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Abstract. Tangjiashan landslide dam, which was triggered 1 Introduction

by the Ms= 8.0 Wenchuan earthquake in 2008 in China,

threatened 1.2 million people downstream of the dam. All

people in Beichuan Town 3.5 km downstream of the dam andlfiggered by the Ms=8.0 Wenchuan earthquake on
197 thousand people in Mianyang City 85km downstream12 May 2008 in Sichuan China, a slope of Tangjiashan hill
of the dam were evacuated 10 days before the breaching dgiled, which blocked the Jianjiang River and formed a large
the dam. Making such an important decision under uncera@ndslide dam as shown in Fig. 1. The dam was found on
tainty was difficult. This paper applied a dynamic decision- 14 May through an aerial investigation (CCTV News, 2008).
making framework for dam-break emergency managemenFrom the analysis of aerial photos, the dam was estimated
(DYDEM) to help rational decision in the emergency man- 10 have a height of 82m, width of 802m, length of 611 m,
agement of the Tangjiashan landslide dam. Three stages af&m volume of 20.4 million hand lake capacity of 316 mil-

identified with different levels of hydrological, geological llonm® (Cui etal., 2009; Hu et al., 2009; Liu et al., 2010) as
and social-economic information along the timeline of the Shown in Table 1. The landslide dam was located at 3.5km

landslide dam failure event. The probability of dam failure UPstream of Beichuan Town with 30 000 residents, and 85 km

is taken as a time series. The dam breaching parameters appstream of Mianyang City with 1 127 000 residents (Fig. 2).
predicted with a set of empirical models in stage 1 when noNote the population in Beichuan Town (i.e. 30 000) refers to
soil property information is known, and a physical model in that before the earthquake (Liu, 2008), in which the casual-
stages 2 and 3 when knowledge of soil properties has beefies during the Wenchuan earthquake and the relocated peo-
obtained. The flood routing downstream of the dam in thesePle are not excluded.

three stages is analyzed to evaluate the population at risk The landslide dam could not be accessed due to blockage
(PAR). The flood consequences, including evacuation costs?f roads by landslides until 21 May when experts managed to
flood damage and monetized loss of life, are evaluated adrrive in the dam by helicopter. The geological conditions of
functions of warning time using a human risk analysis modelthe dam were obtained two days later through in situ investi-
based on Bayesian networks. Finally, dynamic decision analgations. The dam mainly consists of three layers (Fig. 3): the
ysis is conducted to find the optimal time to evacuate the popUPper layer of gravely soils with a thickness of 5-15m; the

ulation at risk with minimum total loss in each of these three Middle layer of strongly weathered cataclasite with a thick-
stages. ness of 10-15m; and the bottom layer of weakly weathered

cataclasite with a thickness of 50-80 m (Hu et al., 2009; Liu
et al., 2009, 2010). The coefficient of erodibility of the dam
varies from 120 mm(N-s)~1 for the top layer to 10 m/(N-

s)~1 for the bottom layer (Chang and Zhang, 2010; Chang et
al., 2011). Three possible dam-failure scenarios with a small,
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440 M. Peng and L. M. Zhang: Dynamic decision making for dam-break emergency management — Part 2

Table 1. Parameters of Tangjiashan landslide dam.

Parameters of dam Parameters of diversion channel
Dam height 82m Spillway depth 12m
Dam width 802m Spillway width 25m
Dam length 611m Spillway length 475m
Damvolume  20.4 milliond Excavated soil volume 136 0005

Lake capacity 316 million  Lake capacity after the construction of the spillway 247 millichm

landslide dam when it was just found. How could one pro-

gressively reach the best decision as relevant information on
the hydrological, geological and social-economic conditions

becomes available gradually? A framework for decision-

} G making based on dynamic risk analysis is needed to scien-
gngjiashan Z tifically answer these questions.

Landslide

A dynamic decision-making framework for dam-break
emergency management (DYDEM) under uncertainty has
been presented in the companion paper (Peng and Zhang,
2013). In this paper, the DYDEM is applied to the dynamic
decision analysis for the Tangjiashan landslide dam failure.
The optimal time to evacuate the PAR for achieving a min-
imum expected total risk will be studied in different stages
with different available hydrological, geological and social-
economic information.

Fig. 1. Satellite image of the Tangjiashan landslide triggered by the . .
2008 Wenchuan earthquake (modified from Liu, 2008). 2 Th(le(.framework and stages of dynamic decision
making

2.1 The framework
medium and large breach were assumed for evacuation deci-

sion at that time; the corresponding estimated peak outflowThe framework of dynamic decision making is intended to
rates at the dam site being 33771, 47 252 and 69 & make a decision whether to evacuate the population at risk or
respectively (Huang et al., 2008). The corresponding estito delay the decision; to predict the optimal time to evacuate
mated populations at risk (PARs) downstream are approxithe PAR with the minimum expected total loss (MTC); and
mately 0.2, 1.0 and 1.2 million, respectively. The predictedto update the decision-making with new information when
floods were very large. The government decided to reducalelayed decision is chosen.
the dam-break risks by excavating a diversion channel. The DYDEM is a dynamic decision framework for dam-break
channel was completed by 1 June with great efforts, as alemergency management that is introduced in the companion
the excavation equipment had to be shipped by heavy-dutpaper (Peng and Zhang, 2013). In this framework, the prob-
helicopters. As shown in Table 1, the diversion channel hasability of dam failure is taken as a stochastic process and es-
a length of 475m, a width of 25m and a depth of 12 m. timated using a time-series analysis method. The flood con-
The channel lowered the crest elevation from 752.2 m tosequences are taken as functions of warning time and evalu-
740.4m, and reduced the lake capacity from 316 millidnm ated with a human risk analysis model (HURAM) based on
to 247 million n? (Liu et al., 2010). Bayesian networks (Peng and Zhang, 2012a, b). A decision
A series of problems arose when making decisions oncriterion is suggested to decide whether to evacuate the PAR
evacuating the people downstream. What was the damer to delay the decision. The optimum time for evacuating
failure probability? When would the dam fail? How large the PAR is obtained by minimizing the expected total loss,
would the peak outflow rate be? How effective is a diver- which integrates the time-related probabilities and flood con-
sion channel to reduce the risks? How many people shouldequences. When a delayed decision is chosen, the decision
be evacuated? When would be the proper time to evacuatmaking can be updated with available new information.
the PAR? A late decision could lead to loss of lives and The decision process starting at a certain tirgewith dif-
properties, whereas a very early evacuation would incur unferent available information is defined as a stage. A dynamic
necessary expenses. There was little information about thdecision should be a multi-stage decision process. In each
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Table 2. Available information in the three stages of decision making for Tangjiashan landslide dam.

Stage Start Geometric  Soil Diversion Dam crest  Model for predicting
date parameters  conditions channel elevation breaching parameters

1 15 May 2008 Known Unknown  No 752.2m Empirical model

2 23 May 2008 Known Known No 752.2m Physical model

3 1 June 2008 Known Known Constructed 740.4m Physical model
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stage, both the predicted dam-break probabilities and floodrig. 3. Cross sections of Tangjiashan landslide démyacross the
consequences can be updated. In the case study of Tangjiver; (b) along the river.
ashan landslide dam, three stages with significant changes in
information are identified for evacuation decision making.
a physical model for dam breaching analysis, DABA

2.2 The timeline and stages for decision making for the (Chang and Zhang, 2010), was applied to improve the

Tangjiashan landslide dam failure prediction of the breaching parameters. In stages 1 and

. . o o 2, the elevation of the dam crest was 752.2 m.

Figure 4 summarizes the main issues along the timeline of the
Tangjiashan landslide dam failure event. Three stages can beg Stage 3 starts on 1 June, when the diversion channel had
distinguished for evacuation decision-making in Table 2: been constructed. With the channel, the dam crest was

1. Stage 1 starts on 15 May, when the landslide dam was  lowered by 12m (i.e. the elevation of the dam crest be-
identified and the geometric parameters of the damwere ~ came 740.4m) and the lake capacity was reduced by
estimated as shown in Table 1. As the soil conditions of 69 millionm?®. Moreover, a large part of the top soil
the dam remained unknown, an empirical model (Peng  layer with high erodibility (Chang and Zhang, 2010)

and Zhang, 2012c) based on statistical data was used to ~ Was removed. Therefore, the peak outflow rate during
predict the breaching parameters. breaching was significantly reduced in stage 3.

2. Stage 2 starts on 23 May, when the soil conditions of the In the following sections, the analysis of the dam-break
dam were investigated as shown in Fig. 3. Both geometprobability and flood consequences and the dynamic decision
ric parameters and soil conditions are available. Thusmaking in each of these three stages will be demonstrated.
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Table 3. A recorded time series of inflow rate into the Tangjiashan landslide lake (Data from Zhang, 2009).

Date 12 May 13 14 15 16 17 18 19 20
Inflow rate (n?s™1) 575 624 1180 1040 946 87.9 88.9 101.0 174.0
Date 21 22 23 24 25 26 27 28 29
Inflow rate (MPs~1)  128.0 1050 983 932 91.1 989 90.0 880 121.0
Date 30 31 1June 2 3 4 5 6 7
Inflow rate (m?s~1) 964 898 895 791 785 76.1 704 753 111.0
Date 8 9 10 1 12 13

Inflow rate ("s~1)  103.0 1130 933 79.0 784 734

Note: The average inflow rate is 94.18 871, and the standard deviation is 21.62 &1L,

10 June data may not be available when making decisions in the three
12May 15 23 1June 7 6:00 20:00 - - 1
stages. Let us set = Q; — 0, whereQ =94.2n?s 1 (Ta-

Stage 1 Stage 2 Stage 3 Timeli . )
‘ ’ - d & | ‘ l - ble 3) is the average value of the records(f According
T Breaching finished to the time series theory in Appendix A, a time series model
Breaching started of AR(2) is suitable to fit the records in Table 3, andis
The water level reached the division channel
A diversion channel was constructed expressed aS
The geological conditions of the dam were obtained
The dam ic pi were i i
The dam formed Xt = 0.463)6'[_1 - 0.181)Ct_2 +a;. (2)
Fig. 4. The timeline and three stages of decision making. Both the means and standard deviations;cdre obtained

according to Appendix A. Taking stage 1 for example, Fig. 5
shows the predicted inflow rates into the Tangjiashan land-
3 Prediction of dam-break probability with time series  slide lake in stage 1 based on the records before 15 May.
analysis Generally, the records are within the 95 % confidence inter-
) ) val in the stage. The first several predicted values are rela-
As 92% of past landslide dam failures were due to over-gyely close to the records. The predicted values with lead
topping (Peng and Zhang, 2012c), only overtopping failureimes |arger than five days & 5) gradually approach a con-
is considered in this study. A dam is overtopped at time giant value of 94.2 Bs—L and the corresponding standard
when the reservoir volume/() exceeds its capacitykr), of  geviations approach a constant value of 213&nd, which

Vi > Ver. are the estimated average value and standard deviation based
on the statistical data, respectively as shown in Table 3. One
reason for this is that the dependence between two variables

Based on conservation of mass as introduced in the compar?f the time series at a large time interval is very small. In

ion paper (Peng and Zhang, 2013), the reservoir volume a9th9r words, the variables_ at Iargg time intervals appear to
timez, V,, is given by be independent. The predictions in stage 2 and stage 3 are

updated by using the records during 12—22 May and during
Vi=Vi_ar+ (0 — Qor — Qar) At (1) 12-31 May, respectively.
As the At in Eqg. (1) is one day, the reservoir volume at

where At is a time interval;Q; is the inflow rate at time dayr (V;) is given by
t; Qg is the evaporation rate which could be ignored for a _
short time during the emergency managemént;is the out- Vi — Vi—1 =3600x 24 x Q; = 3600x 24 x (x; + Q)  (3)
flow rate at time'. In the Tangjiashan landslide dam case, the - 1 .
seepage flow rate was very sma#l { m3s-1), which canbe ~ Where ¢ =94.18 mPs~t. By settingv, = V;/(3600x 24),
ignored Qo = 0). Therefore, the main task of predicting the €N
céa:m-break probability is to forecast the inflow rate at time X = v —v_1— 0. 4)

According to the records at a hydrological station 4 km
upstream of the Tangjiashan landslide dam and the records gypstituting the expressions faf, x;_1 and x;_» into
at the dam site, the average daily inflow rates from 12 Maygq, (2) yields
to 13 June 2008 were estimated as shown in Table 3 (Zhang,
2009). The authors have to use the limited data to build av, = 1.463v;_1 —0.644v;_»+0.181v,_3+0.7170 +a;. (5)
time series model for inflow forecasting. Actually, part of the

3.1 Forecasting lake volume
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Fig. 5. Predicted inflow rate in stage 1 based on the records before Time

15 May using the time series method. Fig. 6. Predicted lake volume in stage 1 using the time series anal-

ysis method.
Therefore, the forecasting equations fpiare given by
4 Cumulative probability (Po) . a 4 4 4
v/ (1) = 1.463v; — 0.644v,_1 + 0.181w; _» + 67.53 0s | = Discrete probability (Pp)
v} (2) = 1.463} (1) — 0.644v, + 0.181v,_1 + 67.53 '
v (3) = 1.463 (2) — 0.644v; (1) + 0.181v, + 67.53 (6) 2 o6 | .
v (1) = 14630} (I — 1) — 0.644v* (I — 2) + 0.18*(l — 3) 3
+ 6753 [=4,5, ... g oat

Similar tox, in Appendix A,v; can also be expressed in a 02 | . o

random shock form of an infinite series: . . "
0 - n L L] - -

vy =a; + wlal71 + 1//251[72 + 1//3at—3 . 2008/6/5 2008/6/10 2008/6/15 2008/6/20 2008/6/25

00 (7) Time
=ar+ ) Vja; . N . . . .
j=1 Fig. 7. Dam-break probability as a discrete time series at an interval
of one day in stage 1.
where the coefficients of;; can be obtained by substitut-

ing Eq. (7) into Eq. (5) and comparing the coefficients of
a; on both sides (Box et al., 2008). Table 4 shows the whereV; is calculated using Eq. (6My, andoy, are the
weights (/) for v;. Asa, is an independently and identically mean and standard deviation Bf. The probability of over-
distributed stochastic process with a normal distribution oftopping in the period between- At andt, Pp(t), is calcu-
N(O, aaz), the standard deviation af is calculated as (Box lated as the probability that the predictédis larger tharV/c,
etal., 2008) and the predicted lake volumes before tinage smaller than

or equal toV;:
ol (D] = A+ Y5+ Y5+ ..+ ¥ Dol (8)

Pp(t) =P(V; > Ver, Vica < Ver, .., Vi < Vep). (10)

Figure 6 shows the records, predictions, and the upper and

lower 95 % confidence intervals of the lake volume. The pre- As the inflow rate is greater than the outflow rate, the lake
dictions are generally within the 95% confidence interval. volume always increases. According to the analysis in the
The predictions are closer to the records at small lead timescompanion pape®’p is expressed as
The variance of the predicted lake volume increases with
time, as the prediction for the future is less supported by the" 2 () = P (Vi > Ver, Vie1 = Ver, ... V1 < Ver)
existing data. = Po(t) — Po(t — 1). (11)

3.2 Prediction of dam failure probability For example) in stage 1 is 316 million i the predicted

probabilities of Po and Pp in stage 1 as two discrete time
Sincev, can be expressed as a weighted average of severgkries are shown in Fig. 7.

normal variates as shown in Eq. (7),is also a normal dis- The time interval of the predicted hydraulic parameters is
tribution. With the predicted mean and variance of the lakein days, because the inflow rates in Table 3 were recorded
volume, the probability of dam failure before tim¢FPo(1)]  in days. However, more precise warning time is needed in
is calculated as DYDEM, because the flood consequences are sensitive to

the warning time. Therefore, in this study, interpolations are

Vi . .
) (9) conducted for predicted means and variances of lake volume

Ver— M
Po(t)=P(V; > Ve)=1—-P(V; < Vo) =1— <I>(07
Vi

www.nat-hazards-earth-syst-sci.net/13/439/2013/ Nat. Hazards Earth Syst. Sci., 13, 4894- 2013
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Table 4. They weights for time series; in stage 1.

l 1 2 3 4 5 6 7 8 9 ...*
y;  1.463 1.497 1.429 1392 1386 1391 1394 1394 1394 ...*

Note: * They weights are close to a constant value of 1.394 wher®.

003 duration from the start to the completion of the breaching
Stage 3 process, significantly influences the flood rise time.

T

4.1 Simulation of dam breaching and flood routing in
stage 1

0.02

Stage 2
age Stage 1

In stage 1, when only the geometric parameters of the Tangji-
ashan landslide dam are available, an empirical model for
landslide dams (Peng and Zhang, 2012c) is applied to pre-
0 dict the breaching parameters. The empirical model was de-

2008/6/30:00  2008/6/8 0:00 2008/6/13 0:00 2008/6/18 0:00 2008/6/23 0:00 Ve|0ped based on 52 landslide dam failure cases from all over
Time the world. These cases are divided into three groups with dif-
ferent dam erodibility (high, medium or low erodibility) ac-
cording to the dam type, rock and soil properties and factors
such as triggers (Knapen et al., 2007; Briaud et al., 2008).
The equations with medium erodibility are used to simulate
with a time interval of one hour. This is reasonable as the prethe Tangjiashan landslide dam since the dam is assumed to
dicted mean values and variances of the lake volume increasee of medium erodibility based on Peng and Zhang (2012c).

X
DD»DDDDDDDDDDD

0.01

T

D
I>I>DI>I>DI>DI>I>I>>DI>I>I>

s
.r,wuw

Discrete dam-break probability

Fig. 8. Discrete probability of dam failure in three stages with a time
interval of one hour.

nearly linearly at large lead times* 5). The inputs of the model include dam height (82 m), dam
Figure 8 shows the discrete probability of dam failure in an width (802m), dam volume (20.4 miIIion.?m, lake volume
interval of one hour in all three stages. Ndfg is 316 mil- (316 million n®) and dam erodibility (medium). As no infor-

lionm3 in stages 1 and 2, and 224 millior’rin stage 3, be- ~Mation about the dam erodibility is available at that time, the

cause the diversion channel was completed in stage 3. Thencertainty of this parameter is estimated according to statis-
dam-break probabilities in discrete time series in the thredics. Out of the 52 cases with breaching-parameter records,
stages will be used to conduct dynamic decision analysis. Irf cases are of low erodibility, 31 cases of medium erodibil-
stage 3, the dam may fail much earlier than in stages 1 andly and 15 cases of high erodibility. Thus, the probabilities of
2 because of the smaller lake capacity. Moreover, the estilow, medium and high erodibility are 0.116, 0.596 and 0.288,
mated times of dam break in stage 3 become less scatterd@spectively (Peng and Zhang, 2012c). The outflow rates with
than in stages 1 and 2, since more information is available irhigh, medium and low erodibility are shown in Fig. 9. Table 5
stage 3 such as the geometric conditions, a constructed diveshows the predicted peak outflow rates and breaching times.

sion channel, the decreased crest elevation, and the remov&he peak outflow rate in the high erodibility case is 5 times
of a soil layer with high erodibility. that in the medium erodibility case and 16 times that in the

low erodibility case. Note that the empirical model differs

from the one for man-made dams by Xu and Zhang (2009).
4  Simulation of dam breaching and flood routing After obtaining the breaching parameters, a river analy-

sis program, HEC-RAS 4.0 (Hydrologic Engineering Center,
The estimation of dam-break probability answers the ques2008), is used to simulate the flood routing process. This is
tion of whether and when the dam would fail. In this section a one-dimensional hydraulic analysis program developed by
the questions of how it would fail and who would be affected US Army Corps of Engineers. The main physical laws for
by the dam-break flood will be answered. The dam breachthe program are the conservation of energy for steady flows
ing process, significantly influences the flood consequenceand the conservation of mass and momentum for unsteady
downstream. The peak outflow rate affects the flood area anflows (Hydrologic Engineering Center, 2008). Details of the
the corresponding PAR. The breach formation time, which issimulations are reported by Peng (2012). The highest water
the duration from the lake water level reaching the dam crestlepth, maximum flow velocity and PAR in Beichuan Town
to the start of breaching (i.e. the breach reaches the upstreaand Mianyang City are shown in Table 5. The flood risks
bound of the dam crest), is part of the available warning time.vary significantly from low to high erodibility. Mianyang
The breach development time or breaching time, which is theCity would not be flooded in the low and medium erodibility

Nat. Hazards Earth Syst. Sci., 13, 43%54, 2013 www.nat-hazards-earth-syst-sci.net/13/439/2013/
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Table 5. Dam-break floods in Beichuan Town and Mianyang City in stage 1.

Dam erodibility Low Medium High
Probability 0.116 0.596 0.288
Peak discharge at dam site¥sT?) 2160 7100 35610
Breaching time (h) 17.6 8.1 3.7
Peak discharge (frs~1) 2160 7100 35370
. Population at risk 780 20100 30000
Beichuan Town  jishest water depth (m) 0.26 6.67 21.37
Maximum flow velocity (ms1)  0.18 1.14 2.01
Peak discharge (frs~1) 2160  6990* 28720
) . Population at risk 0 0 207370
Mianyang City  \jaximum water depth (m) 0 0 3.68
Maximum flow velocity (m s1) 0 0 1.37

Note * The design flood for the levee system in Mianyang City is 14 5067 with a 100-yr return period.

40000 : . (10m, 20m, 21 m and 50 m). The coefficients of erodibility
g erodibily of the soils at these depths are estimated as 120, 65, 62 and
30000 | 10 mn? (N-s)~1, respectively using the two empirical equa-
tions.
20000 | The inputs for the model include both the geometric infor-

mation and soil parameters of the dam. The outputs are the
breaching parameters (e.g. instantaneous breach size, breach-

Outflow rate (m3/s)

10000 Medium erodibility : ) -
Low erodibilt ing time, water level, and outflow rate) during the breach-
ow erodibility . . .
/L A~ ing process. The peak outflow rate and the breaching time
°o 10 20 20 40 50 60 in stage 2 are predicted as 14 709sn! and 14.5 h, respec-
Time (hou) tively. Peng and Zhang (2012c) showed that the predicted

peak outflow rate @) and breaching timelg) can be sim-
ulated as lognormal distributions. The standard deviations of
In(Qp) and In(fy) are 0.53 and 0.40, respectively. Therefore,
in stage 2, InQp) and In(fy,) are assumed as normal distri-
cases. However, the flood in the high erodibility case wouldpytions of N[In(14 700, 0.53)] andN[In(14.5), 0.40]. It is
put 0.21 million people at risk. The highest water depth inyery tedious to consider Ialp) and In(7b) at infinite contin-
Mianyang City would be 3.68 m. uous states. In this study,(@,) and In(f,) are discretized
into five ranges, corresponding to five scenarios in Table 6.
4.2 Simulation of dam breaching and flood routing in For examp|e’ scenario 1 is fromoo to (M —1.50), where
stage 2 u =1In(14 700) andr = 0.53. The probability of this range is
0.067 for a normal variate. The medigP(Q p < median =
In stage 2, after the geological conditions of the dam haveol5] of this range ig*~18%) = 5570 n? s~1, which is used
been investigated, a physical model named DABA (Changys a representative value for this range. Similarly, the corre-
and Zhang, 2010) is used to improve the dam breaching simsponding values of the other ranges are shown in Table 6.
Ulation. The Water—SOil interactions in th|S mOdel are Sim' Figure 10 ShOWS the Outflow rate curves for the five scenar-
ulated with theory of erosion and shallow water flow. The jgg.
soil erodibility is described by the coefficient of erodibil-  HEC-RAS 4.0 is used to simulate the flood routing pro-
ity (i.e. how fast the soil erodes) and the critical erosive cess in stage 2, and the results are shown in Table 6. With-
shear stress (i.e. when the erosion starts and ends), whickyt the construction of the diversion channel in stage 2, Be-
are obtained based on empirical relations with basic soil pajchuan would be seriously flooded in all five scenarios. The
rameters. Chang et al. (2011) derived two empirical equapredicted flood of 14 700 s~ in scenario 3 would inun-
tions for estimating the coefficient of erodibility of landslide gate the entire Beichuan Town with a maximum water depth
dams based on results of field erodibility tests. Chang ancyf 12.1 m. Mianyang would not be flooded in scenarios 1-3.

Zhang (2010) measured the basic properties of soil samplegjowever, the floods in scenarios 4 and 5, especially scenario
taken from the Tangjiashan landslide dam at different depths

Fig. 9. Outflow rates in the three scenarios of stage 1.
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Table 6. Dam-break floods in Beichuan Town and Mianyang City in stage 2.

Scenario 1 2 3 4 5
Range —00— (u— (w—150)— (u—0.50) — (u+0.50) — (u+1.50)—00
150) (u—0.50) (u+0.50) (1 +150)
Probability 0.067 0.242 0.382 0.242 0.067
Median uw—1.83 u—0.8% m u+0.8% u+183%
Peak discharge at dam site{sT1) 5570 9120 14700 25180 39090
Breaching time (h) 30.0 20.6 14.5 10.2 7.0
Peak discharge (fs 1) 5550 9110 14680 25080 38800
_ Population at risk 18090 25080 30000 30000 30000
Beichuan Town  \ayimum water depth (m) 6.03 8.36 12.10 17.30 22.43
Maximum flow velocity (ms?1) 1.03 1.24 1.48 1.80 2.07
Peak discharge (s 1) 5170 8810 13580 20440 29950
. . Population at risk 0 0 0 101990 227090
Mianyang City  \jaximum water depth (m) 0 0 0 1.81 4.03
Maximum flow velocity (ms1) 0 0 0 0.86 1.46

Note:  is the predicted meaw; is the predicted standard deviation.

Table 7.Dam-break floods in Beichuan Town and Mianyang City in stage 3.

Scenario 1 2 3 4 5
Range —00 — (1 — (n—150) — (n—0.50) — (n+0.50) — (+21.50)—o00
1.50) (u—0.50) (14 0.50) (n+150)
Probability 0.067 0.242 0.382 0.242 0.067
Median w—183 w—0.8% m w+0.8% u+183%
Peak discharge at dam site{s11) 2450 4050 6540 10420 17260
Breaching time (h) 33.7 23.2 16.3 11.5 7.9
Peak discharge (s 1) 2210 4010 6520 10390 17120
_ Population at risk 2190 9600 18300 27000 30000
Beichuan Town  \ayimum water depth (m) 0.35 3.20 6.10 9.31 13.85
Maximum flow velocity (ms1) 0.22 0.83 1.10 1.29 1.57
Peak discharge (fs1) 2190 3940 6280 9520 13690
. . Population at risk 0 0 0 0 0
Mianyang City - \jaximum water depth (m) 0 0 0 0 0
Maximum flow velocity (ms1) 0 0 0 0 0
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Fig. 10.Outflow rates in the five scenarios of stage 2.

Nat. Hazards Earth Syst. Sci., 13, 439454, 2013

30

5, would put a large number of people at risk. The highest

water depth in these two scenarios would be 1.8 m and 4.0 m,
respectively. The PAR in scenario 5 in stage 2 in Mianyang

would be 0.23 million.

4.3 Simulation of dam breaching and flood routing in
stage 3

Stage 3 starts when the diversion channel has been com-
pleted. The diversion channel largely reduced the peak out-
flow rate during the breaching of Tangjiashan landslide dam.
Similar to stage 2, stage 3 is also divided into five scenar-
ios. Table 7 shows the peak outflow rate and breaching time
in each scenario. The predicted mean peak outflow rate and

www.nat-hazards-earth-syst-sci.net/13/439/2013/
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20000 A B [ © [ D [ E [ F [ G
Scenario 5 (1] Medium erodibility case in stage 1, Beichuan
Sub-area [s1 82 83 4 85
|4 | Eyacuation distance | 2" bound (m) 0.00 0.00 100.00 100.00 100.00
15000 Upper bound (m) 00.00 00.00 00.00 00.00 00.00
7 Distance to dam (m) 500 500 500 500 500
o . Building story number |1, 2, 3.4
£ Scenario 4 8 Dam breaching time _|(Hours ) 10 10 10 10 10
@ 3 Tater dopin Lower bound (m) 00 50 00 50 00
© 10000 10 Upper bound (m) 150 3.00 450 6.00 667
z . 11 Flow velocit (mis) 114 114 114 114 114
s Scenario 3 — UW =1, AW =2, MCB
=1 12 i =3 3 3 3 3 3
o : 13 |Population at risk Number 4500 [4500 [4500 [4500 [2010
5000 F Scenario 2 | 14 |Warning initiation time [Hours T 000
Scenario 1 15 Calculation
2% Rate 0.2077 0.1103 0.0211 0.0078 0.0046
N [29] Unsheltered 0.1933 0.2981 04241 0.4497 0.4562
0 30 |Sheltering inside 2nd floor 0.1105 0.1704 0.2423 0.2570 0.2607
0 10 20 30 | 31 buildings 3rd floor 0.6962 0.5316 0.3336 0.2934 0.2831
] >3rd floor 0.0000 0.0000 0.0000 0.0000 0.0000
Time (hour) PLOL) 0.0002 0.0042 01267 0.2441 05141
LoL 112 19.08 569.95 1.098.38 1.033.29
i i T i GDP Per person [137E+04  137E+04 1 37E+04 1 37E+04 1 37E+04
Flg‘ 11.Outflow rates in the five scenarios of Stage 3. Value of life Per person 1.03E+06  1.03E+06 1.03E+06 1.03E+06 1.03E+06
5 [L{LoL) Total LOL 115E+06  1.97E+07  5.88E+08  1.13E+09  1.07E+09
[ 46| GDP Interruption/person 1.61E+02 | 161E+02  1.61E+02  1.61E+02 | 161E+02
[a7]| GDP Interruption 6.79E+05  452E+06 452406 A52E406  452E+06
[48] costs feelperson 180E+02  180E+02  180E+02  180E+02  1.80E+02
. . [49]| (Arangement fee 169E+05  8.93E+04  171E+04  B.3IE+03 | 1.66E+03
mean breaChIng time are 654@ BTl and 16.3 h, respec- 0 Total costs 8.48E+05  AGIE+05  A.5AE+D6  4.53E+06  A.52E+06
. . [51] Per person 448E+03  44BE+03  44BE+03  448E+03  |4.48E403
ther Wh|Ch are Close to the recorded VaIUeS Of 65@&“% | 52 Flood damage Person number 689E+02 | 119E+03 294403 316E403  200E+03
’ " . . i 3 Total damage 3.00E+06  5.35E+06  1.32E+07  1.41E+07  8.97E+06
. [
and 14 h, respectlvely (CUI et al., 20091 Liuet al-1 2010) Flg [ 55 |Note:UW = Unanchored wood-framed; AW = Anchored wood-framed, MCB = Masonry, concrete and brick

ure 11 shows the dam-break outflow rate curves for the five

scenarios. Fig. 12.Evaluation of flood consequences in Beichuan Town in the
The flood parameters and populations at risk in both Be-medium erodibility case in stage 1.

ichuan and Mianyang are shown in Table 7. The PAR in Be-

ichuan increases significantly from scenario 1 to scenario 5.

With the predicted mean peak outflow rate, Beichuan wouldjife 4t 5 warning time of zero, calculated with HURAM, are

be flooded with a maximum water depth of 6.1 m, which is shown in Fig. 12. For example, the evacuation rate is 0.208

in good agreement with the observation that the river watefiy syparea 1. As the buildings in this subarea are all three-

level rose to the third storey of many buiIQings accqrding t0storey brick structures, they are just slightly damaged and

the wet marks observed by the authors. Mianyang City wouldca serve as shelters. The ratios of the people unsheltered, on

not be flooded in any of the scenarios in stage 3, as the maxie second floor and on the third floor are 19.3 %, 11.1 % and

mum flow rate, 13690 fs~*, is smaller than the design flow  gg g o6, respectively. Since the water depth is 0—1.5m in this

rate of 14 500 ms™* for the city (Liu, 2008). subarea, the people on the second and third floors are in the
safe zone. The fatality ratio in this subarea is 0.02 % and the
expected loss of life is 1.12 if without any warning.

Given the sheltering rate, evacuation rate and fatality rate,

. . the flood consequences can be estimated based on the meth-

The flood consequences include evacuation costs, flood darrz)—ds presented in the companion paper. The evacuation costs

age and loss of life. The flood consequences are cIoseIY clude arrangement fees;) and GDP interruptionQaop).

related to the evacuation rate, sheltering rate and loss he flood damagers) is Iirrl1ited to the moveable properties

life, which are estimated using a human risk analysis modet - ;
. n this study. The moveable properties are generally propor-
(HURAM) based on Bayesian networks (Peng and Zhang’tional to the number of people who have neither evacuated

2012a, b). 'I.'he. methodqlogy of evaluating flood CONSE~1, o1 sheltered in safe zones. The monetized loss of life is cal-
quences, which is coded in Microsoft Excel, has been 'mro'culated as
duced in the companion paper (Peng and Zhang, 2013). A hu-
man life is monetized according to macro-economic contri-
butions. In this section the consequences of the TangjiashaK'—

landslide dam failure will be evaluated.

5 Evaluation of flood consequences

= (LOL)(GDRy)L, (12)
where LOL is the predicted loss of life; GRRs the an-
nual gross domestic product per person; @ni$ the aver-
age longevity (75yr). LOL is 1.12 in subarea 1 in Fig. 12;
The evaluation of flood consequences in Beichuan in stagéenceV| for subarea 1 is calculated in RMB &g = 1.12 x

1 is taken as an example to illustrate the analysis methodol13 745x 75= 1154 580.

ogy. In the medium erodibility case with a peak outflow rate  In addition to the medium erodibility scenario, two other
of 7100n¥s~1, the inputs for HURAM (Peng and Zhang, scenarios (low erodibility and high erodibility) are also in-
2012a, b) are listed in Fig. 12 for five subareas (S1-S5). Involved in stage 1. The probabilities of low, medium and high
this case, the maximum water depth of 6.13 m occurs in suberodibility are 0.116, 0.596 and 0.288, respectively as shown
area 5. The probabilities of evacuation, sheltering and loss oin Table 5. Therefore, the flood consequence (FC) in stage 1

5.1 Methodology

www.nat-hazards-earth-syst-sci.net/13/439/2013/ Nat. Hazards Earth Syst. Sci., 13, 4894- 2013
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Esooo H  [2—Flood damage Fig. 14. Flood consequences in Mianyang Cit{a) stage 1;

z ° (b) stage 2. No flooding is predicted in stage 3.

§ 2000 L Stage 3 - \

£ 1000 | 0 ° 1

g _— _ stages are very high. The monetized loss of life dominates
G § i 2 36 when the warning time is short. This is reasonable as human

Warning time (hou) life is the first concern upon a serious dam-failure. However,

© . AR . .
; if the warning time is relatively long, the evacuation costs

Fig. 13. Flood consequences in Beichuan Tow(@) stage 1;  Wwould be the largest expenditure. Compared to stage 1, the

(b) stage 2{c) stage 3. estimated flood consequences in stage 2 are much larger. In
stage 2, the erodibility of the top soil layer of the dam is very
high (120 mn3 (N-s)~1). The rapid erosion of this soil layer

is the weighted sum of those of the three scenarios: would cause a larger peak outflow rate and a shorter breach-
ing time. With the diversion channel built in stage 3, the flood
FC = 0.116FG +0.596FCGy +0.288FGy. (13) consequences would be smaller. The monetized potential loss

. of life with zero warning time is RMB 3674 million (3564 fa-
where FG, FGy and FG, are the flood consequences in the talities) in stage 3, compared to RMB 4928 million (4780 fa-

Iow,.m.ed|um and high erodibility cases, respectively. talities) in stage 1 and RMB 14 904 million (14 458 fatalities)
Similarly, the flood consequences in stages 2 and 3 are also

) . . : IN stage 2. The larger number of fatalities in stage 2 is due to
the weighted sum of those of the five scenarios and given bytwo reasons: the higher flood severity (water depth and flow

FC =0.067FG1 + 0.242FG, + 0.382FC3 yekl)cityl) an(IJI th(ca]I shohrtetr) floo?]_rise.time. 'I;jh;la fl?jod riseélimeh
. is closely related to the breaching time and flood water dept
+0.242FG4+0.067FGs, i=2,3 (14) as shown in Tables 5—7.

In Mianyang City (Fig. 14), no flooding is predicted in
stage 3 and no evacuation is needed. In stages 1 and 2, the
flood damage and evacuation costs are much larger, but the
5.2 Calculated dam-break flood consequences monetized loss of life is much smaller than that of Beichuan

Town with the same warning time. The reason is that the
With the methods introduced above, the flood consequencesumber of PAR in Mianyang City is much larger, but the
as functions of warning time in Beichuan Town and Mi- flood severity is much lower than that in Beichuan Town. The
anyang City are presented in Figs. 13 and 14, respectivelylarger number of PAR would cause more evacuation costs
In Beichuan Town (Fig. 13), the flood severities in the threeand flood damage. However, as the values of the maximum

in which the five coefficients are the probabilities of the five
scenarios in Tables 6 and 7.

Nat. Hazards Earth Syst. Sci., 13, 43%54, 2013 www.nat-hazards-earth-syst-sci.net/13/439/2013/



M. Peng and L. M. Zhang: Dynamic decision making for dam-break emergency management — Part 2 449

002 [ flood consequence is given by
360
0.015
= y . ar'r:i’\?esgizfod E (Lt) = Z L (t] ) PD (tj)
3 Time for starting i—0
§ 0.01 the evacuation | y J
& 4 360
0005 [ A1 waingtme 1™ =) [C(W)+ D(W)+ L(Wp)1Pp(t)) (15)
4 N =
n . |
0 ! | . 360 360
2008/61 {14 0:00 2008/6/17 0:00 2008/6!20 0:00 2008/6/22% 0:00 2008/6/26 0:00 2008/[5/'29 0:00
v b tme b =Y C(W)Pp(tj)+Y_[D(Wy)+ L(W)IPp(t)),
j=0 j=0

Fig. 15. The probability of dam-break flood in Beichuan as a dis-
crete time series at an interval of one hour in stage 1 (with a breactwhere C(W;), D(W;) and L(W;) are the evacuation costs,
formation time of three days). flood damage and monetized loss of life as functions of warn-
ing time (W;), which can be found in Fig. 13Pp(¢;) is
the flood probability in the duration af_1 to z;, which is
xpressed in Fig. 15. Therefore, the optimal time to evacu-
te the PAR is the time to achieve the minimum total loss
in(E(L;))] in Eq. (15).

water depth and flow velocity in Mianyang City are much €
smaller than those in Beichuan as shown in Tables 5 and
the fatality rates in Mianyang City are much lower. In fact,
the maximum water depth is much lower than thg brlc_k struc—g , Dynamic decision making in the three stages
tures with three and more storeys, the people in Mianyang

can take refuge in the buildings, which is simulated as shelrigyres 13 and 14 show the expected flood consequences as

tering in HURAM. functions of the time to evacuate the PAR in Beichuan Town
and Mianyang City, respectively. The evacuation costs de-
crease, but the flood damage and monetized loss of life in-
crease with delayed time for evacuation. The expected total

6 Dynamic decision making consequence decreases first and then increases. Therefore, an
optimum decision time can be obtained corresponding to the
6.1 Methodology minimum expected total loss (MTC).

In Beichuan Town, the optimal decision and flood con-

In this study, the decision for the Tangjiashan landslide damsequences are shown in Table 8. The optimum evacuation
break is divided into three stages with different levels of in- time is at 08:00 on 16 June in stage 1, when the MTC is
formation. Figure 8 shows the probabilities of dam failure in RMB 41.93 million. The optimum time is brought forward
the three stages. There is still quite some time from the mo44 h in stage 2 with an MTC of RMB 41.60 million. In stage
ment of V; reachingV, to the start of breaching, which is 3, as the diversion channel has been constructed, the dam
called the breach initiation time. As few data are availablecrest elevation is reduced by 12m. The optimum time to
to predict the breaching initiation time and the correspond-evacuate the PAR is at 00:00 on 7 June, when the MTC is
ing uncertainties, a constant value of 72 h is selected baseBRMB 36.20 million. The 8-9 day difference between stage
on the records of the breaching process (Chang and Zhang, and stages 1 and 2 is due to the reduced reservoir capac-
2010; Peng and Zhang, 2012a, b). This means that the daiity (69 million m3) in stage 3. It takes 8-9 days to fill this
starts to breach three days after the water level reaches thgart of lake. As shown in Fig. 16, the expected total loss
dam crest. increases rapidly about a half-day after the optimum time

In order to demonstrate the method of decision making,because of the increase of monetized loss of life with later
the flood in Beichuan Town in stage 1 is taken as an examplewarning. Generally, an evacuation is not avoidable in all three
Figure 15 shows the probability of dam break in Beichuan asstages for Beichuan. The optimum times for evacuating the
a discrete time series with an interval of one hour. The studPAR, as shown in Fig. 16, may be brought forward a certain
ied time range is set betweeggof 00:00 on 14 May antknqg period for convenience (e.g. at daytime) since the sensitivity
or 13g0 0f 00:00 on 29 May. The predicted dam-failure prob- is not high.
ability outside of this range is very small (3x210~°). The- In Mianyang City, the optimal decision and flood conse-
oretically, a dam would fail at any time in this range. Let us quences are shown in Table 8. Since there is no predicted
assume that the dam-break flood arriveg @nd the warn-  flooding in stage 3, which is a fact, no evacuation is needed.
ing is issued aty. The flood consequences with aRy in In stage 1 as shown in Fig. 17, the optimum time for evacuat-
this range can be obtained with the method presented in thing the PAR is set at 10:00 on 19 June with an expected min-
companion paper (Peng and Zhang, 2013). For example, asmum total consequence of RMB 370 million. Like in Be-
sumingty is at 00:00 on 17 May, ther, =t72. The total  ichuan, the optimum time is brought forward 16 h in stage 2
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Table 8. The optimal decision and flood consequences in Beichuan Town.

Stage 1 2 3

Maximum PAR 30000 30000 30000

Optimal time* 08:00 on 16 June  18:00 on 15 June  00:00 on 7 June
Evacuation cost (RMB) 40.7 million 40.8 million 35.8 million

Flood damage (RMB) 9.64 thousand 5.23 thousand 3.46 thousand
Monetized loss of life (RMB) 1.2 million 0.8 million 0.4 million

Total loss (RMB) 41.9 million 41.6 million 36.2 million

Note*: The crest elevation in stages 1 and 2 was the natural crest elevation before the excavation of the diversion
channel.

Table 9. The optimal decision and flood consequences in Mianyang City.

Stage 1 2 3
Maximum PAR 207370 227090 0
Optimal time* 10:00 on 19 June 18:00 on 18 June —
Evacuation cost (RMB) 340.0 million 353.2 million -
Flood damage (RMB) 3.7 million 2.6 million -
Monetized loss of life (RMB)  26.3 million 25.1 million -
Total loss (RMB) 370.1 million 380.9 million -

Note*: The crest elevation in stages 1 and 2 was the natural crest elevation before the excavation of
the diversion channel.

with an MTC of RMB 381 million. The MTC is more sensi- was relatively small. In Mianyang, nearly 200 000 people had
tive to the time for evacuating the PAR than that in Beichuan.been evacuated for 12 days, but no extraordinary flood actu-
The optimum times for evacuating the PAR in Mianyang areally occurred in this city. An early evacuation decision was
2-3 days later than those in Beichuan. There are three reanade for two main reasons: (1) the government considered
sons for this: (1) the probabilities of the floods in both stagespossible political and societal impacts of the flood and put
1 and 2 in Beichuan are very large, but the probabilities of thehuman life at the highest priority; (2) a higher flood severity
floods in Mianyang are much smaller (i.e. 0.12 in stage 1 andwith a peak discharge of 33 77Gsr ! was predicted based
0.31 in stage 2); (2) the higher flood severity in Beichuanon experiences of man-made soil and rockfill dams (Huang et
needs more warning time for evacuation, while the peopleal., 2008). The study of Peng and Zhang (2012c) shows that
in Mianyang can take refuge in high-rise buildings instead;direct application of empirical models for man-made earth
(3) the flood rise time in Mianyang is much longer, and a and rockfill dams to landslide dams would, on average, over-
certain time is needed for the flood to travel 85 km from Be- estimate the breach size by more than 60 % and the peak
ichuan to Mianyang. There is a trend of convergence of theoutflow rate by approximately 200 %, and underestimate the
monetized loss of life, flood damage and total consequencebreaching duration by approximately 50 %. DYDEM helps
in both stages in Mianyang City. This is because there areon a rational decision in the Tangjiashan landslide case. How-
limits in the maximum loss of life, flood damage and total ever, DYDEM may offer little help on the decision with a
consequence even when no evacuation is implemented.  short-lived landslide dam (Dong et al., 2011). In such a case,
According to Sina News (2008a, b) and Gov.cn (2008), thean immediate decision is needed on evacuation of the PAR.
government organized evacuation exercises in areas down-
stream of the dam on 27 May 2008. The formal evacuation

instruction was issued at 16:00 on 30 May 2008. More than’ ~DiScussions

0.2 million people were evacuated from Mianyang City, Be- ; .

. ' 7.1 The influence of the value of a human life

ichuan and other towns by 20:00 on 31 May, 10 days be-

fore the start of the breaching. The evacuated people werg thjs study, a value of the macro-economic contribution of
not allowed to go back to home until 11 June when the flow 5 person is used to monetize a human life. One may argue
rate at the dam site was smaller than 36st. The peo-  that the value is too low or too high for decision making.
ple in both Beichuan and Mianyang were evacuated earliefrherefore, the influence of value of life to the final decision
than the optimal times suggested in this study. In Beichuanmaking is discussed here. If the value of life becomes higher,
the earlier evacuation would not incur much expense sincgne minimum expected total consequences (MTC) in Figs. 16
a serious flood was not avoidable and the population at risky,q 17 would be larger than the present values. The curve
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Fig. 17. Optimal decision making for Mianyang Citya) stage 1;
(b) stage 2 (No flooding is predicted in stage 3).

Fig. 16. Optimal decision making for Beichuan Towfa) stage 1;  peak outflow rate would happen if a slope failure occurs, and
(b) stage 2{c) stage 3. hence an earlier evacuation warning should be issued with
more MTC. However, as landslide dams are caused by rapid
deposition of landslide debris materials, the slopes on both
of the monetized loss of life would increase more rapidly upstream and downstream sides are relatively gentle and the
and meet the evacuation costs earlier. Therefore, an earliesecondary slope failure is less likely. Statistical data show
evacuation with a higher MTC is needed if the value of life that only 2 landslide dams (1 %) are recorded with slope fail-
is higher, and vice versa. If political or societal influences areures. Like the slope failure, piping failure may lead to an
involved, which puts saving a life on the highest priority, new earlier failure and hence an earlier evacuation warning as it
criteria should be used. In this case, the human risk shouldnay occur before the water level reaches the dam crest. Few
be first reduced to a certain degree before considering monelandslide dams failed in piping (12 cases, 7 % of all failures)
issues. as a large ratio of dam width and dam height often leads to a
small hydraulic gradient.
7.2 The influence of failure modes
7.3 The sensitivity of the minimum expected total
Only overtopping failure is considered in this study as most consequence
failed landslide dams (92 %) were overtopped. Other failure
modes such as slope failure and piping may influence thdn this study, the MTC is not very sensitive to the warning
final decision. Slope failures are mass soil movements on eitime before the optimal time in Beichuan and the evacuation
ther upstream or downstream side of a dam. A slope fail-may be brought forward for safety. However, in Mianyang
ure reduces the soil thickness and, in some cases, the cretfte MTC is much more sensitive to the warning time than
height of the dam. A slope failure by itself may not result that in Beichuan and should be considered carefully. Several
in flooding, but it can affect the future ability of a dam to factors influence the sensitivity. The number of the PAR is a
perform as intended. An earlier dam breaching with a highemmain factor since the evacuation cost, which is related to the
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PAR, dominates the MTC before the optimal time of evacu-
ation. The flood severity is another factor as it directly influ-
ences the flood damage and loss of life. If the flood severity
in Beichuan were not so high, the MTC would not increase
so fast over time. Then the time of evacuation could be de-
layed from the optimal time since it would not cost much
more. The probability of flood is also a very important fac-
tor as it is also highly related to the expected flood damage
and loss of life. Other factors (e.g. dam parameters, hydraulic
parameters, city size, and building characteristics) that affect
the PAR, the flood severity or the flood probability also indi-
rectly influence the sensitivity of MTC.

8 Conclusions

Dynamic decision making for the emergency management
of Tangjiashan landslide dam is analyzed with DYDEM. The
following conclusions can be drawn:

1. The timeline of the Tangjiashan landslide dam failure
event is presented in three stages with different levels of
hydrological, geological and social-economic informa-
tion. Only geometric data are available in stage 1; ge-
ometric, geologic and hydrological parameters are ob-
tained in stages 2 and 3; a diversion channel has been
constructed in stage 3.

2. The hydraulic parameters, such as inflow rate and lake
volume, are forecasted using a time series analysis
method. The results are checked througtf goodness-

M. Peng and L. M. Zhang: Dynamic decision making for dam-break emergency management — Part 2

larger, but the monetized loss of life is less than that in
Beichuan. The reason is that the PAR in Mianyang is
much larger but the flood severity is much lower.

. Dynamic decision making analysis is conducted to find

the optimal time for evacuating the PAR with minimum
total loss and update the decision with new information.
In Beichuan Town, the optimal time for evacuating the
PAR is brought forward 8-9 days because of the con-
struction of the diversion channel. The minimum ex-
pected total consequences in these three stages do not
vary significantly, as they are dominated by the evac-
uation costs. In Mianyang, no evacuation is needed in
stage 3 as no flooding is predicted. The optimum times
for evacuating the PAR in stage 1 and 2 in Mianyang
are 2—3 days behind those for Beichuan. The expected
minimum total consequence in Mianyang is much larger
than that in Beichuan due to the larger number of PAR.

. The framework of dynamic decision making takes the

dam-failure probability as a time series and flood con-
sequences as functions of warning time. It sets a crite-
rion for making an evacuation decision and updates the
decision with new information when delayed decision
is chosen. The application of DYDEM is not limited to
dam-break floods; it may be applicable to emergency
management of other disasters with a certain lead time,
such as levee breaks, flash floods, hurricanes, tsunamis
and landslides.

of-fit test. The probability of dam failure is obtained Appendix A

with the predicted means and standard deviations of the
lake volume as a time series.

) According to the method introduced in the companion paper
3. The dam breaching parameters, such as peak outfloiipeng and Zhang, 2013), autocorrelation funcgipand par-
rate and breaching time, are predicted with a set of ém<;4| autocorrelation functiogy of time seriesy, are shown
pirical models in stage 1 without soil property informa- ;, Taple A1 Sinceo, does not fall off slowly with the in-

Nat.

. The flood consequences, including evacuation costs,

tion, and a physical model (DABA) in stages 2 and 3 rea56 of and the dataset in Fig. 5 shows a stationary trend,
when more geotechnical information is available. The 5 giationary model is suggested (Box et al., 2008). As the
uncertainties of the breaching parameters are studiedrrent daily inflow into the reservoir is closely related to the
based on statistical data. The flood routing in these thregsfio,y values on the previous days according to the river con-
stages is simulated with HEC-RAS, from which the hy- fjyence theory (Nash, 1957), an autoregressive modepAR(
drgullc parameters and 'Fhe PAR in Beichuan Town'andOr ARMA(p, q) is suggested, in which the current daily in-
Mianyang City are obtained. Beichuan suffers seriousoy, js expressed as the weighted sum of the previous daily
flooding in all three stages. Mianyang is not flooded in juf6w values. Since the partial autocorrelation functiog,
stage 3, but the maximum PARs in stages 1 and 2 ar s 5 cutoff after lag 2 as shown in Table AL, the time series is
0.21 and 0.23 million, respectively. identified to follow an autoregressive model AR(2) according
to the rules in the companion paper (Peng and Zhang, 2013):

flood damage and monetized loss of life, are evaluated

with HURAM. The evacuation costs increase and thext — O1X-1 + ox1_2 +ay,
flood damage and monetized loss of life decrease with

the increase of warning time. The monetized loss of life whereg; andg, are coefficients; the random shogkis an
dominates when the warning time is short, which re- independent and identical time series with a mean of zero,
duces rapidly with more available warning time. In Mi- which is often set as a normal distributidh(0, o). The as-
anyang City, the evacuation costs and flood damage areumption of AR(2) will be tested later.

(A1)
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Table Al. The autocorrelation function and partial autocorrelation function for time séries

k 1 2 3 4 5 6

o 042 001 —009 -0.12 0.00 0.3
o 042 —020 —0.02 -0.09 0.10 0.09

Table A2. The autocorrelation function fer; in time serieQ;.

7
k 1 2 3 4 5 6 7 31 p(a)
k=1

pr 0.039 0.095 0.014 -0.121 -0.097 0.274 -—-0.040 4.462

Table A3. The v weights for time serie®); in stage 1.

[ 1 2 3 4 5 6 7 8 9 ...*
Y; 0.463 0.034 —0.068 —0.038 —0.005 0.004 0.003 0.001 —2.7x10°% ...*

Note:* Theyr weights are neglected as they are too small.

The error of time series AR(2) is given by an infinite series:
ar = Xp — P1X1-1 — P2X1-2. (A2)  x;=a;+Y1a-1+ VYoa, 2+ Y3a,_3- -
. . o
The Iegst squares method is used to find parametensd —a, + Z‘b/ aj (AB)
6; for achieving the least sum of the squareg,of =

n

; 2, p _ where the coefficients can be obtained by substituting
Mm[za’ @i.601, i=1,2,....n). (A3) Eq. (A6) into Eq. (A2) and comparing the coefficientsapf
(Box et al., 2008). Ag; is an identically distributed stochas-

By using the solver in Microsoft Excel with the data in Ta- tic process ofV (0, %2), the standard deviation af is calcu-
ble 3, we findp; = 0.463 andp, = —0.181. Therefore, time  |ated as (Box et al., 2008)
seriesy; is expressed as

t=1

o?lx (D)= A+ Y2+ 95 + ...+ Y7ol (A7)
Xy = 0463)(:[_1 — 0181x,_2 +a;. (A4)

where theyr weights (/;) are shown in Table A3 according

According to Box et al. (2008), the assumption of {4 the methods in the companion paper (Peng and Zhang,
AR(2) for inflow rate x; is tested by checking whether 2013), andy, is estimated as
7 ’ a

33 [p; (a)]? follows a x2(5) distribution. Herep; (a) is
=1

=1 . . 2
the estimated autocorrelation functionf The 10% and % =337 2% = 3125 (A8)
5% quantile points fox2(5) are 9.24 and 11.1, respectively.
As 4.46 in Table A2 is smaller than either 9.24 or 11.1, thej, which a, is calculated using Eq. (A2).
model of AR(2) as Eg. (A4) cannot be refused.

As the expected value @f is zero, the inflow rate with a
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