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Abstract

Dam is known as well build structure that stored high volume of water for various purposes such as irrigation, water supply and electrici-
ty generation. With the multiple usage of dam towards the nation and civilization, the dam should be properly examined so that it will not
cause extreme effect in sociology, economics and environmental. However, dam may experience a failure due to many reasons. The af-
termath of dam failure especially in term of loss of life could leave detrimental effects on human, properties as well as environment.
Therefore, this paper provides a systematic review on the existing methods to estimate the loss of life due to the dam failure. Throughout
the years, many improvements have been made to give better estimation for loss of life. Such prediction is very important for disaster

planning by authorities.
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1. Introduction

Dam which is functionally known as water supply, irrigation and
hydropower. As the civilization develop and the demand for water
increase, dam have specifically constructed as water supply, irri-
gation, flood control, navigation, recreation and hydropower. Dam
is known to be large made by the concrete which has weight to act
as a strength. Although dam may have a large size and have regu-
lar inspection by their workers but the potential to have a failure
cannot be avoided. Dam failure is considered as one of the major
events that hold the extreme consequences in environment, econ-
omy and the worst case is loss of life. Throughout the history, one
of the famous dam failure happened was Teton Dam which caused
771 homes or mobile homes were destroyed, 3002 homes were
damaged, 16650 livestock was lost, approximately $400 million
property damage and 11 human have lost their life were reported
[1, 2]. The Teton Dam has a maximum height of 305 feet and
filled up by water up to 356 million cubic [3]. The dam failure is
caused by major leaking near the northwest abutment of the dam
and caused 80 gallon of water to be released [4]. The dam which
was built by Bureau of Reclamation, collapsed when it is complet-
ed and being filled up with water for the first time. Recently, an-
other dam failure has occured in Laos which caused at least 26
casualty, hundreds of people were missing and many were dis-
placed. The root causes of the dam to breach was due to the heavy
rain as well as attributable to shoddy construction. On July 23, the
Xe-Pian Xe-Namnoy dam which was under construction since
2013 has ruptured causing 5 billion cubic water were released [5].
It causes a massive flooding and swept away the villages at the
downstream.

In Malaysia, dam failure have never been occurred throughout the
history. However, the water release from Sultan Abu Bakar Dam
Cameron Highlands in 2013 caused three people killed, nearly 100

houses destroyed and thirty-eight people from 80 families to be
placed at Ringlet Community Hall [6]. This proves that even
though it involves small scale of water release, we could not rule
out the possibility of catastrophic outcome.

From the aforementioned case history, the loss of life become
severe when the height of dam is high (more than 100 feet) and
the capacity of the water is large (more than 50,000 acre feet). If
the dam failure occur, people at the downstream area near the dam
will have greater effect compare to the other areas. This is because
i) peak dam failure that discharge will immediately flow to down-
stream area, ii) the longer the distance of downstream, the higher
the stream flow capacity iii) higher flood velocity is a result from
a steeper river gradient from the dam.

This review paper focuses on the methods to estimate the loss of
life resulting from the dam failure. According to Jonkman et al.
[7] these methods generally use to identify the consequences of
flooding and the result can be used in flood risk and as a mitiga-
tion plans. The objective of this review paper is to give a compre-
hensive review on different types of methods in estimating the loss
of life due to dam failure. A literature review were conducted to
identify the methods for loss of life due to dam failure

2. Loss of Life Models for Dam Failure

Over the years, several models have been developed to improve
some of the extreme scenario and to build better estimation of loss
of life. A comprehensive review due to loss of life for dam failure
have been made before and these are some of the important meth-
ods that can be used.
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2.1. DS0-99-06 Procedure

This methodology is developed by Graham [8] to estimate the
loss of life from the dam failure. The procedure is based on the
statistical analysis and history of dam failure, flash flood and
floods which were located in the United States. The fatality rates
were based on the result of analysis from 16 dam failure and 450
deaths around the world [9]. The fatality rates were recommended
based on the severity of the flood, warning siren or signs and the
understanding by the population on flood severity [7]. The initiat-
ing of dam failure warning would be the general guidance to esti-
mate the loss of life. Several factors may influence the estimation
including the dam surveillance and monitoring and dam specific
emergency action plans.

2.1.1 Concept of DSO-99-06 Procedure

Flood severity, warning time and degree of understanding of flood
severity are main variables used for the outcome of the dam fail-
ure. Initiated of dam failure warning is important part to estimate
the loss of life as the time where safety officers begin to inform
the public on the dam failure risk and start to evacuate. If the dam
failure warning sirens fail to be disseminates to the public, the loss
of life may be increase. This indicates that public does not receive
the warning signals. Warning system is usually used as risk miti-
gation measures which provide information on time and future
events that can minimize the loss of life and damages [10, 11].
The warning categories associated in this procedures use the con-
cepts of ‘none’ (<15 min), ‘some’ (15-60 min), and ‘ade-
quate’(>60 min) [7]. The level of understanding in flood severity
is depends on the warning received by the public. Therefore, the
usage of verbal descriptors might be better to be received compare
to the usage of actual number range. To increase the level of un-
derstanding on flood severity in public, it leads to increase the
awareness in public to trigger their condition if dam failure occur.
The consequences of the dam failure may be vary depending level
of severity and the understanding of flood severity. However,
awareness program such as Community based-disaster risk man-
agement is a chance to increase the level of understanding espe-
cially to the potentially affected public about dam failure thus
reduce the loss of life [11]. Table 1 below shows the recom-
mended fatality rates to estimate loss of life from dam failure.

Table 1: Recommended Fatality Rates for Estimating Loss of Life Result-
ing from Dam Failure (Source: Bureau of Reclamation, DSO-99-06)

Precise 0.002 0.0 -0.004
More than Vague 0.0003 0.0-
60 0.0006
Precise 0.0002 0.0-
0.0004

The loss of life from dam failure may directly affected by flood-
water but also may indirectly affected cause by injury or illness
such as heart attack during the evacuation [12]. From the Table 1
above, the low severity of flooding with the excellent warning
gave the suggested fatality rates of 0.0002 which represents 1
death for every 5000 people at risk. Repeated dam failure warning
and the usage of social media in disseminating and communicat-
ing during the critical time [13] can help in providing convincing
dangerous situations. This can result in higher evacuation rates
and resulting the lower fatality rate. The case history data used to
develop DS0O-99-06, data loss of life from the road network or
highway congestion does not countable. Meaning that if there is
loss of life due to the heavy traffic network during the evacuation
is not included. This type loss of life may consider as an indirect
impact as public lost their way to save their life. Roads may be
blocked by the flood impacted the ability to evacuate as their road
network maybe destroyed.

2.1.2 Application of DSO-99-06 Procedure

The method was applied to the Dongwushi reservoir in Hebei
province. The reservoir is built with the height of 34.1 m, the wa-
ter surface level is 106.18 m and storage volume 162 x 10° m® [14].
The dam failure occur because of the overtopping. By using the
DS0-99-06 procedure, the estimated loss of life was calculate.
Figure 1 below shows the maximum outflow of water which the
location of downstream have been divided into 7 sections.
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Fig. 1: Maximum outflow of calculation section (Adopted from: Sun, Y., et
al, 2010).

From the figure above, the maximum outflow decrease as the
distance from the dam increase. By using the reference from the
Table 1, the estimated loss of life is tabulated in the Table 2 below.

Table 2: Losses of dam failure of different conditions (Source: Sun, Y., et

Flood Warning Flood Severity Fatality rates
Severity Time Understanding | (Fraction of people at risk
(Minutes) projected to die)
Suggested Suggested
range
HIGH No warn- Not applicable 0.75 0.30-1.00
ing
15 to 60 Vague Use the values shown
Precise above and apply to the
More than Vague number of people who
60 Precise remain in the dam failure
floodplain after warning
are issued. No guidance is
provided on how many
people will remain in the
floodplain.
MEDIUM No warn- Not applicable 0.15 0.03-0.35
ing
15 to 60 Vague 0.04 0.01-0.08
Precise 0.02 0.005 —
0.04
More than Vague 0.03 0.005 —
60 0.06
Precise 0.01 0.002 -
0.02
LOW No warn- Not applicable 0.01 0.0-0.02
ing
15 to 60 Vague 0.007 0.0 -0.015

al, 2010)
Sit Flood WT/ Flood Fatality Popula- LOL
e severity h severity rate tion at
under- Risk
standing
1 Medi- 0.25 Vague 0.01 630 000 6300
um -1.0 Precise 0.005 3150
>1.0 Vague 0.005 3150
Precise 0.02 1250
2 Low 0.25 Vague 0.007 400 000 2800
-1.0 Precise 0.002 800
>1.0 Vague 0.0003 120
Precise 0.0002 80
3 Low 0.25 Vague 0.007 370 000 2590
-1.0 Precise 0.002 740
>1.0 Vague 0.0003 111
Precise 0.0002 74
4 Low 0.25 Vague 0.007 310 000 2170
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-1.0 Precise 0.002 620
>1.0 Vague 0.0003 93
Precise 0.0002 62
5 Low 0.25 Vague 0.007 820 000 5740
-1.0 Precise 0.002 1640
>1.0 Vague 0.0003 246
Precise 0.0002 164
6 Low 0.25 Vague 0.007 410 000 2870
-1.0 Precise 0.002 820
>1.0 Vague 0.0003 123
Precise 0.0002 82
7 Low 0.25 Vague 0.007 250 000 1750
-1.0 Precise 0.002 500
>1.0 Vague 0.0003 75
Precise 0.0002 50

From the table above, the flood severity in the first table is the
largest due to the location that near the dam. The total loss of life
also bigger compare to the other column. The loss of life also may
be different compare because it depends on the warning time and
the understanding on flood severity. When the warning time was
between 0.25 — 1.0 the flood understanding become vague and the
total loss of life is higher. Therefore, the dam safety and flood risk
management need to be taken care seriously. If the dam failure
occur it may affect the population and the environment.

2.2. Life Safety Model

Life Safety model is a prototype piece created by the British Co-
lumbia Hydro (BC Hydro) in Canada [7, 15]. The DS0O-99-06
procedure above use the statistical approach based on the history
of dam failure. This LSM prototype use the approach of the inter-
action between the hydrodynamics (flood hazards) and the
‘agents” which include people, building and vehicles. The data
required including the population people at risk (PAR), flood
depths and velocity, and the road network [15]. From this form of
analysis, two output may be produce by the model which is i)
estimation of loss of life; ii) the emergency planning and loss of
life mitigation.

The Figure 2 below shows the concept of LSM which shows the
interaction between the dynamics and its ‘agents’.
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Fig. 2: LSM Concept (Source: LSM Users Guidance v3)

The conceptual of LSM combines the existing technologies such
as GIS, 2D hydraulic model and human behavior. This combina-
tion creates clear understanding on the location and variation of
individuals at the flood impact zone.

2.2.1. Concept of Life Safety Model

In the virtual world created in LSM, the population data including
the people at risks, building and vehicles is refer as ‘People’s
World’. The most important ‘agents’ in this model is people which
the purpose of this model to reduce the loss of life if dam failure
occur. Logic configuration is the basic principal used in LSM
where it consider the individual behavior when they encounter the
flood wave. It depends on individual decision on how they are
trying to save their life and find the safe haven [15]. Figure 3 be-
low shows the basic configuration and flood wave using the LSM.
It shows the physical context and variables to build the LSM.
Considering that the flood wave have heavily inundated to the area.
Therefore it carrying the flood depth, (d) and the velocity (v) or dv.
The basic concept of the LSM is that each object (people, vehicles,
building) has resistant, R to withstand the flood loading, S. The
state changes to DESTROYED when R< S. Flood wave can cause
the state changes through toppling, instantaneous loss or cumula-
tive loss. Figure 4 shows the generic example of loss function
used in LSM. The flood severity can be determined by the DV
(depth x velocity; m%s) value. The higher the DV value, the high-
er the flood severity will be experience. The value of DV can be
obtained from the 2D hydraulic model that can be used to develop
and map the boundaries to incorporate the flood severity. The
vector elements in the LSM is toppling, floating an instantaneous
loss. As the concepts of LSM depends on the interaction between
the dynamics and its ‘agents’, LSM has the ability in developing
several scenario to save the individual life and access the outcome
from the scenario [16].
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Fig. 3: Basic configuration and flood wave (Source: LSM Users Guide v3)
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Fig. 4: Generic example of loss function in LSM (Source: LSM Users
Guide v3)
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A person loss being subjected to flood water will cause the person
to be toppled or deceased. Toppled individual is considered to
have low strength and to be deceased when the strength of indi-
vidual become weak. The person that aware of the flood will move
towards the safe haven and it considered being safe. There is a lot
of criteria when considering the toppled or deceased person which
one of the criteria is the depth of flood water. They become unsta-
ble in water with the sufficiently high dv. The drowning of a per-
son can be categorized in three different ways whether if the per-
son stayed in the destroyed building, person walking in greatly
high dv and their vehicle being drowned in the water (during
evacuation) [7]. When the flood wave strikes, the LSM can deter-
mine whether the building ‘Standing’ or ‘Destroyed’. Building can
be ‘Destroyed’ in three conditions which are i) building experi-
ence high depth and velocity; ii) water depth greater than the
height of building; iii) the initial structure value turn below the
critical level. As the flood wave impacts particular building, the
hydrostatic force, momentum of moving water may affect the
structure thus leading to weakening of the structure itself.

During the evacuation, public may evacuate to safe haven by us-
ing their vehicles. The interaction between flood and vehicles can
be estimated either it will be floating or toppled based on the flood
depth and velocity. For vehicles, toppled is the condition when the
person in the vehicles considered to be deceased. The travel to the
safe haven itself is one of the factor that can contribute to reducing
or increasing number of loss of life road or segment. However, it
also can contribute in increasing number of loss of life if heavy
traffic occur during the evacuation.

2.2.2. Application of LSM to Malpasset Dam Disaster

Malpasset dam is located at Reyran River Valley in southern
France, 12 km from the upstream town of Frejus. The dam was
made up to 66.5 m high with crest length of 223 m [17]. On 2
December 1959, the dam suddenly failed to function because of
the water pressure on the rock and the nature of the rock causing
the dam to release 55 million m® of water [18]. The total fatalities
caused by the dam failure is 423 and most fatalities occured at the
downstream township of Frejus which has total population at risk
about 6000 people [18, 19]. The dam failure at the Malpasset dam
was simulated with Life Safety model due to i) Available data for
dam break including the calibrated, two dimensional, hydrody-
namics data of flood wave; ii) Available data for 1:400 scale phys-
ical model taken by EDF (Electricite de France) on 1964 iii) Reli-
able data record for population at risk and people impacted by
flood.

Telemac 2 dimensional (2D) model was used as a hydraulic model
to simulate the dam breach flood. To create the flood event, the
new develop topographic and infrastructure data need to set back
to the year of 1959. All the data such as aerial photograph, oblique
airbone photos and local map was needed to approximate the
buildings and road network at time of 1959 [20].

The flood zone has been broken down into four impacted zones as
shown in figure 4 below.
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In order to estimate the loss of life the model input parameters
were used such as family size, building and individual strength,
building evacuation time, flood awareness related to the depth of
flood water and building and individual strength reduction factor.
It is possible to determine the suitable value for each parameter.
However the results of the estimated casualty is approximately to
the actual loss [20]. Table 2 shows the comparison of both estima-
tion and actual loss of life at the Malpasset dam.

Table 2: Results of loss of life at Malpasset Dam (Adopted from: Lence,
B., etal, 2011)

Loss of life Building destroyed
Estimated with Life 424 151
Safety Model
Actual number 423 - 500 158

2.3. DSO-99-06 vs LSM

DS0-99-06 and Life Safety Model (LSM) both are known as tools
that used to estimate the loss of life due to the dam failure. The
DS0-99-06 is developed earlier than the LSM. However, both
have same objective which is to estimate the loss of life. With the
recent technology, LSM is one of the tools that can simulate the
dynamic interaction between the 2D hydraulic model and the
physical interactions of the objects within the flood wave. With
the reference to the Geographic Information System (GIS), more
accurate data can be obtained. Both tools have advantages as well
as limitations which can be improved in the future. Table 3 shows
the benefits and limitation of both models.

Table 3: Benefits and limitation of the tools

Tools Benefits Limitations
DS0-99- i Three variables as i.  Travel times, depth
06 dominant roles in and velocities that
dam failures; flood affects the people
severity, warning vehicles and
time, warning ur- boundaries is de-
gency termined based on
ii. LOL relationship large scale averag-
are based on judg- es.
mental. Eg: fatali- ii. PAR (people at
ties rate are greater risk) is consider for
for areas that re- the entire area of
ceive no warnings inundation or for
but high severity of large sub-grouping
flooding. of PAR
iii. Cost to conduct the iii. Evacuation is not
study is low as in- specifically evalu-
undation maps and ated
PAR information iv. Easy toused and
are available. outlined step by
iv. Provides insights step, users may in-
into factors that in- appropriately with-
fluence when out thinking the
warning initiated specific situations.
for dam failure. Eg:
type of dam, drain-
age area of the dam
Life Safety i Dynamic interac- i.  The MIKE 21 hy-
Model tion between 2D draulic data need to
(LSM) hydraulic model be convert into
and its agent (peo- Telemac2D hydrau-
ple, vehicles, build- lic models.
ings) ii. The users need to
ii. DV value (depth x be critically think-
velocity) isan in- ing on the specific
terim to define the situation that might
flood severity happen.
iii. Ability to develop
several scenario if
the dam failure oc-
cur. Eg: Warning
time

Fig. 5: Malpasset Impact zone (Sources: Lence, B., et al, 2011)
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3. Conclusion

From the model mentioned above, since the dam failure history
that happened around the world, researchers try to find their way
to help in disaster plan to reduce the loss of life. With the ad-
vancement of technology lead to more detail and realistic estima-
tion of loss of life. Although there is no perfect model in estimat-
ing the loss of life for dam failure, the effort to reduce the loss of
life should be not be seen lightly.More simulations need to be
carried out using real cases to ascertain the full-blown capability
of LSM. Therefore, this review has provided the underpinning
background of this method which could benefit the authorities in
formulating evacuation plan for any vulnerable area towards flood
disaster.
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