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A B S T R A C T   

Dam breaches often have catastrophic consequences in downstream areas. Hydrodynamic factors and the 
evacuation potential of the population at risk (PAR) have significant impacts on the loss of life (LOL) caused by 
dam breaches. However, the existing comprehensive evaluation models have not conducted in-depth research on 
the evacuation potential of populations. Thus, limited guidance is available for relevant departments to 
formulate emergency plans to reduce the potential LOL. Therefore, a new comprehensive evaluation model was 
proposed in this study. According to the relevant references and disaster theory, the main influencing factors and 
the process through which the LOL is caused by dam breaches were determined. The specific occurrence process 
was divided into six stages: a dam breach causes flood, the flood puts the PAR, the PAR complete the preparation 
work, the PAR evacuate, the un-evacuated population shelter themselves inside buildings, and flood causes the 
death of the exposed population. To calculate the LOL, the parameters relevant at each stage were defined. 
Furthermore, the Hydrologic Engineering Center’s River Analysis System, Geographic Information System, and 
related materials were used to simulate the flood routing and evacuation potential of the PAR, quantifying the 
parameters in the model. The model was applied to 14 towns in the downstream areas of the Luhun Reservoir in 
Henan Province, China, and its accuracy was verified by comparing the results obtained from the two existing 
models. In addition, the specific suggestions for reducing the potential LOL were proposed based on the results of 
the simulation.   

1. Introduction 

Dam service flood control, navigation, power generation, and irri-
gation have significant economic benefits (Latrubesse et al., 2017). 
However, once a dam breach occurs, it has disastrous consequences in 
downstream areas (Ge et al., 2020a; Pathak et al., 2020; Zeng et al., 
2019). According to Li et al. (2019), China had an average of 57.9 dam 
breaches per year from 1954 to 2014. Although there has been signifi-
cant improvement in the project quality and management level in recent 
years, dam breaches still occur from time to time owing to natural di-
sasters, human factors, and strength loss caused by long-term disrepair. 
(Ge et al., 2020b; Thrysøe et al., 2021). In July 2018, at least 20 people 
were killed and more than 100 went missing owing to the flood caused 

by the collapse of a dam under construction, which was a part of the Xe- 
Pian Xe-Namnoy hydroelectric power project in southeast Laos (Kim and 
Lee, 2020). In August 2018, heavy rains caused the dam breach of the 
Sheyuegou Reservoir in Xinjiang, China, leading to 20 deaths and 8 
missing (Beijing News, 2018). In May 2020, the Sardoba Reservoir in 
Sirdaryo Viloyati, Uzbekistan, broke because of a typhoon, and led to the 
evacuation of approximately 70,000 residents, 4 deaths, and 56 injuries 
(Xinhuanet, 2020). In May 2020, the Edenville Dam in the United States 
broke, due to its poor condition and heavy rainfall, causing more than 
10,000 people forced to evacuate urgently. Consequently, the potential 
loss of life (LOL) caused by dam breaches has always attracted the 
attention of researchers. (Aboelata et al., 2003; Lumbroso et al., 2011, 
2021; Johnstone and Garrett, 2014; Ge et al., 2017; Georges et al., 
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2019). 
Generally, empirical models, which established by regression anal-

ysis of historical dam breach events, were used to establish the func-
tional relationship between the LOL and certain key parameters. Brown 
and Graham (1988) proposed a method for predicting the LOL based on 
the analysis of the population at risk (PAR) and the warning time (TW). 
Considering the various levels of severity of dam breach flood, Dekay 
and McClelland (1993) proposed a formula for estimating the nonlinear 
relationship between the LOL and PAR. Graham (1999) added the de-
gree of understanding of the dam breach to the influencing factors, and 
proposed the mortality of the PAR. Based on Graham (1999), Zhou et al. 
(2007) analyzed the data of eight dams in China, and established a 
corresponding assessment model of the LOL caused by dam breaches. 
The U.S. Department of the Interior, Bureau of Reclamation (2015), has 
proposed a new method to replace the Graham method to estimate the 
LOL. Despite their easy application, most empirical models often have 
limited use owing to the low availability of the historical dataset 
(Jonkman et al., 2008). 

Recently, the physical models, which focus on the formation mech-
anism analysis of the LOL, have gradually become research hotspots. 
Assaf and Hartford (2002) developed a virtual reality approach (BC 
Hydro’s Life Safety Model (LSM)) to deal with the problems of failure 
consequence analysis and emergency planning. Aboelata and Bowles 
(2008) established the LIFESim model to evaluate the LOL of Greater 
New Orleans. Lumbroso et al. (2011, 2021) applied the LSM model to 
Malapasset dam, Canvey Island and Brumadinho tailings dam, com-
bined with Monte Carlo, accurately estimated the possible LOL and put 
forward effective emergency management measures. This kind of agent- 
based physical models can simulate countless possible scenarios that 
may be caused by flood, and make effective security decisions. However, 
this kind of models have high requirements for data and operation users. 

Therefore, the comprehensive evaluation models have begun in 
prosperity. Jonkman et al. (2008) developed a new function related to 
mortality to estimate the LOL caused by flood disasters in low-lying 
areas. Ehsan (2009) developed an improved method for LOL estima-
tion. In addition, he also discussed the definitions of two flood severity 
and proposed a new definition of flood severity by using the method of 
geometric aggregate (GA). Considering more factors affecting the LOL 
and the relationships among them, Peng and Zhang (2012) constructed 
the HURAM model based on the Bayes model. Based on data obtained 
from 14 dam failure cases in China, Huang et al. (2017) proposed a new 
method for estimating the LOL using a three-dimensional stratified 
sampling method. Li et al. (2018) analyzed the weights of the primary 
factors that affect the consequences of dam breaches, using set pair 
analysis and the variable fuzzy set theory. Considering the extensive 
changes and effects of the various factors, Ge et al. (2019, 2021) con-
structed a rapid evaluation model based on the catastrophe theory, and 
used the interval theory to effectively determine the possible upper and 
lower limits of LOL caused by dam breaches, rather than a certain value. 
These comprehensive evaluation models focus on the innovation and 
application of mathematical methods, improving the accuracy 
compared with the empirical models significantly. However, owing to 
the lack of in-depth analysis of the evacuation potential of the PAR, they 
are unable to quantify certain critical types of information as effectively 
as the physical models, such as the time required for evacuation, shortest 
roads that can be used for evacuation, and the effective evacuation po-
sitions, resulting in deficiencies in guiding the relevant departments to 
formulate emergency plans. 

Therefore, in order to facilitate application and provide reference 
and basis for formulating emergency evacuation plan to reduce potential 
LOL, combined with flood routing simulation, a new comprehensive 
evaluation model was established to quantify evacuation potential, such 
as the time required for evacuation and the effective evacuation posi-
tions, while estimating LOL caused by a dam breach. 

2. Materials and methods 

2.1. Study areas 

The Luhun Reservoir is located in Songxian County, Henan Province, 
China, on the upper reaches of the Yihe River, a tributary of the Yellow 
River. The Luhun Reservoir focuses on flood control, irrigation, power 
generation, water supply, and tourism. It has a capacity of 1.316 billion 
m3, whose designed flood standard is a 1,000-year event, and the 
checking flood standard is a 10,000-year event. The primary dam is an 
earth-rock dam with a maximum height of 55 m, and the terrain from 
the dam site to Longmen Grottoes is primarily hilly and shallow, with 
open mountains on either side and flat terrain in the middle. Most res-
idents live near rivers, and the others are sparsely distributed in 
mountainous areas far away from the rivers. Secondary and arterial 
roads constitute the main roads, whereas higher traffic capacity roads 
such as motorways, trunk roads, and primary roads are fewer. The 
downstream areas of Longmen Grottoes are the primary locations of 
schools, enterprises, and government agencies, with open terrain, dense 
population, and well-developed transportation, as shown in Fig. 1. 

2.2. Analysis of LOL caused by dam breaches 

Ehsan (2009) developed an improved method for LOL estimation, in 
which all main influencing factors were incorporated in a detailed 
manner for LOL estimation. Based on the Ehsan’s model, an improved 
LOL evaluation model was proposed by using a different approach, 
which can not only accurately evaluate the LOL, but also put forward 
effective evacuation suggestions. 

2.2.1. Analysis of influencing factors of LOL 
The main factors were summarized from the papers of Ehsan et al. 

(2009, 2013, 2014), and then some factors were screened and replaced, 
according to our aim and actual situation. For example, when evacu-
ating by walking, the Fage (age risk factor) and Fh (health risk factor) of 
the PAR affects the evacuation speed. However, due to the difficulty in 
quantifying the impact and the lack of detailed statistical data in the 
study area, the Fage and Fh were not taken into account in this study. 
Considering whether the factors are easy to quantify or not, the Fev (ease 
of evacuation factor) was expressed by transportation modes (MT) and 
transportation network (NT), Fmt (material risk factor) and Fst (storey risk 
factor) were expressed by the vulnerability of buildings (VB). 

According to the disaster theory, the influencing factors were 
determined from three aspects, i.e., disaster-causing factors, disaster- 
affected bodies, and disaster-prone environments (Wu et al., 2021), 
ensuring that the selected influencing factors systematically and 
comprehensively reflect the LOL. 

2.2.1.1. Disaster-causing factors. Disaster-causing factors refer to flood 
caused by dam breaches. The product of flood depth (D) and velocity (V) 
reflects flood severity (SF) (Qi and Altinakar, 2012), and determines the 
mortality of the exposed population (POPexp) to flood, which can be 
quantified by the mortality function (FM) (Jonkman et al., 2008). 

2.2.1.2. Disaster-affected bodies. Disaster-affected bodies refer to the 
PAR. Without the PAR, there would be no LOL regardless of the severity 
of the flood. In the case of flood, evacuation is the most effective choice 
for saving the population. According to Urbanik (2000), the PAR require 
a certain response time (TR) to evacuate, which has a significant impact 
on the evacuation. 

2.2.1.3. Disaster-prone environments. Disaster-prone environments refer 
to the environmental characteristic factors downstream, where the 
disaster-affected bodies are located. The warning time (TW), trans-
portation modes (MT), and transportation network (NT) are the key 
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factors that affect the evacuation of the PAR (Cheng et al., 2011). In 
addition, the downstream buildings provide the primary shelters for the 
PAR, thus, building vulnerability (VB) is significant (Rescdam, 2000; 
Yang et al., 2021). 

2.2.2. Analysis of the formation process of LOL 
The process of LOL caused by a dam breach was determined based on 

the disaster-causing mechanism and the interrelationship among the 
influencing factors (Ge et al., 2021), as shown in Fig. 2. 

Based on Fig. 2, the specific LOL process can be divided into six 
stages. 

(1) A dam breach causes flood 
Flood caused by damage to the dam body or auxiliary structures 

owing to overtopping, quality problems, improper management and so 
on pose significant threats to the safety of the downstream population. 

(2) Flood puts PAR 
The number of PAR is mainly related to the flood inundation areas 

and distribution state of the downstream population. According to Sun 
et al. (2014) and Penning-Rowsell et al. (2005), the residents located in 
the downstream potential submerged areas can be defined as the PAR. 

(3) PAR complete the preparation work before evacuation 
The preparation work of the PAR consists of two parts: receiving the 

warning and responding. The proportion of the population who have 
completed the preparation work to PAR can be defined as the pre-
paredness rate (RP). Therefore, the number of the population who have 
completed the preparation work (POPpre) can be calculated by Eq. (1). 
The population who have not completed the preparation work becomes 
a part of the un-evacuated population (POPun-eva). 

POPpre = PARRP (1) 

(4) PAR evacuate from flood-affected areas 
The proportion of the evacuated population (POPeva) who have 

reached safe areas before the flood arrives to the POPpre can be defined as 
the evacuation rate (RE), as expressed in Eq. (2). Those who fail to 
evacuate to safe areas become another part of the POPun-eva. 

RE =
POPeva
POPpre

(2) 

(5) POPun-eva shelter themselves inside buildings 
The POPun-eva shelter themselves inside the surrounding buildings. 

Certain buildings resist the impact of flood successfully so that the 
people taking shelter can survive. The proportion of the population 
successfully sheltered (POPshel) to POPun-eva can be defined as the shelter 
rate (RS), which can be approximately expressed by the proportion of 

Fig. 1. General situation of study area.  

Dam failure Flood PAR

Un-evacuation
population

Evacuation
population

Survived
populationLoss of life

TW TR

MT

NT

SF

VB

Complete the
preparatory work

Yes

NoExposed
population

FM

Fig. 2. Formation process of LOL caused by a dam breach.  
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damage to the buildings, as expressed in Eq. (3): 

RS =
POPshel

POPun− eva
=

NUMun− dest

NUMtot
(3)  

where NUMun-dest is the number of buildings that successfully resist the 
impact of flood, and NUMtot is the total number of buildings that face the 
flood, respectively. 

(6) Flood causes the death of the POPexp 
The other buildings are destroyed, causing the population that has 

taken shelter in them to become the POPexp. A portion of the POPexp loses 
their lives owing to the flood. Setting FM as the mortality of the POPexp, 
the LOL can be calculated by Eq. (4): 

LOL = POPexpFM (4) 

According to Eq. (1) -Eq. (4), the LOL caused by a dam breach can be 
calculated by Eq. (5): 

LOL = PAR(1 − − RPRE)(1 − − RS)FM (5)  

where PAR and FM are determined by the flood caused by a dam breach, 
and RP, RE, RS are used to describe the evacuation potential of the PAR 
under the threat of flood. 

Therefore, an accurate simulation of the dam breach flood and the 
population evacuation potential are the foundation and key to esti-
mating the LOL. 

2.3. Simulation of Dam breach flood and their effects on LOL 

2.3.1. Simulation of dam breach flood 
The Hydrologic Engineering Center’s River Analysis System (HEC- 

RAS) hydrodynamic model has been widely used because of its easy 
operation and complete function. It was developed by the Hydrologic 
Engineering Center of the US Army Corps of Engineers, and its primary 
functions include water surface line calculation of constant flow, un-
steady flow simulation, sediment transport calculation of movable 
boundaries, and water quality analysis (United States Army Corps of 
Engineers, 2016). In this study, a two-dimensional model of unsteady 
flow was selected to simulate the dam breach flood. 

The main dam of the Luhun Reservoir is an earth-rock dam. In 
general, three types of damage that lead to breaches in earth-rock dams 
are (Carrivick et al., 2011; Abdedou, et al., 2020): (a) overtopping 
caused by excessive flood during the monsoons; (b) seepage, piping, and 
other factors under regular water level conditions during the non-flood 
season; and (c) certain other factors, for example, earthquakes and wars. 
Relevant statistics indicate that overtopping is the primary cause for the 
breach of an earth-rock dam (Zhao et al., 2020). Furthermore, as these 
dams are broken gradually, most breaches are transverse partial ones 
(Peter et al., 2018; Walder et al., 2015; Lee, 2019). Currently, there is no 
authoritative estimation method for the vertical breach height (Wang 
et al., 2018). For safety, the worst situation of breaching at the bottom of 
the dam was considered. Therefore, the simulation condition of the 
Luhun Reservoir dam breach was set as follows: overtopping caused a 
dam breach with horizontal local and vertical dam breaks to the bottom. 
While simulating the flood caused by a dam breach, the effects of various 
types of land on flood routing were also considered. The downstream 
terrain was divided into 50 m × 50 m computational grids and the 
Manning coefficient (n) was assigned (Dazzi et al., 2019; Chen et al., 
2020). 

2.3.2. Determination of the Number of the PAR 
The number of PAR primarily depends on the area submerged by the 

dam breach flood and the distribution of the population in the sub-
merged areas. Where the reservoir capacity is small or the population 
density is low, the PAR in the downstream inundation area is relatively 
small. Hence, in many countries or regions, the PAR distribution at 
various times and seasons can be obtained through typical surveys and 

census data. However, for the Luhun Reservoir with a capacity of 1.316 
billion m3, it is difficult to analyze the population distribution of each 
place in detail because of the large potential submerged areas. There-
fore, the PAR in a certain area can be regarded as a point, and the total 
PAR can be obtained by determining the population at each point (Zhou 
et al., 2007), as expressed in Eq. (6). 

PAR =
∑n

i=1
PARi (6)  

where n is the number of submerged settlements, and PARi is the size of 
the population in the ith settlement. 

2.3.3. Determination of the Mortality of the POPexp 
The mortality of POPexp approximately follows a normal distribution. 

Based on the characteristics of the flood, the inundated areas were 
divided into the breach zone (zone I), zone with rapidly rising water 
(zone II), and remaining zone (zone III). Each zone had a corresponding 
mortality function, FM (Jonkman et al., 2008). 

(a) Breach zone. 
Owing to the high flow velocities and forces, the flood in such areas is 

extremely destructive. When SF ≥ 7 m2/s and V ≥ 2 m/s, the buildings 
will collapse and people will lose their stability simultaneously. FM can 
be considered a constant value, as expressed shown in Eq. (7):  

FM = 1                                                                                          (7) 

(b) Zone with rapidly rising water. 
The flood intensity in such areas is lower than that in zone I. The 

POPexp has the potential to survive, but it is significantly affected by the 
flood rising speed (SR). When SR > 0.5 m/h, people have little time to 
escape because the rapid increase in the level of water is particularly 
hazardous. According to Peng et al. (2012), D ≧ 2.1 m and SR > 0.5 m/h 
are the lower limits of zone II, and the corresponding FM can be calcu-
lated by Eq. (8): 

FM = ΦN(
lnD − 1.46

0.28
) (8)  

where ΦN is the cumulative normal distribution function. 
(c) Remaining zone. 
In such areas, the flood intensity is significantly weakened and the 

probability of people’s survival is likely to be higher. The corresponding 
FM can be calculated by Eq. (9): 

FM = ΦN(
lnD − 7.6

2.75
) (9)  

where ΦN is the cumulative normal distribution function. 

2.4. Simulation of evacuation potential of PAR 

2.4.1. Determination of the RP 
People receive warning messages from various channels, such as the 

government, relatives and friends, electronic media, radio, and social 
software. Therefore, a certain warning time (TW) is required. In addition, 
after receiving the warning, a certain response time (TR) is also required 
for people to notify their relatives and friends, return home from work, 
wait for the family members, and pack luggage (Kuller et al., 2021). It 
was assumed that the probability distributions of these two events were 
mutually independent, and the probability of each successive event 
relied on the probability distribution of the activities that preceded it. 
Thus, the probability of completing the two events is equal to the 
product of the probabilities of completing each event, as shown in 
Table 1 (Urbanik, 2000; Xue et al., 2019). 

Based on Table 1, t = 15 min may be composed of 5 min of receiving 
warning time and 10 min of response time, or 10 min of receiving 
warning time and 5 min of response time. Therefore, the probability of t 
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= 15 min is the sum of these two possibilities. The probability of other 
values of t can be determined similarly, and the probability distribution 
of RP can be obtained by accumulation, as shown in Table 2. 

2.4.2. Determination of the RE of PAR 
Evacuation is a complicated process that is impacted by various 

factors such as traffic conditions, evacuation methods, and evacuation 
routes (Cheng et al., 2011). The population distribution and shelter 
location in residential areas were simplified as points, and the local 
roads were simplified as lines. Considering the submerged residential 
areas as the starting points and the evacuation positions that are not 
submerged as the end points, an OD (Origin- Destination) matrix was 
established in the GIS. Time is the primary consideration in the process 
of emergency evacuation. Thus, the matrix was solved at the cost of 
time. 

In developed countries, most residents are evacuated by their own 
private cars (Fm et al., 2018). However, in China, owing to low private 
car ownership, a large number of residents have to choose other means 
of evacuation. In addition, dam failure usually occurs suddenly. In 
extreme circumstances, the government may not have enough time to 
organize an evacuation. Therefore, it was assumed that the PAR can 
evacuate by cars, motorcycles, and bicycles as well as by walking. 

The evacuation time is related to the road capacity and traffic con-
ditions. Based on an investigation on a large number of road sections, 
The Bureau of Public Roads (2009) of the United States of America 
obtained the functional relationship between driving time and the traffic 
load, i.e., the BPR function, as expressed in Eq. (10): 

t = t0

[

1 + α
(

Q
C

)β
]

(10)  

where t is the driving time of the vehicle on the road section, t0 is the 
driving time of the free flow of the road section, Q is the traffic flow of 
the road section, C is the design capacity of the road section, α = 0.15, 
and β = 4.0. 

During the process of evacuation, the traffic lights at the in-
tersections are mainly controlled by the government, which can be 
ignored. However, pedestrians crossing the road may cause a greater 
disturbance to the traffic. Therefore, the coefficient μ was used to correct 
v0, as expressed in Eq. (11) and Eq. (12). 

t0 =
l
v

(11)  

v = μ⋅v0 (12)  

where l is the length of the road section, v is the driving speed on the 
road section l, μ is the pedestrian interference coefficient, and v0 is the 
design speed of the road section. The value standard of μ is shown in 
Table 3 (Cheng et al., 2011). 

Without any interference, the average speeds of walking, cycling, 
and motorcycle evacuation are 6, 16, and 50 km/h, respectively (Wang 
and Song, 2014). However, owing to the poor traffic capacity of certain 
roads, it is often difficult to reach the ideal speed. Therefore, the road 
speed limit, which has a significant relationship with the traffic capacity, 
was set as the upper limit of the evacuation speed. For example, when 
driving on a road with a speed limit of 20 km/h, evacuees can reach the 
ideal average speed of walking or cycling, whereas while riding a 
motorcycle, they can only reach a maximum speed of 20 km/h. The 
evacuation time required on each road can be determined by dividing 
the length of the road by the average driving speed on it. 

If the available time is longer than the required time, that is, the flood 
arrival time – (warning time + response time) > time required for 
evacuation, the population can be considered to evacuate successfully. 
Hence, RE can be calculated by Eq. (2). 

2.4.3. Determination of the RS of POPun-eva 
In areas where buildings collapse or safe shelters cannot be provided, 

significant LOL may occur. The PAR require a short time to shelter 
themselves inside their own or nearby buildings. Therefore, it can be 
assumed that they have been evenly distributed among the buildings 
before the flood arrives. Whether a building is damaged or not is mainly 
determined by flood intensity and building vulnerability. The RESCDAM 
project (2000) tested the damage caused to buildings in flood and pro-
posed standards accordingly. Wang and Song (2014) established China’s 
building damage standard based on the relevant results, as shown in 
Table 4. 

According to Table 4, the vulnerability of buildings is mainly related 
to their constituent materials and floors. Material information can be 
obtained through satellites, remote sensing data, or surveys in the study 
area. The floor information can be converted from the building vector 
data. The building vector data include the underside contour and height 
spatial distribution information, which can be converted into floor in-
formation based on the corresponding criteria (Yu and Wen, 2016), as 
shown in Table 5. 

Whether the buildings were damaged or not can be determined based 
on the superimposition of the building vector data, which have been 
converted into layers, with the flood division based on the building 
damage criteria specified in the GIS. It is worth noting that one building 
may be in multiple damaged areas simultaneously, and it should be 
judged based on the most unfavorable situation. For example, in three- 
story building destruction areas, buildings with three floors or less will 
be destroyed, and buildings with more than three floors will not be 

Table 1 
Probability product distributions of warning time TW and response time TR.     

TR distribution    

t = 5 t = 10 t = 15 t = 20 t = 25 t = 30    
P(t) = 0.15 P(t) = 0.15 P(t) = 0.30 P(t) = 0.15 P(t) = 0.15 P(t) = 0.10 

TW distribution t = 5 P(t) = 0.2 0.03 0.03 0.06 0.03 0.03 0.02 
t = 10 P(t) = 0.4 0.06 0.06 0.12 0.06 0.06 0.04 
t = 15 P(t) = 0.4 0.06 0.06 0.12 0.06 0.06 0.04  

Table 2 
Distribution of RP.  

t/min Probability of each time period/% RP/% 

5 0 0 
10 3 3 
15 9 12 
20 18 30 
25 21 51 
30 19 72 
35 14 86 
40 10 96 
45 4 100  

Table 3 
Correction coefficient value of pedestrian interference.  

Degree of 
interference 

Extremely 
serious 

Serious Moderate General Slight None 

μ  0.5  0.6  0.7  0.8  0.9  1.0  
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destroyed. A two-story building is considered to be damaged if it is in the 
damaged area of both two-story and three-story buildings. 

The number of buildings destroyed in each residential area can be 
counted using the frequency statistics function of the GIS. Therefore, the 
RS of the POPun-eva can be calculated by Eq. (3). 

3. Results 

3.1. Simulation results of dam breach flood 

Based on the simulation results of dam breach flood, the maximum 
width of the breach is reached after 1.35 h, final bottom width is 165 m, 
and maximum flow of the breach is 57,769 m3/s. The flood reached 
Yichuan County after 0.8 h and Longmen Grottoes in Luolong County 
after 3.6 h. In the Longmen Grottoes region, affected by its narrow valley 
and low-lying terrain, the water depth reached a maximum of 

approximately 29 m, and the flow velocity in the center of the river 
increased sharply to approximately 23 m/s. Beyond Longmen Grottoes, 
owing to the flat and open terrain downstream, the flood begins to 
spread and the flow velocity gradually slows down, and it reaches 
Yanshi County after 8.7 h. The total submerged area in Luoyang is 
approximately 291 km2, primarily involving 14 residential areas in 
Songxian County, Yichuan County, Luolong County, and Yanshi County. 
The locations listed in the order of their distances from the dam site from 
near to far are as follows: Minggao Town (A), Baiyuan Town (B), 
Chengguan Town (C), Pengpo Town (D), Longmen Grottoes left bank 
(E), Longmen Grottoes right bank (F), Longmen Town (G), Zhuge Town 
(H), Taikang east road (I), Lilou Town (J), Dianzhuang Town (K), Pan-
gcun Town (L), Zhai Town (M), and Yuetan Town (N). The inundation 
situation is shown in Fig. 3. 

3.2. Simulation results of PAR evacuation potential 

The ownership rate of private cars in Luoyang City, where the Luhun 
Reservoir is located, is 19.6%. According to Cova and Johnson (2015), 
each car can take two to three people (2.5 is selected). Owing to the lack 
of detailed statistics, it was assumed that the residents give priority to 
cars, whereas the remaining people were evacuated on average using 
motorcycles and bicycles and by walking. Thus, the proportion of resi-
dents evacuated using cars was 49%, and that for the other three 
methods was 17%. The time required for evacuation of the PAR in each 
town was calculated by the OD matrix, as shown in Fig. 4. 

Three conditions were assumed: each town issued a warning message 
0, 0.5, and 1 h before the flood arrived. By combining the time required 
for evacuation, the maximum time allowed for the population to com-
plete the preparation work can be calculated. At this time, the corre-
sponding preparation rate RP is the proportion of the PAR that can be 
successfully evacuated, that is the RE. 

Through information from the building vector data converted into 

Table 4 
Reference standards for buildings damage in China.  

Building type Damage standards for buildings 

Mud bungalows D ≥ 0.9 m and SF ≥ 2 m2/s 
Brick and concrete Bungalows V ≥ 2 m/s and SF ≥ 7 m2/s  

Two-story buildings V ≥ 2.4 m/s and SF ≥ 15 m2/s  
Three-story buildings V ≥ 2.4 m/s and SF ≥ 22 m2/s  
Four-story buildings V ≥ 2.54 m/s and SF ≥ 29 m2/s 

Note: For the buildings higher than four stories, their ability to resist flood is 
very strong, which can be considered that not to be damaged. 

Table 5 
Transformation rule of buildings’ heights to floors in the study area.  

Height (m) ≤4 5–7 8–10 11–13 

Floors 1 2 3 4  

Fig. 3. Inundation of the reservoir downstream.  
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floors, it was found that there were almost no bungalows in the sub-
merged area. Nowadays, buildings in the downstream area are all con-
structed from either bricks or concrete. Taking Chengguan Town of 
Yichuan County as an example, the damage to the buildings in this area 
is shown in Fig. 5, and the RS can be calculated by Eq. (3). 

3.3. Results of estimation of LOL 

Based on the results of simulation of flood routing and population 
evacuation potential, the results of estimation of the LOL in each town 

are shown in Table 6. 

4. Discussion 

4.1. Comparison with Ehsan’s model 

Ehsan (2009) proposed a method for calculation LOL, as expressed in 
Eq. (13). 

LOLi = PARi × FATBASE × Fsv × Fage × Fmt × Fst × Fh × Fwar × Fev (13) 

where LOLi = loss of life at a particular location “ i” downstream of 
the dam, PARi = population at risk at a particular location “ i” down-
stream of the dam, FATBASE = Base fatality rate of 0.15, Fsv = Flood 
severity factor, Fage = Age risk factor, Fmt = Material risk factor, Fst =

Storey risk factor, Fh = Health risk factor, Fwar = Warning factor, Fev =

Ease of evacuation factor. 
Ehsan’s model was applied to the case of this study to calculate the 

LOL under different warning time. The value of the coefficients and the 
results of LOL are shown in Table 7. 

Comparison between the estimation results of Ehsan’s model and the 
proposed model was made, as shown in Table 8. 

According to Table 8, the mortality of the proposed model is larger 
than the Ehsan’s model, which is caused by the following reasons:  

(a) Due to the different national conditions, the models of other 
countries are not necessarily suitable for direct application to 
China. For example, in the Ehsan’s method, the value of FST is: 

Fst = 1(for high severity and all types of houses) (14)  

Fst = 1 − − S% (for medium and low severity) (15)  

where S = % of more story houses. 
However, there may be great differences in the standards of the 

Fig. 4. Required time for towns to evacuation.  

Fig. 5. Damage of buildings in Chengguan Town.  
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construction industry, the structure and materials of houses in different 
countries. Therefore, when judging the damage of houses in the flood, 
the standards for houses damage in China (as shown in Table 4) were 
used in the proposed model, which led to the difference in the evaluation 
results between the proposed model and Ehsan’s model. 

(b) When Ehsan’s model was used to calculate the LOL in study case, 
Fsv = 0.3 was taken in all medium flood severity areas. However, the 
special topography of Luhun reservoir leads to more serious flood. The 
flood severity in many areas is of medium severity, but very close to high 

severity. At this time, Fsv = 0.8 or 0.9 is more suitable. The proposed 
model took this situation into account in more detail, so the results are 
larger than Ehsan’s model. Furthermore, the proposed model is more 
sensitive to water depth (D). In the same flood severity areas, the value 
of FATBASE in Ehsan’s model is the constant, but the value of FM in the 
proposed model increases with the increasement of D. Therefore, based 
on the proposed method, the calculation results of Luhun Reservoir with 
deep flood in the downstream are larger. 

(c) Ehsan’s model lays the foundation for the accurate assessment of 
LOL. Combined with the above comparison, it is suggested that when 
using the Ehsan’s model, the selection of parameters can be analyzed 
more carefully, so as to further improve the accuracy of the results. 

4.2. Comparison with Li-Zhou model 

Based on the actual situation prevailing in China, considering the 
Graham method and certain other influencing factors, Zhou et al. (2007) 
presented the mortality table of the PAR for estimating the LOL caused 
by dam breaches in China. The results of estimation obtained from the 
model proposed in this study were compared with those of Li-Zhou 
model, as shown in Table9. 

According to Table 9, when the warning time for Town B is 0.5 h and 
those of Towns J and N are 0 h, the estimation results are not within the 
scope of the Li-Zhou model. However, this situation can be attributed to 
specific reasons. Town B (Baiyuan Town) is a rural area, where the 
proportion of houses with more floors is much lower than that in urban 
areas. Only approximately 55% of the houses could effectively resist 
flood in the area. Hence, most of the POPun-eva are exposed to the flood, 

Table 6 
Results of estimation of LOL in 14 downstream towns.  

Towns PAR RE RS/% Mortality zone FM LOL 
TW/hour TW/hour 

0 0.5 1 0 0.5 1 

A Minggao 8614 0 0 31.518 61.670 I 1.000 3302 3302 2261 
B Baiyuan 12,527 0 6.588 74.104 55.001 I 1.000 5637 5370 1460 
C Chengguan 21,982 0 27.472 87.390 72.730 I 1.000 5994 4809 756 
D Pengpo 10,569 0 0 40.108 67.331 II 0.781 2697 2697 1615 
E Longmen Grottoes left bank 6360 0 5.519 71.415 68.319 iii 0.033 66 64 19 
F Longmen Grottoes right bank 3465 0 0 15.094 69.301 iii 0.028 30 30 25 
G Longmen 4032 0 7.564 73.140 63.674 I 1.000 1465 1385 393 
H Zhuge 10,302 0 5.552 73.287 81.853 II 0.113 141 136 38 
I Taikang east road 7426 0 12.295 82.454 77.309 II 0.127 10 9 2 
J Lilou 29,551 0 3.110 75.181 64.909 iii 0.032 332 324 80 
K Dianzhuang 20,528 0 0 16.334 73.208 II 0.837 4603 4603 3851 
L Pangcun 8405 0 0.100 56.181 91.422 iii 0.007 5 5 2 
M Zhai 31,043 0 1.820 63.357 71.063 iii 0.005 45 44 16 
N Yutan 20,215 0 17.042 85.471 69.660 iii 0.021 129 113 19  

Table 7 
Estimation results of Ehsan’s model.  

Towns PAR Fsv Fst Fwar(min) Fev(min) LOL 

0 30 60 0 30 60 0 30 60 

A 8614 1 1 1  0.7  0.3 1  0.7  0.3 1034 507 93 
B 12,527 1 1 1  0.7  0.3 1  0.7  0.3 1503 737 135 
C 21,982 1 1 1  0.7  0.3 1  0.7  0.3 2638 1293 e 
D 10,569 0.3 0.01 1  0.7  0.3 1  0.7  0.3 4 2 0 
E 6360 0.3 0.01 1  0.7  0.3 1  0.7  0.3 2 1 0 
F 3465 0.3 0.01 1  0.7  0.3 1  0.7  0.3 1 1 0 
G 4032 1 1 1  0.7  0.3 1  0.7  0.3 484 237 44 
H 10,302 0.3 0.01 1  0.7  0.3 1  0.7  0.3 4 2 0 
I 7426 0.3 0.01 1  0.7  0.3 1  0.7  0.3 3 1 0 
J 29,551 0.3 0.01 1  0.7  0.3 1  0.7  0.3 11 5 1 
K 20,528 0.3 0.01 1  0.7  0.3 1  0.7  0.3 7 4 1 
L 8405 0.3 0.01 1  0.7  0.3 1  0.7  0.3 3 1 0 
M 31,043 0.3 0.01 1  0.7  0.3 1  0.7  0.3 11 15 1 
N 20,215 0.3 0.01 1  0.7  0.3 1  0.7  0.3 7 4 1  

Table 8 
Comparison between the estimation results of Ehsan’s model and the proposed 
model.  

Towns Mortality of Ehsan’s model Mortality of the proposed model 

0 min 30 min 60 min 0 min 30 min 60 min 

A  12.00  5.88  1.08  38.33  38.33  26.25 
B  12.00  5.88  1.08  45.00  42.87  11.65 
C  12.00  5.88  1.08  27.27  21.88  3.44 
D  0.04  0.02  0.00  25.52  25.52  15.28 
E  0.04  0.02  0.00  1.04  1.01  0.30 
F  0.04  0.02  0.00  0.87  0.87  0.72 
G  12.00  5.88  1.08  36.33  34.35  9.75 
H  0.04  0.02  0.00  1.37  1.32  0.37 
I  0.04  0.02  0.00  0.13  0.12  0.03 
J  0.04  0.02  0.00  1.12  1.10  0.27 
K  0.04  0.02  0.00  22.42  22.42  18.76 
L  0.04  0.02  0.00  0.06  0.06  0.02 
M  0.04  0.02  0.00  0.14  0.14  0.05 
N  0.04  0.02  0.00  0.64  0.56  0.09  
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leading to a significant LOL. The values of SF for Towns J (Lilou Town) 
and N (Yuetan Town) are medium, primarily because of its large water 
depth. However, the flow velocity is small, and the impact of the flood 
on the houses and the POPexp is limited. Thus, it will not cause serious 
casualties. The results of the estimation for other towns under various 
warning times are all within the scope of the Li-Zhou model, which 
verifies the accuracy of the proposed model. 

4.3. Analysis of the simulation results 

(a) According to Fig. 4, Town A (Minggao Town) and Town L 
(Pangcun Town) require the maximum amount of time for complete 
evacuation, at 210 and 187 min, respectively. Town A is closest to the 
dam site among the 14 residential towns. The dam breach flood arrives 
within 50 min, which is far less than the time required for evacuation. 
Therefore, the relevant departments should prioritize the evacuation. 
Town L is far from the dam site, and the flood arrives late. If the early 
warning is timely, the population will have sufficient time to evacuate. 
The time required for complete evacuation of other towns is within 130 
min, and the longest is 128 min. Among these, the towns with longer 

evacuation times are Town D (Pengpo Town), Town F (Longmen 
Grottoes right bank), Town K (Dianzhuang Town), and Town M (Zhai 
Town), which take 124, 117, 126, and 128 min, respectively. To reduce 
the potential LOL as much as possible, the relevant departments should 
issue early warnings and properly arrange the evacuation sequence for 
residents based on the flood arrival time and the amount of time 
required for evacuation. 

(b) It is worth noting that if a flood disaster occurs, most residents in 
Luolong County will be evacuated to Hetaoyuan Park, Luopu Park, 
Luolong, and Luoyang Sports Center (the red positions displayed in 
Fig. 6), which may cause overcrowding. It is recommended that after 
properly attending to the injured, some people should be transferred to 
nearby locations, such as Mangshan Sports Park, Peony Park, Xiyuan 
Park, Peony Square, and the Shangyang Branch of Wangcheng Primary 
School (the blue positions displayed in Fig. 6). In addition, Fig. 3 in-
dicates that Yichuan County has less capacity for receiving evacuees 
than Luolong County, which makes it inconvenient for the evacuation. 
Therefore, the relevant departments should set up temporary camps in 
the surrounding unsubmerged highlands to provide living supplies and 
medical assistance to asylum seekers. 

(c) As compared with the existing methods, this model can not only 
estimate the LOL caused by dam breaches but also quantify significant 
information, such as evacuation time and effective shelter location, to 
facilitate the relevant departments in formulating effective evacuation 
strategies. In addition, unexpected situations may occur in the actual 
evacuation process, such as road obstruction or impassability owing to 
traffic accidents, broken trees and falling stones, and prohibited areas 
owing to the location of chemical enterprises, prisons, or military bases. 
To handle the impact of these emergencies, measures such as road 
blocking or traffic bans can be set up at the corresponding positions of 
the vector data in the GIS. 

(d) The results of the estimation obtained from the proposed model 
are significantly affected by the accuracy of the flood characteristics. 
Because of the significant effects of the breach parameters and down-
stream roughness on the accuracy of the flood simulation, parameter 

Table 9 
Comparison between the results of the proposed model and Li-Zhou model.  

Severity of 
flood 

Towns TW/ 
h 

Mortality /% 

The proposed model Li-Zhou 
model 

High (SF > 12 
m2/s) 

ABCG 0 38.3345.0027.2736.33 （10100) 
0.5 38.3342.8621.8834.35 （040) 
1 26.2511.653.449.76 （040) 

Medium (SF >

4.6 m2/s) 
DHIJKN 0 25.512.052.881.1222.420.64 （280) 

0.5 25.511.972.631.1022.420.56 （0.0527) 
1 15.280.550.510.2718.760.09 （0.0527) 

Low (SF ≤ 4.6 
m2/s) 

EFLM 0 1.050.860.060.14 （05) 
0.5 1.000.860.060.14 （01.5) 
1 0.300.730.030.05 （01.5)  

Fig. 6. Possible crowded locations and nearby locations for transfer.  
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selection and processing should be adjusted based on the specific con-
ditions. Further, extreme weather, such as rainstorms, fog, and hail, has 
an adverse impact on the evacuation of the PAR, and the model can be 
further refined in combination with other relevant studies. 

5. Conclusion 

According to the analysis of influencing factors and formation pro-
cess of LOL, a new comprehensive evaluation model was proposed, in 
which the parameters were quantified based on flood routing and pop-
ulation evacuation potential simulation. The HEC-RAS was used to 
simulate the flood caused by dam breaches and determine the number of 
PAR and the mortality of the POPexp. The GIS and related vector data 
were used to simulate the evacuation potential of PAR, in which the RP, 
RE and RS were quantified. Taking 14 towns downstream of the Luhun 
Reservoir in Luoyang, China, as an example, the estimation results of the 
proposed model were compared with those obtained from the two 
existing methods, indicating that the proposed model can effectively 
determine the potential LOL caused by dam breaches in China, which 
provides a reference for the relevant departments to formulate emer-
gency plans. 
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method. J. Hydrol. 590, 125342 https://doi.org/10.1016/j.jhydrol.2020.125342. 

Beijing News, 2018. Flood caused by torrential rain in Hami, Xinjiang: 20 people were 
killed due to partial dam failure of the reservoir. http://news.sina.com.cn/c/2018- 
08-04/doc-ihhehtqh7551081.shtml. 

Brown, C.A., Graham, W.J., 1988. Assessing the threat to life from dam failure. Water 
Resour. Bull. 24 (6), 1303–1309. https://doi.org/10.1111/j.1752-1688.1988. 
tb03051.x. 

Bureau of Public Roads, 2009. Traffic assignment manual. US Department of Commerce. 
Urban Planning Divisions, Washington. 

Cheng, C., Qian, X., Zhang, Y., Wang, Q., Sheng, J., 2011. Estimation of the evacuation 
clearance time based on dam-break simulation of the Huaxi dam in Southwestern 
China. Nat. Hazards. 57 (2), 227–243. https://doi.org/10.1007/s11069-010-9608-4. 

Carrivick, J.L., Jones, R., Keevil, G., 2011. Experimental insights on geomorphological 
processes within dam break outburst floods. J. Hydrol. 408 (1–2), 153–163. https:// 
doi.org/10.1016/j.jhydrol.2011.07.037. 

Chen, C., Zhang, L., Xiao, T., He, J., 2020. Barrier lake bursting and flood routing in the 
Yarlung Tsangpo Grand Canyon in October 2018. J. Hydrol. 583, 124603 https:// 
doi.org/10.1016/j.jhydrol.2020.124603. 

Cova, T.J., Johnson, J.P., 2015. A network flow model for lane-based evacuation routing. 
Transp. Res. Part A 37 (7), 579–604. https://doi.org/10.1016/S0965-8564(03) 
00007-7. 

DeKay, M.L., McClelland, G.H., 1993. Predicting LOL in cases of dam failure and flash 
flood. Risk Anal. 13 (2), 193–205. https://doi.org/10.1016/0167-6687(93)90920-K. 

Dazzi, S., Vacondio, R., Mignosa, P., 2019. Integration of a levee breach erosion model in 
a GPU-accelerated 2D shallow water equations code. Water Resour. Res. 55 (1), 
682–702. https://doi.org/10.1029/2018WR023826. 

Ehsan, S., 2009. Evaluation of life safety risks related to severe flooding. Book 
(International edition), Institute of Hydraulic Engineering, Universität Stuttgart, 
Germany. Vol. 180. 

Ehsan, S., Marx, W., Wieprecht, S., 2013. Estimation of flood warning times for flood 
safety management downstream of dams. J. River Eng. 1 (2). 

Ehsan, S., Marx, W., 2014. Assessment of the possible extent of loss of life (LOL) 
downstream of large dams due to dam failure flooding. J. River Eng. 2 (5). 

Ge, W., Sun, H., Zhang, H., Li, Z., Guo, X., Wang, X., Qin, Y., Gao, W., Van Gelder, P., 
2020a. Economic risk criteria for dams considering the relative level of economy and 
industrial economic contribution. Sci. Total Environ. 725, 138–139. https://doi.org/ 
10.1016/j.scitotenv.2020.138139. 

Ge, W., Qin, Y., Li, Z., Zhang, H., Gao, W., Guo, X., Song, Z., Li, W., van Gelder, P., 2020b. 
An innovative methodology for establishing societal life risk criteria for dams: a case 
study to reservoir dam failure events in China. Int. J. Disast. Risk Re. 49, 101663. 

Ge, W., Li, Z., Liang, R., Li, W., Cai, Y., 2017. Methodology for establishing risk criteria 
for dams in developing countries, case study of China. Water Resour. Manag. 31 
(13), 4063–4074. https://doi.org/10.1007/s11269-017-1728-0. 

Georges, V., Fanny, Q., Phan, T.S.H., Tran, N.T.D., Nguyen, T., Luu, X.L., Nguyen, A.T., 
Nicolas, G., 2019. Flood-related risks in Ho Chi Minh City and ways of mitigation. 
J. Hydrol. 573, 1021–1027. https://doi.org/10.1016/j.jhydrol.2018.02.044. 

Graham, W.J., 1999. A procedure for estimating loss of life caused by dam failure. U.S. 
Bureau of Reclamation, Dam Safety Office, Denver, USA, Report No. DSO-99-06. 44. 

Ge, W., Jiao, Y., Sun, H., Li, Z., Zhang, H., Zheng, Y., Guo, X., Zhang, Z., Van Gelder, P., 
2019. A method for fast evaluation of potential consequences of dam breach. Water 
11 (11), 2224. https://doi.org/10.3390/w11112224. 

Ge, W., Wang, X., Li, Z., Zhang, H., Guo, X., Wang, T., Gao, W., Lin, C., Van Gelder, P., 
2021. Interval analysis of loss of life caused by dam failure. J. Water Res. Plan. Man. 
147 (1), 04020098. https://doi.org/10.1061/(ASCE)WR.1943-5452.0001311. 

Huang, D., Yu, Z., Li, Y., Han, D., Zhao, L., Chu, Q., 2017. Calculation method and 
application of loss of life caused by dam break in China. Nat. Hazards 85 (1), 39–57. 
https://doi.org/10.1007/s11069-016-2557-9. 

Johnstone, W., Garrett, M., 2014. Return to Malpasset: Using the Life Safety Model to 
assess the effectiveness of community evacuation plans, ASDSO Annual Conference, 
21-24 September, San Diego, USA. 

Jonkman, S.N., Vrijling, J.K., Vrouwenvelder, A.C.W.M., 2008. Methods for the 
estimation of loss of life due to floods: a literature review and a proposal for a new 
method. Nat. Hazards 46 (3), 353–389. https://doi.org/10.1007/s11069-008-9227- 
5. 

Kim, Y., Lee, M.J., 2020. Rapid change detection of flood affected area after collapse of 
the Laos Xe-Pian Xe-Namnoy Dam using Sentinel-1 GRD data. Remote Sens-Basel. 12 
(12), 1978. https://doi.org/10.3390/rs12121978. 

Kuller, K., Schoenholzer, K., Lienert, j.,, 2021. Creating effective flood warnings: a 
framework from a critical review. J. Hydrol. 602, 126708 https://doi.org/10.1016/j. 
jhydrol.2021.126708. 

Latrubesse, E.M., Arima, E.Y., Dunne, T., Park, E., Baker, V.R., d’Horta, F.M., Wight, C., 
Wittmann, F., Zuanon, J., Baker, P.A., Ribas, C.C., Norgaard, R.B., Filizola, N., 
Ansar, A., Flyvbjerg, B., Stevaux, J.C., 2017. Damming the rivers of the amazon 
basin. Nature 546 (7658), 363–369. 

Li, Z., Wang, T., Ge, W., Wei, D., Li, H., 2019a. Risk analysis of earth-rock dam breach 
based on dynamic Bayesian network. Water. 11 (11), 2305. https://doi.org/ 
10.3390/w11112305. 

Lumbroso, D.M., Sakamoto, D., Johnstone, W.M., Tagg, A.F., Lence, B.J., 2011. The 
development of a life safety model to estimate the risk posed to people by dam 
failures and floods. Dams Reservoirs J. 21 (1), 31–43. 

Lumbroso, D., Davison, M., Body, R., Petkovšek, G., 2021. Modelling the Brumadinho 
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