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Abstract. The 14 April 2010Ms= 7.1 Yushu Earthquake 1 Introduction

(YE) had caused severe damage in the Jiegu township, the

residential centre of Yushu Tibetan Autonomous Prefecture;rhe 14 April 2010Ms= 7.1 Yushu Earthquake (YE) not
Qinghai Province, China. In view of the fragile geological only caused nearly 3000 fatalities (Lin et al., 2011) and enor-
conditions after YE, risk assessment of secondary geohazmous economic loss, but also made the seismic area more
ards becomes an important concern for the reconstruction. Ayrone to geological hazards. Debris flow in seismic areas is
quantitative methodology was developed to assess the risk &iften characterized by enormous energy and by a complex
debris flow by taking into account important intensity infor- pehaviour consisting of high velocity and long run-out (up
mation. Debris flow scenarios were simulated with reSpeCt th tens of ki|0metres)_ They posed h|gh risk to human lives.
rainfall events with 10, 50 and 100yr returning period, re- Since 12 May 2008, large numbers of debris flow events
spectively. The possible economic loss and fatalities causefiave occurred in the Wenchuan seismic area and have caused
by damage to buildings were assessed both in the settlehousands of deaths (Xie et al., 2009; Tang and Tie, 2009; Cui
ment area and in the low hazard settlement area regarding th& al., 2010; Xu, 2010; Yu et al., 2010). The debris flow event
simulated debris flow events. Three modelled building typesthat took place on 7 August 2010 in Zhouqu led to more than
were adopted, i.e. hollow brick wood (HBW), hollow brick one thousand people losing their lives (Yu et al., 2010). Stud-
concrete (HBC) and reinforced concrete (RC) buildings. Thejes on the Chi-Chi seismic area have shown that the thresh-
results suggest that HBC structure achieves a good balancgid of accumulated rainfall for triggering debris flow would
for the cost-benefit relationship compared with HBW and drop significantly after a large earthquake (Chen, 2008; Liu
RC structures and thus could be an optimal choice for mosgt al., 2008). The necessity of risk assessment of potential de-
of the new residential buildings in the Jiegu township. The bris flow in seismic areas after a large earthquake is therefore
low hazard boundary presents significant risk reduction effi-syggested.

ciency in the 100yr returning debris flow event. In addition,  However, it is still challenging to conduct quantitative risk
the societal risk for the settlement area is unacceptable whegssessment of debris flow events by considering their ex-
the 100yr returning event occurs but reduces to ALARP (asremely high energy and mobility. It had been recognized that
low as reasonably practicable) level as the low hazard area igetermining parameters defining intensity (e.g. velocity, vol-
considered. Therefore, the low hazard area was highly recyme and depth of deposits) and predicting run-out distance
ommended to be taken into account in the reconstructiongre two most crucial aspects in geohazard risk assessment
Yet, the societal risk might indeed approach an unaccept(Lan et al., 2008; Revellino et al., 2008; Liu et al., 2011).
able level if one considers that YE has inevitably increasedrisk to life caused by debris flow events and rockfalls in
the occurrence frequency of debris flow. The quantitative regjldudalur, NW-Iceland, was calculated through the prod-
sults should be treated as a perspective for the reconstructiofict of probability of event, its consequences and elements
rather than precise numbers of future losses, owing to theyt risk (Bell and Glade, 2004). The direct and indirect eco-
complexity of the problem and the deficiency of data. nomic risk map of landslides in the Bajo Deba area, northern
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Fig. 1. Location of Jiegu township. The red concentric circles indicate the epicentre of YE. It is shown that Jiegu township is located on the
Ganzi-Yushu fault zone and adjacent to the YE epicentre. The ruptures of YE mapped in field survey are presented using red lines.

Spain, was obtained based on considerations of hazard, vuR Study area
nerability and valuation of exposed elements (Remondo et
al., 2008), while total annual monetary risk was estimated forT he Jiegu township is located on the Ganzi-Yushu Fault zone,
two debris flow gullies in the Songhe community, Taiwan, to Which is one of the most active fault zones in the east mar-
evaluate the performance of risk reduction programs (Cherin of the Tibetan Plateau (Fig. 1). The Ganzi-Yushu Fault
et al., 2010). Quan Luna et al. (2011) used numerical debrigone strikes along NWW-SEE continuously, owing to the
flow modelling to generate physical vulnerability curves for collision of India with the Eurasia (Gan et al., 2007), and is
the risk assessment of debris flow events in the central pari¢apable of triggering large earthquakes. Five historical earth-
of the Valtellina Valley in northern Italy. guakes ofVf > 7 have occurred along the Ganzi-Yushu fault
As the economic and inhabitant centre of the Yushuzone over approximately the past 700yr (Lin et al., 2011).
Tibetan Autonomous Prefecture, the Jiegu township wasl he Jiegu township locates about 45 km southeast away from
Severe|y damaged by YE. For the purpose of reconstructhe epicentre of YE (Flg 1) and therefore suffered severe fa-
tion, detailed information regarding the probability of dam- talities during YE.
age state for a building impacted by debris flow as well as the The Yushu seismic area is characterized by typical plateau
societal risk has to be predicted. The main objective of thistopography with an average altitude of over 4000 ma.s.l. Itis
study is to quantitatively assess the risk of potential debrisdominated by inter-bedding Triassic sandstone and slate that
flow events in the Jiegu township by incorporating their im- are highly prone to geological failure. Incompact Quaternary
portant intensity information so as to assist decision_makingﬂUVia', alluvial and colluvial deposits are abundant in the ma-
in the reconstruction. Debris flow scenarios were simulatedor valleys and their branches. The Jiegu township is located
to identify maximum run-out distances, volumes, velocities, along the narrow Zhaqu River valley (Fig. 2), which is about
deposit distribution and their impact pressures. The quan300-1500 m wide and about 400-1000 m lower than the sur-
titative relationship between the impact of debris flow androunding high lands. The river terrace adjoining piedmont
the damage status of facilities was established by a rationadlluvial fans is heavily populated and is therefore highly vul-
model. The possible economic loss and fatalities caused byerable to debris flow (Fig. 3). Some parts of the township
damage to buildings in simulated potential debris flow eventsare actually located on alluvial fans formed by debris flow.
were then estimated with respect to different scenarios of The Yushu seismic area is located in the arid and semi-arid
rainfall events. The risk reduction efficiencies of employing region. Its temperature averages 37and differs distinctly
high resistance building structures and avoiding high hazardetween day and night. The mean annual precipitation is
areas in the reconstruction were analysed. The associated sabout 468 mm, where the rainy season from May to October
cietal risk of debris flow was also addressed. accounts for about 92 % of total precipitation (Niu, 2011)
The recorded maximum annual precipitation and maximum
daily precipitation is 638.8 mm and 38.8 mm, respectively.
During the rainy season, rainfall events are characterized by
short duration, high intensity and are highly spatial and tem-
poral concentrated.
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Fig. 2. Aerial view of the topographic setting of Jiegu township. The arrow indicates the site where the two photos in Fig. 3 were taken. The
geological hazards after YE around Jiegu township are also shown. The hazard classification method proposed by Cruden and Varnes (199€
is adopted to classify these hazards. Circled numbers indicate the locations of the 16 gullies in which debris flow events have occurred at
least once. Gully 1-5 are five gullies where the severe debris flow event on 29 July 2003 occurred. Details of these gullies and historical
events are listed in Table 1. The explanation of low hazard area is given in the end of Sect. 2.

From 1957 to 2005, a total 11 notable historical debris flowreal residential area before the earthquake in which high
events occurred in 16 gullies around the Jiegu township (Remprobability of geological hazard existed. The high hazard
and Zhu, 2007; also see Fig. 2 and Table 1). On 29 July 2003z0ne in the settlement area was due to the overdevelopment
localized intense rainfall produced more than 30 mm precip-of urban settlement toward the mountainous regions.
itation within the period from 19:42 to 20:23 Beijing Time.

It triggered severe debris flow events synchronously occur-
ring in five gullies (gullies 1-5 in Fig. 2 and Table 1) in the 3 Methods

northern mountainous area of the Jiegu township (Ren an . o
Zhu, 2007). One person died and 11 were injured in this%'1 Risk, loss and vulnerability

event. The direct economic loss exc;aeded RMB 25 milliongisk assessment tries to answer “how safe is the element at
(USD~ 4 million), which is almost 80 % of the annual GDP yisi". n a quantitative manner, the answer is defined by the
of Jiegu Town in 2002 (Xiao et al., 2005). product of probability of hazard and the undesirable con-

A primary figld survey after YE dt_atected a total 2_82 S€C- sequence of loss according to most risk assessment models
ondary geological hazard events (Yin et al., 2010; Fig. 2). A(Fell etal., 2005):

newer survey aided by remote sensing images showed that
more than 2000 landslides were induced by YE in the YushuR = H x V x E, (1)

seismic area (Xu et al., 2011). These secondary geologicqh which H (stands for hazard) indicates the probability of

failures created a large amount of loosened material. Debri§he occurrence of a hazard evelitrepresents vulnerability
flow events were therefore easily triggered by lower rainfall andE is the value of element at risk, while the productiof
intensity due to YE. It is consequently expected that debris '

. ; ) and E composes the potential losses.
flow would occur more frequently in the Jiegu township after Vulnerability is a crucial parameter in risk assessment. It
YE.

B " . . . has divergent definitions by different authors. Nevertheless,
A . low hazard area for th.e Jiegu township (Fig. 2) was 5 widely accepted conception of vulnerability is the degree
qptamed by .excludlng_the high hazard zone that was Iden'of loss to a given element or a set of elements within the area
tified according to major geological hazard events (Fig. 2) e teq by a hazard (ISSMGE, 2004). Vulnerability depends
and simulating scenarios of potential. debris flow _events (Se_%n both the intensity of a specif’ic hazard event and the intrin-
Sect. 3.3). The settlement area of Jiegu township Shown ine o cteristics of the threatened element. It is expressed

Fig. 2 was delineated based on the interpretation of high,, - scale of 0 to 1, where 1 means total loss of the value of
resolution aerial images before the earthquake. It shows thg | o \ament or the life of a person
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Table 1.Gullies surrounding Jiegu township in which debris flow events have occurred at least once and their corresponding historical events.

ID Name Watershed Meanslope  Relative Year of Maximum debris
area angle elevation occurrence discharge
(km?) (%) (m) (10 m3)
1 De Nian Long Ba 35 10 1097 2003 2.43
2 ZaSheng Long Ba 0.5 15 880 2003 0.32
3 RiWoLongBa 2.3 22 880 2003 1.55
4  Zhalong Gou 15 30 500 2003 1.01
5 Jie GulLong Ba 9.5 18 800 2003 6.28
6 RiYong Long Dong 0.9 19 280 2002 0.58
7 Re Weng Long 41.0 10 1100 2003 18.21
8 Zhi Rong Nan Gou 3.1 13 350 2000 1.95
9 Shang Jian Guo Long 4.2 15 280 2002 1.16
10 Xia Jian Guo Long 35 20 320 1998 2.28
11 Dailuo Long 4.1 20 920 1998 2.68
12 Xian ZilLong 5.0 26 1300 N.A. 3.53
13 De Wo Long Ba 17 27 400 N.A. 1.15
14 DaDiGou 1.9 29 615 2002 1.26
15 Meng Zong Gou 12.1 14 400 1987 8.38
16 NilLongKu 10.2 26 800 1989 6.57

1pata provided by local government of Qinghai Province and partly estimated by the authors using high resolution satellite images
(QuickBird) and aerial photo£.“N.A.” means unknown.

The total economic loss should be a summation of the los8.2 Damage state of buildings
of all elements at risk, including buildings, roads, bridges,
pipelines, communication systems, and other valuable land$he total economic loss can be estimated by adding up the
such as farmland and forestland, etc. Consideration of all elnonetary losses of each element. However, fatalities can-
ements at risk is only practicable for research cases focusingot be obtained by adding up the probabilities of loss of
on a small area, e.g. with a toe length less than 1 km (Sterlife for individuals. A reasonable way is to assign a certain
lacchini et al., 2007; Chen et al., 2010). It is not practicabledeath rate to each damage state of buildings, as proposed by
for the Jiegu township which extends 20 km along the ZhaquFEMA (2010) in the HAZUS Earthquake Technical Man-
River. Additionally, the varieties and distribution of threat- ual. HAZUS defines five damage states for buildings: none,
ened elements in the crowded Jiegu city area are much morglight, moderate, extensive and complete. A building repair
complex than the rural area (Sterlacchini et al., 2007; Chen egost ratio is also assigned to each damage state in HAZUS.
al., 2010). The devastation caused by YE also made elements The probability of damage state of a building is directly
atrisk indeterminable. Therefore, only losses caused by damlinked to the debris flow impact intensity (i.e. hydrostatic and
age to buildings were assessed in this study since buildinggynamic force). The fatality rate is then associated with the
are the most important element during the reconstruction. IPredicted damage rate of buildings. The quantitative model
was also suggested that economic loss caused by damage Reoposed by Haugen and Kaynia (2008) is adopted to eval-
buildings would account for more than 70 % of the total eco- uate the damage state of buildings in potential debris flow
nomic loss in the city area (Tie, 2009). events. Following the approach of the HAZUS program, this
The potential loss of an individual’s life varies with the model estimates the probability of a building to reach a cer-
location of the person. The risk of hazards to the lives oftain damage state according to its maximum displacement
individuals residing indoors differs from that to the lives of caused by impact of debris flow. For a certain damage state,
individuals residing outdoors. No data are available for theds, and a given maximum displacemeiax, the probability
proportion of residents staying in buildings to those stayingis defined by
out at a certain time and in a certain area. It is therefore not
p_ossible_ to assess fatalities of persons residing inside vs. OUlp (dgfuman) = [i In (”maX)] 7 )
side during the simulated debris flow events. As a result, we Bds Sd.ds
assume that all residents are residing in buildings during the ] ) o
debris flow events, and therefore all fatalities are caused by'here® is the standard normal cumulative distribution func-
damage to buildings. tion, Sq gs is @ predefined median displacement value that
corresponds to the displacement threshold of the damage
state, angBys is a predefined standard deviation of the natural
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The maximum dynamic displacement is caused by impact
force of debris flow and can be estimated:

dyA dyhb
Udy,max = RmaXT = Rmaxplz = Rmaxp Z > (5)

: Gully &

where Pgy and pqy is the dynamic impact force and average
dynamic impact pressure, respectively, alydax is the ra-
tio of the dynamic displacement to the static displacement
caused by the same force amplitude.

The stiffness of a buildingk( can be calculated (Haugen
and Kaynia, 2008):

k= , (6)

wheremgy is the mass and, is the natural period of a build-
ing.

3.3 Simulation of debris flow scenarios

To evaluate the hydrostatic and dynamic force of a debris
flow on buildings, the FLO-2D model (O'Brien et al., 1993)
was used to simulate potential debris flow scenarios. Due to
the degraded geological environment after YE, widespread
debris flow events were supposed to take place in our sim-
ulation, which means that debris flow events occur syn-
chronously in all the major gullies around the Jiegu town-
ship.

Primary input parameters for the simulation are the to-
Fig. 3. Settlgmgnt.area iq Jiegu township. Photos were taken aﬂebography, hydrograph and rheological parameters. The high
YE at the site indicated in Fig. Za) Looking west(b) Looking  aqqytion digital elevation model (5m resolution) was ac-
south. It is shown that the outlets of gully 5 and gully 13 are heavily _ . . . . .
populated. Note:buildings in the east part of Jiegu township did notqUIred ”ght after the 'earthquake by high resolution aerial
suffer from severe damage in YE (photos courtesy of Dr. Yuepingp_hom_pa"s' However it does not cover Fhe whole study area
Yin). since it focuses on the urban area. The input topography was

therefore modelled by 90 m resolution STRM (Shuttle Radar

Topography Mission) DEM (digital evaluation models) to in-

crease the computing efficiency. The input hydrograph was
logarithm of maximum displacement for the damage statedesigned based on the frequency-magnitude analysis of his-
The parametefy 4s and Bys are predefined with regard to torical debris flow records (Table 1) and the rainfall inten-
the damage state and the type of building. The maximunsity for different returning periods. Rainfall analysis was per-
displacement is the combination of maximum dynamic dis-formed by Gumbel analysis (e.g. Koutsoyiannis, 2004) using

placement f.qy,max) and static displacement.§): over 50 yr daily rainfall data available in 15 weather stations.
Fig. 4 shows the rainfall intensity versus duration for dif-
Umax = Ust + Udy,max- 3) ferent returning periods. A triangular hydrograph was estab-

o ] ] lished for the input flow with different rainfall scenarios that
The static displacement is caused by the hydrostatic forcgrespond to three different rainfall events with 10, 50 and

and can be calculated: 100 yr returning periods. The volume concentration of debris
Pss pstA  pshb flow events and.the time duratiqn of events are determined re-
Ust=—= = —— = (4)  ferring to the widespread debris flow event on 29 July 2003

(Xiao et al., 2005). The concentrating time of 2 h was used.
where Pst and pst are the hydrostatic force and average hy- peak discharges are estimated for the 10, 50 and 100 yr re-
drostatic pressure respectivelyis the stiffness of the build-  turning periods using a linear regression formula, which re-
ing, A is the area of building hit by debris flowis the height  sulted in 93, 120 and 132%s1, respectively.
of flow, andb is the width of the building. The yield stress and viscosity are two important rheolog-

ical parameters for modelling the debris flow run-out. Rhe-

ological parameters were estimated from empirical data and
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Fig. 4. The rainfall intensity versus duration for different returning
periods (10-, 50- and 100-yr).

calibration using historical event data. Empirical coefficients 8 = y 'ﬁ'mil’fﬁfﬁiff:?wm.
were reported in the FLO-2D manual (FLO-2D Users Man- e .
ual, 2003). Field survey has suggested that the debris mate
rials are characterized by low viscosity. Therefore we usec
viscosity coefficient of 0.13, viscosity exponent of 12, yield
stress coefficient of 2.7 and yield stress exponent of 10.¢
as initial input parameters. Finer calibration was performed
with a trial-and-error procedure by comparing with field sur-
vey data. The modelling results match well with historical K
events in terms of travelling path and deposition. However, = o
the modelling uncertainty is still a concern when taking into [ &) | o setementarea

. . . A [ Low hazard area
account the different returning scenarios. Adequate data ar . ¢ . Dynamic Pressare (<N/m2)

necessary to improve the frequency-magnitude analysis o
debris flow hazard and rainfall analysis, as well as to help
validate modelling.

The modelling predicts the flow depth, hydrostatic pres-
sure and dynamic pressure of the simulated widespread dé~ig. 5. The simulated debris flow event with a returning period of
bris flows. The results related to rainfall with returning period 100yr: (a) flow depth;(b) hydrostatic pressurdc) dynamic pres-
of 100yr are presented in Fig. 5. Such results help identifysure.
the high hazard zone in the study area and further define the
low hazard area (Fig. 2). The simulation of potential debris

. S . ~4 Results
flow events shows that flow velocity maintains a destructive
level in places 200-500 m away from the gully outlets. Ac- 4 1 Assumptions of modelled buildings
cordingly, areas less than 200500 m away from the outlets
of those gullies without any reduction measures are regardethnce the hydrostatic and dynamic pressures of debris flow
as high hazard zone. While for those gullies with reductionevents are available, the parameters of a certain building,
measures (e.g. dykes), the influencing radius (outlet as th@ke structural type, mass and dimensions as well as its lo-
centre) of debris flow could reduce to 50 m. According to cation, are needed to evaluate its maximum displacement
Fig. 2, some parts of the settlement area actually locate becaused by impact of debris flow. During YE, more than half
yond the low hazard area. It could be suggested that the coryf the buildings in the Jiegu township collapsed (Guo et al.,
sideration of this restriction in the reconstruction of the Jiegu2010). A large number of new buildings are therefore about
township is capable of avoiding potential severe geologicalko be constructed. It is not practical to get the detailed pa-
hazards after YE. rameters of new buildings and of buildings that survived in
YE. As a result, it is simply assumed that buildings with the
same parameters (i.e. structural type, mass and 3-D dimen-
sion) are uniformly distributed in the study area. According
to the current situation in the Jiegu township, all buildings
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Table 2. Parameters of the modelled building types.

Type  Stories Height Ground area Mass T;7 k°
(m) (M)  (10kg) () (MNm
HBW! 2 6 20x 9 101 0.19 110
HBC? 2 6 20x 9 146 0.19 160
RC3 2 6 20% 9 299 0.23 223

1 Hollow brick wood structure? Hollow brick concrete structuré. Reinforced concrete structure.
4 Natural period of a building® Stiffness of a building.

are supposed to have a height of 6 m. High resolution aerialamage state in a cell. These parameters were obtained from
images show that the average ground area of buildings in théhe HAZUS Earthquake Technical Manual (FEMA, 2010).
Jiegu township is about 180%mTherefore, the length, width As HBW, HBC and RC are not included in the 36 building
and height of modelled buildings are setto 20 m, 9 m and 6 mfypes classified by HAZUS, the equivalent URML (low-rise
respectively (see Table 2). This modelled building provides aunreinforced masonry bearing walls structure), RM2L (low-
unit of risk assessment of debris flow for the reconstructionrise reinforced masonry bearing walls with precast concrete
of the Jiegu township. diaphragms structure) and C1L (low-rise concrete moment
The low resistance of buildings in the Yushu seismic areaframe structure) were selected to represent HBW, HBC and
to natural hazards significantly aggravated the economic los&C, respectively. The values 6§ 4s and Bgs for the three
and fatalities in YE. Field survey shows that about 45 % modelled building types are shown in Table 3.
of the buildings in the Yushu seismic area are adobe wood Haugen and Kaynia (2008) gave the probabilities between
structure or rubble structure; about 30% are hollow brick34 % and 66 % for reaching the damage levels that actually
wood (HBW) structure; about 15 % are hollow brick concrete occurred. Considering the lower resistance of HBW, HBC
(HBC) structure; while reinforced concrete (RC) structure and RC buildings in the Jiegu township, the lowest standard
accounts for only about 10% (Liu et al., 2010). In YE, al- was adopted. It is supposed that the damage state will actu-
most all of the adobe wood structures collapsed; about 85 %ally be reached if the modelling probability exceeds 30 %.
of HBW structures and about 60 % of HBC structures col- For a building hit by debris flow with a given maximum dis-
lapsed or were severely damaged; while of RC structureplacement, each of the damage states listed in Table 3 has an
only about 30% were damaged (Liu et al., 2010). HBW, estimated probability of occurrence. The damage state with
HBC and RC structures dominate the building structural typean estimated probability of occurrence that exceeds 30% is
in the Jiegu township. Potential losses were therefore astaken as the prospective damage state.
sessed based on these three structural types. The masses off he repair cost ratios for each damage state as well as the
a single HBW, HBC and RC building were estimated ac- indoor mortalities (mortality among individuals residing in-
cording to their assumed 3-D dimensions and the densitiesloors) for each building type in a certain damage state are
of construction materials (GB 50009-2001). The natural pe-given in the HAZUS Earthquake Technical Manual (FEMA,
riods of each building type were estimated using the equatior2010). The indoor mortality for a completely damaged build-
proposed by ASCE (2006), while the stiffness of each typeing with collapse is much higher than that for a completely
were calculated using Eqg6), The parameters of the three damaged building without collapse. The collapse rates in the
modelled building types are shown in Table 2. complete damage state of each modelled building type are
adjusted according to the actual collapse rates of buildings in
the Jiegu township for YE (Guo et al., 2010; Liu et al., 2010).
The collapse rates 80 %, 50 % and 15 % in complete damage

The d . d hvdrostati f botenti Tate are assigned to HBW, HBC and RC buildings, respec-
€ dynamic pressure and nyadrostatic pressure of poten I"leely. The repair cost ratios and indoor mortalities used in
debris flow events are available for each 9&r&80 m cell.

Th tential i disol t of a buildi dthis study are listed in Table 4.
€ potential maximum displaceément o a bullding caused o gimy|ated dynamic pressure and hydrostatic force of

by debris ﬂO.W n each cell was galculated using _Eqs_. (3)_(5)debris flow in each cell determine the damage state and there-
for each buﬂdmg type. The ratio of the dynamic displace- fore the repair cost ratio and indoor mortality of a given
ment. o the Stat'? dlsplacement caused by the same forCBuilding type. A uniform repair cost ratio and a uniform in-
ampptude Rmax) In E.q' (5) is assumed to be 2 since the door mortality are assigned to each 90 m cell with
debris flow pulses will last longer thaf,/2 (Haugen and regard to the concerned building types and simulated debris
flow scenarios. The total value of buildings and total num-
Ber of residents in each cell are then required to assess the

4.2 Loss assessment

the probability of a certain building type to reach a certain

www.nat-hazards-earth-syst-sci.net/13/2957/2013/ Nat. Hazards Earth Syst. Sci., 13, 2925968 2013
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Table 3. The median displacement threshold to reach a certain damage %{at¢ for modelled building types and their corresponding
log-normal standard deviatioB{s).

Damage State HBW HBC RC
Sd,ds(cm)  Bds Sd,ds(cm)  Bds Sd,ds(cm)  Bds
Complete 9.60 1.18 16.00 0.92 18.29 0.97
Extensive 411 1.20 587 1.15 7.32 0.90
Moderate 1.65 1.19 2.34 1.10 2.92 0.94
Slight 0.81 1.15 147 1.14 1.83 0.98

Table 4. The repair cost ratios and indoor mortalities for different 10yr, 50yr and 100 yr, respectively. The risk reducing ef-

damage states of buildings. ficiency of the low hazard area is not significant for debris
flow scenarios with 10yr and 50yr returning periods. The
— _ . . o
Damage state  Repair cost ratio Indoor mortality (%) decreasing rate of economic loss (0.50) is much more sig
HBW HBC RC nificant for an event Wlth. returning period of 100yr. This
suggests that the extension of the resettlement area of the
Complete 100 800 501 151 jiegu township during reconstruction should be restricted in
Extensive 0.45 0.002 0.001 0.001

the low hazard area so as to substantially reduce the potential
losses caused by possible high intensity debris flow events.
Regarding a debris flow event with 100 yr returning period,
the possible fatalities associated with HBW structure drops
from 20.43 t0 0.79, as the low hazard area is considered (Ta-
loss of money and lives caused by damage to buildings. Thge 5¢). This implies the adoption of the low hazard area has
high resolution aerial images show there are on average 14.§gnjficant risk reducing efficiency in the aspect of both eco-
buildings within one cell, which figures out a construction nomic loss and human fatality. It should be noted that the re-
area of 5220 A The construction cost per square metres forning period of high intensity debris flow events would sig-
HBW, HBC and RC buildings in the Jiegu Town is about pificantly reduce due to the influence of earthquake. There-
USD 190, 235 and 315, respectively, according to local surfgre the restriction of the extension of the Jiegu township
vey (Liu et al., 2010). The total value of buildings in one cell ghould be seriously respected during the reconstruction.
is then calculated to be USD 0.99, 1.23 and 1.64 million for  The risk reducing efficiency of employing HBC and RC
HBW, HBC and RC type, respectively. The population den- pyiidings were also evaluated. Assuming the economic loss
sity is 10483 persons per KmThere are about 85 persons \yhen employing the HBW structure is 1, the decrease ra-
residing in each 90 nt 90 m cell by assuming even distribu- - tjos of economic loss when employing the HBC structure are
tion. _ _ 0.76, 0.70 and 0.62 for events with returning periods of 10 yr,

To evaluate the risk reducing effect, the loss of economysgg yr and 100yr, respectively, while the decrease ratios of
and the loss of lives caused by damage of buildings wereconomic loss when employing the RC structure are 0.97,
assessed both in the settlement area and in the low hazaglg7 and 0.86, respectively. The increase ratios of construc-
settlement area. The low hazard settlement area is an intefjon costs when employing HBC and RC buildings compared
section of the settlement area and the low hazard area. Thgith HBW buildings are 0.25 and 0.67, respectively. For all
quantitative results are presented in Table 5. simulated events, the cost-benefit ratio of adopting the RC
structure is higher than that of using the HBC structure.

It is worth noting that the HBW structure may easily reach
a more severe damage state compared with the HBC struc-
ture when impacted by the same forces because of the HBW
structure’s significant lower stiffness and lower threshold of

The structural type of new buildings and the resettlement lo-displacement to reach a certain damage state (Tables 2 and

cation are two essential issues that should be preferentially)- Fatalities caused by a simulated debris flow event with
addressed in the reconstruction of the Jiegu township. Th&&turning period of 100yr in the settlement area drop to al-
proportion of low hazard settlement area to the settlemenfl©St O from 20.43 when building structure type changes
area is about 0.72. Supposing the total economic loss causdf®™ HBW to HBC (Table 5c). The HBC structure is there-
by damage to buildings in the settlement area is 1, the relativd®"® suggested to be an optimum choice of residential build-
economic losses for the low hazard settiement area are 0.64)9 tyPe during the reconstruction, considering the poor eco-
0.72 and 0.50 for simulated events with returning period of"°mic condition of the Jiegu township.

Moderate 0.10 0.001 0 0
Slight 0.02 0 0 0

5 Discussion and conclusions

5.1 Perspective for the reconstruction
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Table 5. Assessed economic loss and fatalities due to damage of buildings caused by potential debris flow events simulated with rainfall
events with 10 y(a), 50 yr (b) and 100 yr(c) returning period.

(a) 10 yr returning period

. Settlement area Low hazard settlement area
Building type
Economic loss  Fatalities Economic loss Fatalities
(million USD)  (persons) (million USD) (persons)
HBW 0.14 0 0.081 0
HBC 0.032 0 0.021 0
RC 0.0044 0 0.0033 0

(b) 50 yr returning period

- Settlement area Low hazard settlement area
Building type
Economic loss  Fatalities Economic loss Fatalities
(million USD)  (persons) (million USD) (persons)
HBW 0.86 0.0043 0.60 0.0033
HBC 0.25 0 0.17 0
RC 0.11 0 0.084 0

(c) 100 yr returning period

- Settlement area Low hazard settlement area
Building type
Economic loss  Fatalities Economic loss Fatalities
(million USD)  (persons) (million USD) (persons)
HBW 9.79 20.43 5.60 0.79
HBC 3.70 0.0026 1.69 0
RC 1.37 0 0.63 0

1 Settlement area with high hazard zone excluded.

5.2 Societal risk analysis The lower bound of risk threshold was determined by his-
Societal risk aims to describe the response of the whole Sot_onc_al d_ata (lower dashed line in Fig. 6). Nea_lrly 50 years
ciety to a large number of fatalities in a single event. Un- of historical records show that 11 notable debris flow events

like individual risk, the societal risk is directly related to the pccurred around the Jiegu township from 1957 to 2005, dur-

population size exposed to the event. The society would not"9 which time only the event that occurred on 29 July 2003

accept a large number of fatalities even if the risk per indi_caused casualties to people (Ren and Zhu, 2007): one per-

vidual was small (Kumamoto, 2007). The societal risk can beSon died and 11 persons were injured. In fact, the death of

expressed byW—F curves, in whichF indicates the annual a sin_gle person is hig_hly accidental. Therefore the 1 fatal-
frequency ofN or more fatalities caused by the same event'Y with annual probability of 150 suggests the lower bound
(Kumamoto, 2007) of the risk threshold. The historical record thus agrees with

pthe modelling result that debris flow events with 10yr and

Usually the societal risk criteria have to be developed wit ) , "
50yr returning period may not cause fatalities. TheF

regard to the particular region, ideally by a discourse involv-~"". i HBW in both the oriainal
ing participants such as scientists, governors and local resOINts corresponding to structures in both the origina

dents, etc. The societal risk criterion proposed by ERI\/|_|_|Ongsettlement area and the low hazard settlement area are con-
Kong ,Ltd (1998) (Fig. 6) was adopted as a benchmark forsidered (Fig. 6}. The results of _quantitat!ve risK assessment
the Jiegu township. Note that this societal risk criterion is show that the simulated event with returning perlod_ of 100yr
designed for a reference toe length of the natural hillside of nay cause about .20 deaths in the.settlement areaif the HBW
0.5km. The suggested upper bound of risk threshold withbUIICIIng structure_ IS employed. This number drops to 1 when
regard to the Jiegu township (upper dashed line in Fig. 6)|OW haz_ard area is considered. . . . .
moves up 40 times compared with the original line of ERM- The influence of YE on the societal risk of debris flow Is
Hong Kong Ltd (1998) since the length of the settlement areaalso eyaluatgd. The effect of a !arg_e ga}rthquake on reducing
of the Jiegu township is about 20 km, which is 40 times of the rainfall triggering threshold is significant. It is suggested

0.5km as suggested by ERM-Hong Kong Ltd (1998) and |_|Oth§\t the t_hreshold_ of gccymglated rainfall for triggering de-
et al. (2000). bris flow in the Chi-Chi seismic area would drop to abos 1
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to 1/2 of the value before an earthquake (Chen, 2008; Liu et

al., 2008). Another effect is the increase of loosened mate- LOOE+01 ¢
rial. Empirical method is usually used to estimate the increas- .
ing magnitude of loosened material after a large earthquake LOOE#00 - b i

Both of the two effects substantially increase the occurrence
frequency of debris flow events. Assuming YE tripled the fre-
quency of debris flow events in the Jiegu township,XheF
points after YE are presented for the settlement area and thi
low hazard settlement area (Fig. 6).

According to the suggestel¥—F criteria for the Jiegu
township in Fig. 6, if the HBW structure is employed, the
societal risk of debris flow related to the original settlement
area is unacceptable, while the societal risk falls into the
ALARP (as low as reasonably practicable) range when the
low hazard area is adopted. It is also shown that the soci-
etal risk is approaching unacceptable when considering the
potential influence of earthquake, i.e. the increase of the fre-
quency of catastrophic debris flow events.
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5.3 Uncertainties and limitations 1 GOEZ08 ACCHITABLE E 2 9
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Quantitative risk assessment for debris flow problems is such SO0 ‘
a complex problem that uncertainties and limitations exist 1 10 100 1000 10000
in many aspects of its procedure. The data quality and their Number (N) of Fatalities
availability in our study area are major concerns. Generally,
uncertainties and limitations can be examined with regard to Risk before shock u o
the three items on the right side of Eq. (1), i.e. probability, Fibnfeasinr X ®

vulnerability and the elements at risk.
Given the complexity of the study area, the methodology Built-up Area
primarily focuses on the economic loss and fatalities caused

by_the damage to buildings. The param_eters of modelleq:ig_ 6. The societal risk of debris flow in both the settlement area
buildings ar_e averagely 'Freated n the spatial S(_:ope due to thQnd the low hazard settlement area. The risk criterion proposed by
lack of detailed information regarding destruction caused byerm-Hong Kong Ltd (1998) is presented. Dashed lines indicate the
the earthquake. Itis also a subjective assumption that all ressuggested range of threshold for the debris flow risk in Jiegu town-
idents are residing in buildings during the debris flow events.ship at a regional scale. YE refers to the 14 April 200g=7.1
Uncertainties also exist in the determination of vulnerabili- Yushu Earthquake. ALARP is the abbreviation for “as low as rea-
ties. More precise input parameters and high resolution DEMsonably practicable”. The landslide risk at a national scale in Japan
may facilitate more sophisticated simulations of debris flowand a large regional scale in Alps (Ashby and Lenting, 2003) are
events and more reliable assessments of risk. The probab”i@ISO §hown, suggesting the establishment of risk criteria is a scale
of a building to reach a certain damage state was assumed'd Site related issue.

to obey a standard normal cumulative distribution. Empirical

analyses are conducted to support the parameters estimatiopsy threshold, the current approach for the determination of

for modelled buildings like their natural period, stifiness, and 5cceptance is rather crude in the study area. A more practical
threshold of displacement reaching a certain damage statgisy threshold should be reached by balancing the various so-
Uncertainties should also be taken into account when evalugieta risks between experts, decision makers and the general
ating the effect of earthquake and rainfall on the frequencysociety_

of debris flow events. Nevertheless, the proposed quantitative procedure pro-

The practical risk threshold should be the ultimate negoti-\;jes an insight into the risk assessment of secondary geo-
ated result between the population, decision-makers, Iegislqbgica| hazards in the seismic area.

tive representatives, stakeholders, etc. There are usually no

generally valid limits of acceptable risks. The risk thresh-54  Concluding remarks

old may also change in response to changes in the socio-

economic situations. To employ an external societal risk cri-The risk of debris flow events in the Jiegu township af-
terion is another limitation. Although the 50 years of histor- ter YE (the 14 April 2010Ms= 7.1 Yushu Earthquake)
ical data have been taken into account to help determine thevas quantitatively assessed to provide a perspective for the

Built-up Area

within Hazard-avoiding Area
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reconstruction. The possible losses of economy and lives Journal of Sichuan University (Engineering Science Edition), 42,
caused by damage to buildings were estimated by taking into 10-19, 2010 (in Chinese with English abstract).

account the important intensity information of debris flow. It ERM-Hong Kong Ltd: Landslides and Boulder Falls from Natural

was suggested that the linkage among the impact intensity of Terrain: Interim Risk Guidelines (GEO Report No. 75), Report
debris flow, the damage state of buildings and the fatality rate Prepared by the Geotechnical Engineering Office, Hong Kong,
plays an important role in such quantitative risk assessment

Quantitative results show that the adoption of HBC (hol- Fell, R., Ho, K. K. S., and Lacasse S.: A framework for landslide

low brick buildi Id bri ianif isk risk assessment and management, in: Landslide risk manage-
ow brick concrete) buildings wou ring signiticant risk re- ment, Proceedings of the International Conference on Landslide

ducing effect to economic loss and fatalities. As the low haz- Risk Management, edited by: Hungr, O., Fell, R., Couture, R.,

ard area is applied, the economic loss and fatalities drop sig- and Eberhardt, E., Vancouver, Canada, 3—25, 2005.

nificantly, and the societal risk also moves from unacceptable=EMA: Multi-hazard Loss Estimation Methodology, Earthquake

level to ALARP level. However, owing to the effect of YE, Model, HAZUS-MH-MRS5, Technical Manual, 2010.

which significantly reduced the rainfall threshold for trigger- FLO-2D: Users manual, Version 2003.06, Nutrioso, Arizona, USA,

ing high intensity debris flow, the societal risk tends to the 2003.

unacceptable level. Concerning degraded geological environGan, W. J., Zhang, P. Z., Shen, Z. -K., Niu, Z. J., Wang, M., Wan,

ment after YE, the standard of resistance of new buildings \thﬁm tzhr:eo'l#bgal\:.ﬁ;rt]ga?i]s%%r ;a:fzgsgrg'sdi}]’e‘;;“jtj:ngizog
a_nd the planning of the (esettlement poundary shoulld.be se- Geophys. Res.. 112, BO8416, ddl:1020/2005JB004122007 e
r.IOl.JSw addregsed. Despite accompam.ed by uncertainties angB 50803/-2001: Load code for the design of building structures,
limitations, this work presents a practical example to quan-

o ) : . National Standard of People’s Republic of China, 2001 (in Chi-
titatively assess the risk of secondary geological hazards in pege).

seismic areas in support of their reconstruction. Guo, H.D., Zhang, B., and Lei L. P.: Spatial distribution and induce-

ment of collapsed buildings in Yushu earthquake based on remote
sensing analysis, Science in China Earth Science, 53, 794—-796,
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