled with delivery of debris into fast flowing stream channels
that increase the mobility and entrainment of landslide debris down the mountain stream
course.
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Consequence Models
The impact of a debris flow event is controlled by its intensity (e.g. mass and velocity) and
duration, the assets at risk, the exposure of the assets (i.e. the facilities and personnel) and
their vulnerability to damage. Combining these factors enables a consequence model to be
developed that reflects the damage associated with particular event scenarios (Lee and Jones
2004). In a consequence model, both the exposure and vulnerability factors range between 0
and 1 and are used to establish the predicted damages compared with a total loss event in
which the assets at risk would be completely lost (i.e. personnel would be killed). For an
event of a particular intensity:
Risk = Prob. (Event) x (Total Loss x Exposure x Vulnerability)
The exposure of the personnel can vary with the timing of the event, be it night or day, weekday or weekend (i.e. temporal probability). The consequences will reflect the chance of the
event occurring at a time when personnel are either within the zone of impact or at a relatively
high level of concentration (i.e. occupancy rates for site offices are generally lower at night).
Temporary exposure can be represented by a factor on the scale from 0 (never present) to 1
(permanently present fixed asset). As there is uncertainty regarding exactly when a debris
flow will occur, it is difficult to reliably predict how many people could be present to be
impacted by the event. An estimate of the average number of people that are likely to be at
risk within the area during a day was developed (i.e. a population model). This model takes
into account variations in the actual number of people within each different type of building at
different times of the day, and then sums the values for the area as a whole. Table 2 presents
the population densities used for the hypothetical facilities site and other land uses.

Table 2 Population densities used for developing hypothetical population models
Type of Development
Industrial facilities (e.g. pump station site)
Residential (Group A)
Comprehensive Development Area
Other specific uses
Open space/playground
Green belt
Standard 3-storey NT exempted house
Multi-block mass housing

Population
500/ha
3,000/ha
500/ha
200/ha
50/ha
0/ha
15/house
1,000/block

Vulnerability is the likelihood of death or injury of a person located in an area affected by
debris flow events of different magnitude; this takes account whether the person is inside or
outside an affected building. The vulnerability factors were derived after DNV (1996) based
on a 30 to 35° shadow angle reach of landslides and time of day (Table 3).
Table 3 Vulnerability factors for open hillside landslides (after DNV Technica 1996)
Indoor population
Volume (mJ)
Outdoor population
50
0.0002
0.03
100
0.006
0.054
500
0.011
0.078
1,000
0.026
0.11
2,500
0.04
0.15
5,000
0.17
0.48
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Quantitative Risk Assessment
QRA was carried out to determine Individual and Societal Risk from the various natural
terrain hazards. The individual risk (IR) associated with a particular hazard (h) was calculated
as follows:
IR (hazard h) = Prob. (event) x Prob. (run-out distance) x Prob. (flow width) x Vulnerability
The vulnerability factors reflect the probability of death of a person located in the area
impacted by an event (see Table 3).
The total individual risk is the sum of the risks associated with each of the hazards (h to ri):
IR (hazard h-ri) = £ Prob. (event) x Prob. (run-out) x Prob. (width) x Vulnerability
Societal risk results were presented as Potential Loss of Life (PLL) and JN curves. The
potential loss of life (PLL) associated with each hazard (h) was calculated as follows:
PLL = IR x Exposed Population
The exposed population is the average population within the area affected by the debris flow
event (see Table 2).

Risk Results
The upper bound IR and PLL at the hypothetical facilities site from channelised debris flows
are:
•
individual risk = 3.03 x 10"2
•
societal risk = 3.39

Figure 5 Individual risk contours - Tung Chung East.
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Figure 5 presents an example of IR contours for the study area which illustrates the
concentration of risk at the toe of steep natural terrain and at the outlets of stream valleys. The
high risk levels for channelised debris flows reflect the potential for high numbers of fatalities
arising from high magnitude events, albeit the historical record indicates that these are very
rare. The uncertainty or width of the error band for channelised debris flows was about 3
orders of magnitude, reflecting the greater uncertainty with low frequency high magnitude
events.

Risk Acceptance Criteria
The risk results obtained for the combined and individual hazards can be compared with the
Interim Risk Guidelines (IRG) for landslides and boulder falls on natural terrain in Hong
Kong (ERM-HK Ltd. 1998; Reeves et al. 1999). The IRG indicate an 'acceptable' individual
risk level of 1 x 10~5 for new development and 1 x 10~4 for existing development. Individual
risk criteria were found to be most useful in this study, although ways of assessing societal
risks based on PLL (potential loss of life) were also examined.

CONCLUSIONS
The risk results in this study are purely theoretical, being based on a hypothetical
development scenario. However, the overall approach to hazard and consequence model
development is of general application for estimating the risks posed to developments at the
mouths of debris flow catchments. This example has concentrated on estimating the risk to
people (i.e. individual or societal risk). However, the method could easily be adapted for
evaluating the potential economic losses associated with debris flow events. In this case the
risks could be defined by:
Risk = Prob. (Event) x (Total Loss x Vulnerability of the Structures)
It is clear that quantitative hazard modelling of natural debris flows is very difficult. Given the
current state of knowledge and available techniques, it is not possible to predict precisely the
location, timing and size of future debris flow events. Hazard prediction therefore usually
involves the classification of the different types of hazard that might be expected, together
with an assessment of their probable future frequency and magnitude. In doing so it is typical
to assume that the level of natural terrain hazard activities over the last 50 years or so (for
which there may be historical records) will be indicative of activities in the near future. This
may be a reasonable assumption for relatively large areas of natural terrain with few human
influences.
The derivation of the numerical probability of debris reaching a given location is not
straightforward, and requires the application of some fairly complex statistical methods to the
available data on landslide initiation and debris behaviour. Even when careful statistical
analysis of the available data is carried out, there are still fundamental uncertainties relating to
the frequency, magnitude and location of events and resulting debris impacts.
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