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Abstract
All owner-operators of large dams in the province of Quebec have a legal
obligation to perform a dam break analysis for each of their dams. These studies
are required in the context of public safety, with one of the principal objectives
being to anticipate the worst-case scenario in terms of downstream
consequences. In practice, these studies are traditionally realized for open water
conditions and the possible presence of an ice cover is not considered. Clearly
the presence of ice blocks or an ice cover on the downstream reaches can
aggravate the consequences by producing higher water levels and increased
destructive forces due to the solid phase. Numerical models capable of
simulating dam break under open water or free surface conditions are well
established in current engineering practice. The presence of ice and its
consequent modification of the hydraulic processes in river flow involve various
physical phenomena, some of which are poorly understood from a theoretical
point of view. Progress along these lines is necessary in order to be able to
construct a mathematical model of the extreme flow under conditions of an ice
cover.
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Introduction

Hydro-Quebec is the owner of more than 560 dams most of which are classified as ‘high
capacity’ according to the Quebec Dam Safety Act (LRQ c.S-3.1.01), Section 16 of which
requires that a safety study be done by the owner for each high capacity dam. In practice, a
majority of these studies involve the examination of one or several scenarios of dam failure
under open water conditions. However, the Province of Quebec is located in a Nordic climate
(north of the 45th parallel) with the result that most of its surface water experiences an ice cover
during several months of the year. Clearly, the presence of ice will have an important impact on
river flow characteristics and it is therefore logical to assess how this may modify the behaviour
of the propagation of a surge wave (as well as other important hydraulic parameters) following a
dam break. To the authors' knowledge there is presently no available tool in engineering
practice devoted to this type of analysis.
In the following section, a summary of the important sections of the dam safety act will be
presented. In section 3, traditional hydraulic methodology and models used to perform dam
break analyses will be recalled. Section 4 is devoted to incorporating the presence of ice in the
downstream reaches and modeling with emphasis on processes that are relevant to dam break
analyses.
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Quebec's Dam Safety Act (DSA) and associated
Regulation (DSR)

Section 4 of the DSA defines the criteria used in classifying a dam as a high capacity dam:
3
 Height equal to or greater than 1 m, and volume equal to or more than 1 000 000 m ,
3
 Height equal to or greater than 2.5 m, and volume equal to or more than 30 000 m ,
 Height equal to or greater than 7.5 m.
Section 5 of the DSR specifies that each high capacity dam needs to be assigned a class in the
dam directory. The class is determined as a function of a numerical quantity «P» with the
correspondence being shown in Table 1.
Table 1

Classes of dams (from section 10 of DSR).
Value of «P»
P >= 120
70 < P < 120
25 < P < 70
P <= 25

Class of the dam
A
B
C
D

Section 9 of the DSR defines the numerical value «P» as equal to the product of the
«Vulnerability (V)» times «Measure of consequences (C)»: P =V x C.
The definition of Vulnerability (V) is the subject of sections 12 to 14 and annexes 2 and 3 of the
DSR. Following these sections, V is a function of fixed physical parameters (dam height and

volume, and type of foundation), and some variable parameters that include the age of the dam,
seismic zone in which it is located and the reliability of spillways associated with the dam.
Sections 16 to 18 and annex 4 of the DSR are devoted to the measure of consequences C. «C» is
a function of level or the magnitude of consequences which is determined from an evaluation of
the impact on the downstream population and infrastructure by a dam break flood. Table 2
indicates the magnitude of consequences as a function of the number of persons or infrastructure
in the flooded zone. It should be noted that impacted people or infrastructure considered in the
table 2 are those located in the incremental zone in case of dam-break during extreme rainfall.
The incremental zone is the additional flooded area due to the failure of the dam
Table 2

Level of consequences (from annexe 5 of DSR).

People, infrastructure in flooded area
Inhabited territory
Less than 10 house or local road
Less than 25 residents or less than 50
employees or railway
Less than 1000 residents or regional road
Less than 10 000 residents or national road or
highway
More than 10 000 residents or an hospital

Level of consequences
Minimum (minimal)
Weak (faible)
Average (moyen)
Important (important)
Very important (très important)
Extreme (considerable)

The class of dam is important for the level of surveillance attached to it. The magnitude or the
level of consequences of a dam is important for determining its safety flood.
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Dam break analysis

Dam failure has retained the interest of scientists for at least a century. In 1892, Ritter presented
a theoretical solution for the propagation of dam break wave under the idealized conditions of a
rectangular, flat, frictionless channel. Dressler (1952) and Whitham (1954) provided solutions
for a flat channel including friction. Various laboratory experiments (Nougaro 1953, USACE
1961a & 1961b) have confirmed the validity of these solutions. However, the inclusion of
natural bottom irregularities remained a challenge until the seventies when computer power and
availability made it possible for scientists to develop numerical models for the process.
The interest of the scientific community towards dam failures has been maintained by the
relatively high frequency of dam failures. For the relatively short period between 1960 to 1965,
ICOLD(1998) reported 388 accidental failures of dams with heights above 5 meters. The same
reference has also reported the cases of failure of the German dams Mohne and Eder in 1943 due
to bombing as deliberate acts of war. However, dam failures are usually accidental, and the
statistics indicate that overtopping of the structure is the first cause.
Dam break analyses are performed by considering a certain number of representative scenarios
dictated by the level of risk of potential failure on the downstream population and infrastructure,
or the probability of an extreme input (exceptional flood) or the malfunction of a dam or other

control structure. A basic dam break analysis includes the upstream reservoir with any relevant
inflow hydrograph, the impounding dam and the downstream valley. The case of dams in
cascade may be handled simply as a succession in series of the basic case.
The simplest or basic case requires the analysis of three elements. This is generally reflected in
the construction of three sub models:




3.1

A model for reservoir representation which is able to simulate the drawdown and
evacuation of the reservoir after the dam failure;
A model to simulate breach initiation and evolution;
A model to route the flood through the valley downstream.

Reservoir modeling

Basically there exist two types of reservoir model. In many cases the reservoir is only described
by a capacity curve given by a relation of area (or volume) versus elevation. In this case, the
simulation of the drawdown is accomplished by a simple mass balance evolution equation
known as the level pool routing technique.
dV
dH
= A⋅
= Q Input − QSpillway − Q Breach
[1]
dt
dt
In equation (1), H, A and V represent respectively the surface elevation, the surface area and the
volume of the reservoir. QInput is the inflow into the reservoir from an upstream flood or river,
QSpillway and QBreach represent the outflow from the reservoir contributed by the spillway and the
breach respectively. Given the reservoir capacity relation V(H) or A(H), and the initial state
H(t=0), it is easy to simulate the evolution of the water level in the reservoir by solving the first
order differential equation (1).
In case a geometric description of the reservoir bed is available, for example a series of
transversal profiles, it is possible to use a dynamic model of the type [3a], [3b] to simulate the
draining of the reservoir.

3.2

Breach modeling

Statistics on historical dam failures show that overtopping followed by piping are the main
causes of failure of earthen and masonry dams. Concrete dam failures are generally caused by
foundation collapse. A trapezoidal shape (that includes triangular and rectangular) is the
dominant profile of the observed breach.
The main information provided by a breach model is the (breach) outflow hydrograph with some
models providing estimates of solid material released. Most models for breach formation used
today are of three types: empirical, parametric or numerical. Empirical breach models use
leading variables such as dam height H, reservoir volume V, to predict the peak discharge and
the time of breach development:

B = α1 ⋅ H β1 ⋅ V γ 1
Q = α 2 ⋅ H β2 ⋅ V γ 2
T = α 3 ⋅ H β3 ⋅ V γ 3

[2a]
[2b]
[2c]

B in equation (2a) represents the width at the bottom of the breach. Several authors (Froehlich
(2007), Costa (1985), Molinaro 1990, Rongrao & Qun (1993) have proposed different
expressions for the coefficient α, β and γ.
Parametric breach models use a parametric representation for the breach outflow (for example
the broad crested weir formula) based on an assumed breach geometry, and for the breach
growth by downward erosion of the crest. The model proposed by P. Trousseau (2006) belongs
to this category.
More sophisticated breach models use a full hydrodynamic model coupled with an erosion and
transport model to simulate material removal from the breach (Kahawita 2005)
Recent experimental tests of breach formation on large scale model dikes within the framework
of the IMPACT (2004) project funded by the European Union, have revealed that it is essential
for a predictive model to take into account the soil properties and compaction protocol of the
material composing the dam (Morris, Hassan & Vaskinn, 2007).

3.3

Flood routing

Hydrodynamic models used to route the breach outflow along the downstream valley is usually
based on the Saint-Venant equations for surface flows. In one space dimension they may be
written:

∂A
∂Q
+
=0
∂t
∂x
∂Q ∂( VQ )
∂H
+
+ gA
+ gA S f = 0
∂t
∂x
∂x
Where
• t is the time; x is the distance along the river.;
•

A = A(x,t) is the wetted area; Q = Q(x,t) is the discharge through A;

•

V = V(x,t) =Q/A is the mean velocity;

•

H = H(x,t) is the free surface elevation with respect to a reference level;

•

S f is the friction slope popularly evaluated using the Manning relation :

Sf=

3.4

2
N V

R

4/3

•V

•

R = A/P is the hydraulic radius; P is the wetted perimeter;

•

N is the Manning friction coefficient.

[3a]
[3b]

[4]

Existing dam-break models

To the authors' knowledge RUPTURE developed at the Electricite de France (EDF, 1975) and
DAMBRK from the US National Weather Service (Fread, 1977) were the first numerical models
to become available to a vast audience of civil engineers and scientists. Since then, these two

institutions have regularly upgraded their model. FLDWAV (Fread & Lewis, 1998) has replaced
DAMBRK at NWS. EDF has proposed MASCARET (Goutal & Maurel, 2002) for onedimensional modeling and TELEMAC-2D (Hervouet, 2000) for two-dimensional modeling.
Over the years, the dam safety service at Hydro-Quebec has been a user of these different models
including RUPTURE, DAMBRK and FLDWAV. At the present time, MASCARET and
TELEMAC-2D are two models that are used on a regular basis by HQ for dam safety modeling.
Bulletin 111 of ICOLD devoted to dam-break analysis [ICOLD (1998)] has surveyed 27 models
having dam-break modeling capabilities and reported on their features. These models and their
main characteristics are listed in Table 3.
During the last decade, several international research projects have been devoted to dam break
analysis.
CADAM (Concerted Action on Dam break Modeling, 2000) is an European funded research
project devoted to dam-break modeling. This project took place during the period 1998 to 2000.
It brought together several researchers and practitioners, from various European countries,
working in the field of dam-break modeling. The ultimate goal of the project was to validate
existing dam break models and assess their accuracy. Several benchmark test cases were set up,
from the theoretical Ritter solution to field or laboratory measurements of the Malpasset dam
break case. Figure 1 shows a comparison of the results from one participant against the
measurements for the Malpasset case.
During the period 2001 to 2004, IMPACT (Investigation of Extreme Flood Processes and
uncertainty) another similar international European research group was established. The declared
goal of this group was to assess and reduce the risks associated with extreme floods and dam
failures. Results of several tests from laboratory or field measurements were collected and
distributed to participants for model testing and validation. This project involved not only flood
routing models, but also breach models. A recent special edition of the Journal of Hydraulic
Research (2007) is devoted to these cases. Results of breach modeling against outflow from the
Tous dam-break are shown on figure 2. Figure 3 shows comparison of limnigraphs from
participant models against measurement of the Tous dam break case.

Table 3: Some flow models for dam-break flood simulations (According to the
ICOLD Bulletin 111, 1998)
Agency

Name of Models

Type
1D/2D
1D

Includes Ice
transport
No

USA / National Weather Service

DAMBRK (original)

USA / National Weather Service

SMPDBK
(Simpified
Dambreak)
BOSS DAMBRK

1D

No

1D

No

HAESTED
DAMBRK
UKDAMBRK

1D

No

1D

No

DWAF-DAMBRK

1D

No

HEC-programs
(HEC-RAS)
LATIS

1D

Yes

1D

Yes

Institute of Water Resources and Hydroelectirc
Power Research (IWHR), PR China
Institute of Water Resources and Hydroelectirc
Power Research (IWHR), PR China
Royal Institute of Technology, Stockholm

DBK 1

1D

No

DBK 2

2D

No

TVDDAM

1D

No

Cemagref

RUBAR 3

1D

No

Cemagref

RUBAR 20

2D

No

Cemagref

CASTOR

1D

No

Delft Hydraulics

SOBEK

1D

Yes

Delft Hydraulics

DELFT 2 D

2D

Yes

Consulting Engineers Reiter Ltd.

DYX.10

1D/2D

Yes

ANU-Reiter Ltd.

1D

No

ENEL Centro di Ricerca Idraulica

DYNET ANUFLOOD
RECAS

1D

No

ENEL Centro di Ricerca Idraulica

FLOOD 2D

2D

No

ENEL Centro di Ricerca Idraulica

STREAM

1D

No

Danish Hydraulic Institute

MIKE 11

1D

No

Danish Hydraulic Institute

MIKE 21

2D

No

ETH Zürich

FLORIS

1D

No

ETH Zürich

2D-MB

2D

No

EDF - Ladoratoire National Hydraulique

RUPTURE

1D

No

EDF - Ladoratoire National Hydraulique

TELEMAC - 2D

2D

No

BOSS International
HAESTED METHODS
Binnie & Partners
Department of Water Affairs and Foresty
Pretoria, South Africa
USA / COE- Hyrdologic Engineering Center
Tams

Figure 1: Example of comparison between numerical results against fields data for the
Malpasset dam-break case (CADAM, 2000)

Figure 2: Comparison of Tous dam-break outflow against results of several breach numerical
models (Impact 2004)

Figure 3: Example of comparison between numerical results against field data for the Tous dambreak case (Impact, 2004). The photo above clearly indicates the maximum water level attained
on the wall.
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Ice presence and ice modeling

The life cycle of ice, i.e. the different stages of ice evolution, in a body of water involves various
complex physical processes. H.T. Shen (2003) gives an excellent review of these processes.
Figure 4 is reproduced from this reference.
The upper part of figure 4 with dotted texture represents the different processes involved in the
presence or absence of an ice cover. In the authors' view, as far as dam-break modeling is

concerned, these processes are important to establish the initial conditions, such as the surface of
the river covered with ice and the thickness of this cover.
Two other processes, in the breaking of figure 4, that are important for dam-break wave
propagation are the mechanical break up and the formation and release of ice jams. These are the
processes in the lower left zone with hatched texture

Figure 4: River ice processes

4.1

Ice relevant issues

From equation (3), it appears that the presence of an ice cover over the entire width of the river
section produces a decrease in the area A and an increase in the wetted perimeter. These two
tendencies combine to increase the value of the friction slope. For a river of very large width
where the following approximation is valid :R ~B for open water and R~2B in the presence of an
ice cover (B >> h), it is clear that:
S Withice
> 2 ⋅ S Withoutice
f
f

Figure 5: Comparison of level (W) and discharge (Q) hydrographs with and without ice. Extract
from P. Reiter (2000)
Figure 5 reproduced from Reiter (2000) shows that the presence of ice can lead to an increase of
the order of 4 meters in the maximum water level. Depending on the flood plain shape, this may
imply an additional several square kilometres of flooded area.
An ice cover has a significant impact on flow variables such as water level and discharge. With
regard to the Saint-Venant Equations, ice cover reduces the area A available to the flow and
increases the wetted perimeter both factors combining to reduce the hydraulic radius. From the
expression (2) for the friction slope, it is clear that an ice cover produces an increase in the value
of the friction slope.
Large floating sheets of ice may also behave as debris with the potential of causing jams in
narrow sections of the river, river bends, or at structures located within the water course (Figure
6). To account for these processes, Reiter (2000) proposed the following four steps procedure:
1) A dam-break flood analysis is prepared for the open water surface condition, using a dambreak discharge hydrograph, valid for the winter period. stable ice-cover of an observed or
statistically determined thickness has formed on the river reach below the dam. This ice-cover

lies on a water level adjusted to the assumed flow situation in the river. It is assumed that the
flood wave created by the dam-break would break the ice-cover, which would become floating
and creating additional roughness.
2) The Ice-cover is assumed to be moving with the flood wave and to create ice-jams at potential
sites. Depending of the magnitude of water surface rise a part of the Ice volume of the river
channel may be assumed to be transported to the floodplains and deposited there. The remaining
part of the ice volume will be forming the ice-jam.
3) An empirical breaching criteria will be used to simulate the domino effect ice jamming might
have on the flooding of the downstream valley.
4) The procedure 3) to 4) is repeated for the river reaches formed by potential ice-jam sites.

Figure 6: Schematic representation of ice jam and release. Extract from P. Reiter (2000).

4.2

River ice models

The bibliographic search done by the authors has revealed only one reference (Reiter &
Huokuna, 1986) that reports dam-breaking analysis on river with Icecover. In fact, the above
reference reports on a model called ICEDAMBRK developed in Finland in a four year project
led by Reiter and Huokuna. The model development used two existing models and benefit from
the implication of the developers of these models. Unsteady hydrodynamics was simulated using
NWS Dambrk developed D.L. Fread (1977). Ice processes (thermal evolution and exchange,
frazil, ice cover, etc) modeling used the model Riverice of professor H.T. Shen. The reference
reports that at the time of this development, Dambrk was already a proved and internationally
accepted model. Shen's ice model was more in development stage. Later H.T. Shen will produce
a sequence of model to simulate ice processes. They constitute the subject of the next chapter.
Figure 5 was also published in the paper above reference. It is not clear whether those results
have been validated against some sort of data.
Shen H.T. and its coworkers (Shen, Wang and Lai, 1995) have proposed a sequence of ice
models incorporating more and more physical processes to cover from frazil formation due to
cooling of water to ice cover break up to due to thermal melting, including border ice, bottom ice
and ice cover formations.
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Conclusions

During the last decade, the tools used to perform dam-break analyses have steadily progressed.
Robust numerical techniques borrowed from fluid mechanics and aerodynamics have resulted in
the development of robust hydrodynamic codes that effectively handle irregular bottom
geometries, dry bed and mixed flow regimes (sub/supercritical) in reasonable computational
times. The application of sophisticated techniques for data collection like airborne lasers for
topography have permitted a reduction in the uncertainty associated with these data.
The presence of ice in Nordic rivers for significant periods of time require that this reality be
included in the analysis which is unfortunately ignored in current practice. This omission is
probably due to the complexities of ice processes, and their possible interaction with fast moving
dam-break waves. The lack of tested and validated numerical models incorporating dam-break
and ice processes may be another reason.
On the ice process modeling front, progress is underway driven by the efforts of different
research teams around the world. Advances are needed in the understanding of several ice
processes, their formulation and their modeling. Data collection that would permit better
understanding of the processes, as well as validation of the models under development is also
required.
Ice modeling, sediment and debris transport are probably the areas where significant advances
are needed to reduce the level of uncertainties associated with the results of dam-break analysis.
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