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Abstract:

History of dam accidents and failures shows that dam failure caused floods are relatively rare, but can result in significant losses of human lives and material damages. Numerous countries have regulations aimed at decreasing the risks of downstream flooding should a dam break occur. In the Republic of Croatia, the regulation entitled "Guidelines for definition of consequences following a sudden dam failure", enacted in 1974, is still in force. The guidelines are very restrictive, based on the assumed total, instantaneous dam failure. Under such assumption, the flooded area is relatively large, restricting the use of the area downstream of dams and thus preventing development.

The new guidelines, based on a more realistic assumption relative to dam break, are in preparation.  These guidelines shall define a new approach to positive wave front simulation and risk analyses methods. The paper presents both the experiences with the regulation in force and the proposed new guidelines.

1. Introduction
The instances of breaks in reservoir or retention dams occur very rarely; however, present global experiences prove them to be almost always of catastrophic proportions. Flood wave fronts move downstream, where their destructive power endangers human lives and causes large-scale economic damages, whose repair is long-term and financially challenging. 

Regarding dam breaks, numerous countries have adopted legislation aimed at decreasing the risk of such occurrences, i.e. reduction of consequences if such a break should happen. Since dam breaks are mostly preceded by warning signs (unfavourable meteorological or hydrological situations, seepages of water loaded with deposit, initial fissures, etc.), the monitoring of large dams has been mandatory for a number of years in Croatia. Based on the monitoring data, preventive activities are undertaken in the attempt to decrease the probability of a potential dam break. There is legislation [1] in force since 1975 for cases of dam breaks in Croatia, with the objective to mitigate the consequences of dam breaks on population and economy. This legislation does not specifically deal with potential deliberate breaks, although in 1993 there was such attempt at the Peruća reservoir dam on the Cetina River [2]. The existing regulation defines passive protection by means of restriction or prohibition of construction, as well as active protection by means of the establishment of an emergency warning system for population in a potentially endangered area if threatened by a dam break. For each constructed reservoir or retention there are proscribed required explorations of the manner of break and flood wave propagation (mostly on hydraulic models), and also establishment of warning measures in endangered areas. The regulation proscribed very conservative initial and boundary conditions for explorations of the dam break process, which resulted in unrealistically large potentially endangered areas downstream of dams, with restrictions on construction and necessary establishment of warning systems.
In the last three decades, the imposed restrictions in potentially endangered areas have become an increasing obstacle to economic development of large Croatian areas. Establishment i.e. maintenance of population warning systems in large areas is very expensive in relation to the risk probability of dam break. Additionally, in the last three decades there has occurred a significant advancement in the quality of numerical solutions to the modelling of dam break occurrences and simulation of flood wave propagation, development of better systems of status monitoring as well as better population warning systems. The existing legislation did not take into consideration these and other changes, thus both conditions and demands for a creation of a new legislation arose, which would respect these changes without endangering population safety or property protection. 
The paper shall briefly describe the experiences in the implementation of present legislation and fundamental guidelines for the new technical regulation, which will define explorations and measures for selected reservoir dams.  
2. Elements and criteria for dam break exploration
According to the present Croatian legislation, it is required that numerous activities be carried out during designing of each reservoir to reduce dam break consequences. A dam owner or user is responsible for the implementation of such activities, whereas supervision and permit issue is the responsibility of a commission appointed by the competent ministry. As the first step, the appointed commission defines the dam class and gives guidelines for explorations based on the design characteristics of a dam, reservoir and potentially endangered floodplain. According to the existing legislation, for a defined dam class the owner i.e. user of a large dam must prepare documents on the consequences of its sudden break and/or overflow [3] [4], and submit them to the competent commission. According to the new proposed regulation, the obligation to explore the consequences of a break should exist not only for all large dams
, but also for smaller dams if it is estimated that their potential break could endanger population and economy. 
Both the existing and proposed legislation anticipate the classification of dams, for which dam break explorations should be carried out, into three classes. Dams are classified based on the criteria of potential population endangerment, level of potential economic damages and complexity of modelled area. 
· Class I dams, whose break causes the gravest consequences for population and economy, with complex topographical conditions, require the most complete explorations, with application of both hydraulic and mathematical models to areas upstream and downstream of a dam. When developing a model of flood wave propagation, one should obtain detailed topographical data on maps of appropriate scale (to 1:5,000), detailed data on population density, infrastructure facilities as well as data on locations and types of potential pollution. Simulations should include hydrological phenomena with low probability of occurrence (e.g. floods of 10,000 year return period).
· Class II dam breaks cause a high level of endangerment to population and economy, are potential sources of environmental pollution as well as a danger to human health; however, topographical and other conditions for modelling are not very complex. They also include small dams in urbanized areas as well retention dams located in the vicinity of densely populated areas. In order to make the model of flood wave propagation following a class II dam break, one must obtain detailed data on population density, infrastructure facilities as well as data on locations and types of potential pollution on map scale up to 1: 10,000. Hydrological calculations should include hydrological phenomena with low probability of occurrence (e.g. floods of 10,000 year return period). For dam break simulations, a hydraulic or mathematical model should be used.
· Class III dams include dams whose break would cause a low level of endangerment to population in a scarcely populated area with low economic significance, thus there are no expectations of major consequences due to the dam break. This class also includes small dams, whose break would not cause significant consequences for population or industry. To form the model of flood wave propagation following a class III dam break, one must obtain detailed topographical data, data on population density, infrastructure facilities as well as data on locations and types of potential pollution on map scale up to 1: 25,000. For dam break simulations, a mathematical model should be used, with possible schematisation of boundary conditions.

To calculate flood water one may use a probabilistic or a deterministic method. If a series of records discharges is available a stochastic methods should be applied, by determining probability curves. When all relevant meteorological data are known, one could use the precipitation – discharge model. If there are not enough meteorological or hydrological data a combination of more methods and/or empiric formulae may be used. 

Based on the performed explorations, two elements should be defined:

· flood wave occurrence time and flooding area as a baseline information for determination of scope and level of endangerment, and establishment of an audible population warning system;
· safety level in the reservoir which, in case of a dam break, shall not endanger population or cause damage to economy.
Following the establishment of a population warning system in a potentially endangered area, dam user or owner is obligated to maintain its proper operation and activation in case of endangerment. 

In case of dams on transboundary watercourses, there is an obligation to coordinate dam classification with the neighbouring countries by way of interstate water management commissions.
3.  Dam break modelling
For flood wave form after dam break, it is exceptionally important to adequately describe the velocity and scope of dam break. The existing regulation significantly simplifies dam break calculation by the adoption of a very conservative criterion of complete, instantaneous break along the entire length for all dams, from arch dams to embankment dams, with the exception of embankment and concrete gravitational dams whose crown length exceeds 500 m, in which case breaks can be treated as partial, though instantaneous along the entire dam length. Dam break testing at the Peruća embankment dam [2] and the ensuing engineering explorations indicated to an extreme irrationality of identical treatment of all types of dam break. 
According to the new proposed regulation, in terms of manner and velocity dam breaks are divided into three basic groups: (i) embankment dams, (ii) gravitational concrete dams and (iii) arch dams. By considering certain conservative engineering estimates, adopted dam break velocities range from instantaneous (arch dams) to 5 hours (embankment dams). "Instantaneous" means the break of the entire dam, or a part of the arch dam, in the period from 0 to 30 seconds. The new proposed parameters for the breach formation are quoted in Table 1.

When determined by exploration works that there exists an increased probability for a dam break or overflow (e.g. large landslide formation, break of upper dam segment, yield of rock mass in the foundation segment), it is necessary to assume unfavourable but probable engineering events for flood wave calculation. Additionally, if a concrete gravitational, buttress or multiple-arch    dam is located in an area with an expected magnitude 5 earthquake or higher on the Richter scale, it is further necessary to conduct explorations of a potential instantaneous, complete dam break.
The proposed new regulation defines, in particular, the form of a gradual break or breach formation on embankment dams, which can be consequential to dam overflow or seepage. Within the framework defined by the regulation, velocities and manner of dam break are defined for each case on the basis of engineering analyses, which include technical characteristics of a dam and hydrological conditions. 
Table 1: Proposed parameters for dam break modelling
	Dam type
	Breach width
	Breach slope incline
	Break manner
	Time of dam break

	Embankment  dams
	1 to 5 dam height
	From vertical to slope 1:1
	Breach formation 

1 to 5 dam height
	0.1 to 5 hours

	Gravitational concrete, buttress or multiple-arch    dams  
	Whole number product of the monolith segment width
	Vertical (along the connection between monolith segments)
	Instantaneous break of one (or more) dam segments
	0.1 to 0.5 hours

	Concrete arch and thin-walled dams
	Total valley width
	Valley slope
	Instantaneous, complete
	0 to 0.1 hours


Based on the adopted form (depth, width) and velocity of the breach formation, the output hydrograph is defined. If there are different variants, a more conservative solution of the output hydrograph is adopted. The determined output hydrograph is adopted as the upstream boundary condition for the mathematical or hydraulic model of flood wave propagation downstream of the dam.
4. Flood wave propagation modelling
Pursuant to the existing regulation [1], explorations for all large dams in Croatia are carried out and documentation prepared about the characteristics of downstream flood wave propagation, and in some cases also upstream of a dam break section. Explorations are mostly carried out by means of application of hydraulic models, and in simpler cases (or for comparison purposes) on mathematical models. For illustration, Fig. 1 shows the modelled Koritnjak reservoir (in Croatia) and dam, whereas Fig. 2 shows the endangered area during flood wave propagation.

[image: image1]
Fig. 1 Model of Borovik reservoir and dam 
The proposed new regulation defines, to a certain extent, minimum requirements for explorations of a dam break on the hydraulic model. The hydraulic model must not be in a scale under 1:500 nor with a distortion above 1:5. Data collection on changes in water levels must be performed with appropriate electronic equipment, which is capable of collecting and processing collected data in real time. 


[image: image2]
Fig. 2 Flood wave propagation on hydraulic model after the Borovik dam break
Additionally, when carrying out explorations on a hydraulic model, the modelled area must include the entire reservoir and an area which has to be larger than the boundaries of maximum flooding under the least favourable of analyzed conditions. The boundary of modelling from the downstream side should stretch to the zone where maximum water depth equals 20 cm. The downstream boundary conditions must not influence the accuracy of results, including undisturbed flow of water outside of the model. When developing a hydraulic model, the 1 mm accuracy of model construction should be achieved, whereas in case of a mathematical model, isohypses should be defined within the 1 m accuracy.

Since the application and reliability of mathematical simulation models in the previous three decades have greatly improved, the new proposed regulation recommends their use; however, only those that are professionally verified. Models may be verified on the basis of laboratory measurement results, as well as on the basis of measurement data on overflow events or dam breaks in nature. For simulation, depending on the topographical conditions of endangered area, the use of one-dimensional, quasi-two-dimensional and two-dimensional models is anticipated. When developing mathematical models, the river bed segment upstream of the dam (up to the profile where consequences of water level oscillations are considered negligible) should be included. Downstream of the dam, the model should include the entire flooded area, with a detailed description of all settlements and infrastructure facilities (roads, railways, embankments, canals, etc.).
The new proposed regulation further defines in detail initial and boundary conditions and exploration variants, which should be performed by the application of the hydraulic or mathematical model. As input components for simulation, it is obligatory to define the maximum flood wave by the use of stochastic (flood wave of 10,000-year return period) or deterministic methods (determination of probable maximum flood). Dam break explorations should be carried out under initial conditions of maximum and operating water levels in the reservoir, as well as for the case of dam overflow by design flood wave. If there are more dams constructed on the watercourse within the limit of impact, it is necessary to treat them as dams of class I or II, while hydraulic calculation should be performed with boundary and initial conditions as well, with the adopted "domino effect".

The new proposed regulation also determines the model types which should be used in the calculation process of flood wave propagation after a dam break.
Table 2: Criteria for selection of type of exploration model 
	Dam class
	One-dimensional
mathematical
	Two-dimensional mathematical
	Hydraulic
	Two-dimensional mathematical and 

hydraulic

	I
	
	
	X
	X

	II
	X
	X
	X
	

	III
	X
	
	 
	


For class I dams, at the time of hydraulic model result analysis, apart from collecting data on changes in water levels by electronic means, flood wave propagation must be also recorded with appropriate video equipment. For class II dams, the one-dimensional mathematical model can be used if the flood wave propagates through a narrow, long valley. If not, the two-dimensional or hydraulic models should be used.  

5. Analysis and overview of limits and levels of endangerment
The accuracy and detail level of calculation results depend on the dam class. For class I dams, it is necessary to conduct analyses of simulation results which include a definition of flood wave front advancement, size of flooded area (maximum flooded area), water-level changes at characteristic locations in the endangered area for extreme conditions and safety levels in the reservoir, and the overview of water depths and velocities distribution for maximum flood wave height.  

The new proposed regulation introduces the obligation of division of the flooded area according to endangerment level based on estimated destruction power of water, which is defined as the multiplication product of velocity „v“ and water depth „h“, according to literature [5]. 
[image: image3.png]water depth, d (m)

inundation

ivd=7 m’/s

vd=3m?/s




Fig. 3 Damage criterion for brick and masonry buildings [5]
On selected cartographic base maps it is necessary to identify areas according to the following characteristics, defined by multiplication product of velocity „v“ and water depth „h“:
· area with total destruction, i.e. major damage and collapse of structures, as defined by condition v(h > 7 m2/s;

· area with partial destruction, i.e. lesser damage on supporting structures, as defined by condition 7 m2/s > v(h > 2 m2/s;

· inundation as an area with low velocity river flood and similar damages to floods without instantaneous structural destruction, as defined by condition v(h < 2 m2/s.
Specially isolated areas are those where stability of population movement is endangered, with consequential fatalities, as defined by the multiplication product of velocity „v“ and water depth v(h≥1m2/s.
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Fig. 4 Criteria for definition of endangerment level of flooded area [5]
For class III dams, whose flooding does not involve constructed residential and/or industrial facilities, the presentation of a water-level changes and water velocities in certain key locations, such as bridges and roads, is sufficient. The presentation should only include the assessment of the size of flooded area, maximum water depths and time of flood wave arrival to individual key locations. Methods used for such assessments can be approximative. 
In cases with possible significant deposit transfer in the flood wave, or when deposit may significantly influence engineering decisions in terms of dam design and maintenance, it is necessary to conduct the analysis of deposit transfer as well, which particularly refers to embankment dam breaks and reservoir dam breaks with significant deposits. Maps of flooded areas should also include areas with potential soil erosion and limit speed of water flow equalling v =1.5 m/s. In more complex cases, the two-phase flow should be modelled as well, i.e. transfer of deposit.
6. Conclusion
There is an existing regulation on determination of dam break consequences in Croatia, enacted in 1975, which prescribes the development of a hydraulic model and assumption of instantaneous complete dam break for large dams.
In the previous 30 years, there has been a development of mathematical models as well as new insights into the stability of persons in fluid streams (flood wave) and destructive power of water. Considering that dams are frequently located in densely populated areas, the price of land in the area planned for flood wave retention is very high, which impedes development. 
The new proposed regulation on the determination of consequences after break and overflow of large dams takes into consideration mathematical models, breach parameters, and destructive power of water. 
The new proposed regulation shall enable a more rational use of land downstream of dams, thus encouraging development.
The goal of this legislation is to prescribe minimum requirements which should be fulfilled during the study preparation defining the spread of design flood wave after dam overflow and/or break. The required analyses should include temporal and spatial distribution of water depth and velocities in the flood wave resulting form dam break or overflow in order to assess the population endangerment and the consequences of destructive power of water.  
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