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Abstract  This paper provides new relationships for predicting fill dam failure based on available history of dam failures 

around the world. These new relationships provide estimation about maximum discharge and breach formation time for 

embankment dam which failure by overtopping. The relationship for maximum discharge was derived by introducing a new 

method for handling the outflow hydrograph. The relationship for predicting breach formation time was obtained by using 

regression analyses. For the outflow hydrograph, the flow duration curve is split into three simple shapes and superimposed 

for calculating the peak discharge. The accuracy of the peak discharge is improved by considering the influence of dam 

reservoir volume. Additionally the prediction of breach formation time can be improved considerably by introducing a 

parameter related to the dam type. This parameter is defined as the ratio of dam storage over the height of the water behind the 

dam. The gained results show more reasonable results compared with existing formula. 
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1. Introduction 

Dams are engineered to serve in a robust manner to store 

water for e.g. power production, irrigation purposes or flood 

protection. Spilling facilities are foreseen to prevent 

uncontrolled increase of the storage water level and therefore 

overtopping of the dam. In addition reservoir and dam 

monitoring systems provide together with a forecasting 

system the basis to intervene and start with safety measures. 

However, in very uncertain cases the uncontrolled 

overtopping of a fill dam could cause regressive erosion, 

uncontrolled loss of water and finally the failure of the 

retention structure. For rescue forces and protection 

measures to endangered areas downstream it is of highest 

interest to know the failure path, the time to failure and the 

flow duration curve to account for the flood risk. According 

to the National Inventory of Dams (US. Army [14]) a large 

amount of dams worldwide have been constructed as 

embankment dams. Therefor the importance considering 

embankment dam failures in hydraulic engineering, water 

resource management and risk management fields is given. 

Main reasons for embankment dam failure are overtopping 

and piping through the dam or foundation. Overtopping 

failure is also categorized as more dangerous compared to   
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piping dam failure. The main reason is related to the 

mechanism of overtopping failure. During overtopping, the 

dam’s materials are washed away very quickly compared to 

piping failure mechanisms, in which water gradually erode 

the dam materials by seeping under the dam.  

Therefore, herein the dam failure due to overtopping is 

reassessed. For better understanding of such failure 

mechanisms, it is very important to identify dam failure 

parameters. Many parameters and factors influence the 

failure modes in embankment dams, and it is difficult to 

consider all of them to predict the outflow hydrograph.  

Therefore, in most of the existing relationships only major 

factors are considered. In this paper, we introduce and 

develop a relationships for predicting peak outflow discharge 

due to dam breach as well as dam failure time. Furthermore, 

the accuracy of these relationships is improved by taking 

major dam failure factors and parameters into account as 

these are the reservoir volume over the dam height, the shape 

of the outflow hydrograph and the general dam type 

considering the dam sealing concept. Our results confirm 

that considering mentioned factors has great influence on the 

evaluated results. Comparisons with available information 

about failed dams and numerically analyses of dam erosion 

processes show good correlation. This provides confidence 

by using the new relationship for risk assessment purposes.  

Herein, we will first explain about different mechanisms 

and models of embankment dam failures and second the 

worldwide dam failure data are discussed with the analysis 

method. Finally, a comparison is made between our 
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relationship and some of the existing ones.  

2. Mechanism of Overtopping Failure 
and Breach Parameters 

A main failure mechanism in embankment dams occurs 

when a huge uncontrolled amount of erosion of the dam 

takes place. This will be happen if the structure of the dam is 

damaged or uncontrolled water is being released above the 

dam body. There are various mechanisms for different dam 

failure systems and many researches have already 

investigated such mechanisms (e.g. Ralston [10] and Singh 

[11]). The focus of this paper is on the overtopping failure 

mechanism, and this type of failure mechanism will be 

discussed and reviewed in more detail. First, different 

procedures and theories will be reviewed and evaluated 

quickly. 

Ralston [10] discussed and suggested a procedure to 

understand the cohesive and non-cohesive dam failure in 

embankment dams due to overtopping failure. In his 

procedure, first breach starts from the toe of the dam by head 

cut for cohesive dams. Contrary for non-cohesive dams, he 

pointed out that first erosion process starts at a point in the 

dam where tractive stress becomes higher than critical 

resistance. Singh [11] confirms Ralston ś theory for cohesive 

dams, and furthermore, he extends Ralston ś work about 

non-cohesive soil dams by introducing a new procedure. In 

this procedure erosion process for homogenous dams starts 

at seepage outcrop on the downstream slope of a dam. For a 

better understanding of unknown parameters, dam breach 

parameters are split into two parametrical categories named 

as geometric and hydrographic parameters. Geometrical 

parameters normally refer to the geometric characteristic of a 

dam breach shape as these are: height of breach (Hb), top 

width of breach (Bt), average width of breach (Bave ), bottom 

width of breach (Bb ) and side slope of breach (Zb ). The 

hydrographic parameters describe factors like peak outflow 

discharge (Qp) and time of failure (tf ) which affect dam 

failures (Figure 1).  

 

Figure 1.  Geometric parameters and Hydrographic parameters 

3. Methodology 

In this part two new relationships are introduced to predict 

dam failure time and peak outflow discharge for all 

embankment dams which fail by overtopping flow. First the 

dam failure time is calculated by using the regression 

analysis on the previous dam failure data. The accuracy of 

this relationship, furthermore, is improved by considering 

the influence of different type of soils through a parameter 

named as δ. Then, the peak outflow discharge is calculated 

using a new method. In this new method, the area under a 

hydrograph is converted into three simple shapes and the 

peak discharge of breach calculated by sum of the all of these 

areas. In the following these two relationships are discussed 

in more details. 

3.1. Calculate Dam Failure Time (𝐭𝐟) 

3.1.1. Data Collection 

In the first step reliable data about dam failure from 

literature are collected. To increase the accuracy of the 

prediction relationships the case scenarios are used, which 

provide reliable information about their influence on the 

main parameters. 

Therefore in this investigation, dam failures data are 

selected and gathered from different sources to have a certain 

variety in our parameterization and modelling procedure. 

Then, a close scanning on all datasets is performed to pick up 

the best quality data that fit to our purpose during this study. 

To set up a worldwide dataset three main sources are used. 

The first one is the work of Vijay P. Singh [12], in which 

information and data over 85 embankment dam failures are 

presented and discussed. The second source for our dataset is 

the work of Xu et al. [17]. They presented data about 75 dam 

failure data, and finally Froehlich [4] dataset containing is 

added is added into our data collection. All of these data were 

scanned thoroughly to remove incomplete or duplicated data. 

Furthermore, the selection criteria are narrowed down to 

contain only overtopping failure mode. These refined dataset 

is the basis of this investigation and is used in our calibration, 

validation and regression analysis.  

3.1.2. Literature Review for Empirical Formulas 

The time span for a dam to fail is very important with 

respect to rescue measures. Any change in the tf parameter 

has a high influence on the magnitude and shape of the 

outflow hydrograph. The correlation for this parameter is a 

determining factor for higher accuracy of outflow 

hydrograph prediction in embankment dams. Researchers 

have found various relationships for predicting dam failure 

time based on regression analysis. MacDonald and 

Langridge-Monopolis [8] relate dam failure time to the 

volume of soil eroded during dam failure (𝑉𝑒𝑟 ). Froehlich [4] 

related dam failure time either to the volume of water behind 

the dam or to the multiplication between height of breach and 

volume of water behind the dam at the dam failure time. 

Reclamation [1] used average width of breach (Bave ) and 

Von Thun and Gillette [15] defined based on the different 

type of the soil of the dam two other relationships. Recently 

Froehlich’s study [4] considered height of water (Hw ) along 

with height of breach (Hb) to find a regression relationship 

for calculating dam time to fail. These various works with a 

variety on relationships for defining the dam’s failure time 
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emphasise the importance. The next section focus in more 

detail on this issue to define parameters based on the 

compiled dataset.  

Table 1.  Literature review of dam failure time equations 

Investigator Equation for predict 𝑡𝑓  

MacDonald and 

Langridge-Monopolis [8] 
𝑡𝑓 = 0.0179 × (𝑉𝑒𝑟 )0.364  

Froehlich (1995) [19] 𝑡𝑓 = 0.00254 × 𝑉𝑤 × 0.53 × 𝐻𝑏
−0.9 

Reclamation [1] 𝑡𝑓 = 0.011 × 𝐵𝑎𝑣𝑒  

Von Thun and Gillette (hard 

erosion) [13] 
𝑡𝑓 = 0.02 × 𝐻𝑤 + 0.25 

Von Thun and Gillette (easy 

erosion) [13] 
𝑡𝑓 = 0.015 × 𝐻𝑤  

Froehlich (2008) [4] 𝑡 𝑓 = 63.2 × (𝑣𝑤 9.81 × 𝐻𝑏
2 )0.5 

3.1.3. New Relationship for Dam Failure Time 

Dam failure time in embankment dams are depending on 

the type of the dam , kind of the failure, soil parameters, soil 

compaction, reservoir volume, height of dam, height of 

water behind the dam and many other conditions and 

parameters. Any change in either of these parameters can 

make sensible change in breach formation time, maximum 

discharge of breach and shape of the dam breach. In order to 

find accurate relationships for breach formation time based 

on the regression method, we need some specific parameters 

in our dam failures data. Most important ones are: height of 

the dam or height of the water behind dam (Hw ), volume of 

the reservoir (Vw ) and dam failure time (tf). According to 

our prepared dataset on dam failures data, only 40 dams 

satisfy these requirements and as a result only these dams 

were considered for further calculation. Furthermore, these 

selected dams are divided into three different groups for a 

more accurate analysis. 

The dams in the first group are used to find the 

relationship for regression formula. The second group of 

dams were used to define the soil type coefficient. The last 

group was kept to be used later for validating the 

relationships. In group one regression analysis has been done 

between all dam failure parameters, as these are height of the 

dam, length of the crest, width of the crest and height of the 

water behind the dam. Based on this analysis, we find out 

that the ratio of the volume of water over the height of the 

water behind the dam (or height of the dam) ( 
𝑉𝑤

𝐻𝑤
 ) has a 

good relation with dam failure time (𝑡𝑓) The unit of 𝑉𝑤  

should be in million cubic meters and unit of 𝐻𝑤  should be 

in meter. Moreover, we find out that we can increase the 

accuracy of the new relationship by using additional two 

different regression equations based on the parameter ( 
𝑉𝑤

𝐻𝑤
 ). 

These two relationships are given in equations 1 and 2 when 

( 
𝑉𝑤

𝐻𝑤
 ) is equal and smaller or greater than one, respectively.  

(Vw/Hw) ≤ 1.0: 

  tf = 0.1214 × ln  
Vw

Hw
 + 0.79    (1) 

 (Vw/Hw) > 1.0: 

 tf = 0.5063 × ln  
Vw

Hw
 + 0.85   (2) 

Here, tf 𝑕𝑜𝑢𝑟𝑠 𝑖𝑠 the failure time of embankment dam, 

𝑉𝑤(𝑚3 × 106) is the reservoir volume and 𝐻𝑤  is the height 

of the water behind the dam. 

3.1.4. New Approach for Increase Accuracy of Dam Failure 

Time Equations 

In the previous section, we found the main relationships 

for dam failure time (equations 1 and 2) like other previous 

dam failure relationships which were suggested by many 

other researches. But the most important factor which has 

big influence on these equations is the erosion rate of the 

dam. This factor directly depends on the type of the soil and 

type of the dam. Therefore, we consider this factor for 

different type of dam and different type of the soils to 

improve the accuracy of the aforementioned equations 

(equations 1 and 2). In the following this heuristic 

techniques is explained in more details. 

 

Figure 2.  R squared value for formula 1 
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Figure 3.  R squared value for formula 2 

3.1.5. Different Type of the Soils and Dams Factor 

In this study, different types of the soils and dams are 

defined based on the previous works on the embankment 

dam erosion fields. One of the essential one is the work of Y. 

Xu et al. [17]. They proposed different categories for soil 

erosion in all embankment dams. The first category related to 

the dam material composition while the second one concerns 

about the compaction effects. The compositions of the dam’s 

material have great influence on the erosion rate. For 

instance rock fill dams and clay dams have medium to low 

erosion rate while dams with sands with clay shows high to 

medium erosion. Y. Xu et al. proposed the second category 

for considering compaction effects on the soil erodibilty 

especially soil with the fine material in which compaction 

can have a higher influence on their erosion time. 

Furthermore, this issue discussed by Wan et al. [16]. They 

indicated that compaction degree has great influence to 

increase the erosion rate parameter especially in the soils 

with fine materials. 

In this paper, to improve the accuracy of the new 

relationships, we consider the soil type in those equations 

through a new parameter named as 𝛿  (represents 

homogenous and non-homogenous dam). Equations 3 and 4 

are the new relationships where 𝛿 is included and play the 

role of erodibility of the dam at failure time. It means that by 

increasing or decreasing  𝛿 , failure time ( 𝑡𝑓)  will be 

increased or decrease respectively. 

Increasing 𝑡𝑓  shows that the dam erodes slowly (low 

erosion) and vice versa. Different categories of soil 

erodibility are introduced (high erosion, medium erosion, 

low erosion) according to Xu et al. [17]. Here, we present 

two different soil types as high erodibility and low 

erodibility. The low erosion category, furthermore, contains 

medium erosion and low erosion. 

(Vw/Hw) ≤ 1.0:  

tf = δ × (0.1214 × ln  
Vw

Hw
 + 0.79)   (3) 

 (Vw/Hw) > 1.0: 

tf = δ × (0.5063 × ln  
Vw

Hw
 + 0.85)   (4) 

Where 𝛿 is the coefficient for the dam type (Table 2). We 

estimated the optimum value for 𝛿 parameter by calibration 

analysis for each type of the dam. Table 2 presents the results 

of this step.  

Table 2.  Different type of the dam and soil with calibrate 

Type of the Dam Coefficient range Suggested 

Dam without core and high erosion 0.5-2.0 1 

Dam without core with low erosion 2.0-3.0 2 

Dam with core with low erosion 2.0-3.0 1.5 

Dam with core with high erosion 2.0-3.0 3 

3.2. Calculate Peak Outflow Discharge (Qp) 

3.2.1. Literature Review for Empirical Formulas 

The peak outflow discharge calculation is very important 

to model embankment dam failure in this study. Peak 

outflow discharge has huge influence on downstream which 

causes the increase of indicators like loss of life (LOS) and 

population at risk (PAR). This means that finding the most 

appropriate relationship to predict peak discharge of breach 

and failure time is directly related to the risk assessment. 

Therefore, many methods use regression analysis to predict 

breach peak outflow. These relationships vary from each 

other by considering different dam breach parameters as the 

main reason for their failure relationships. Table 3 

summarizes some of the most important relationships in this 

regard. In this table, different models to predict peak outflow 

discharge are compared by giving their actual relationship. 

Here, it can be seen that relationships like Kirkpatrick [7], 

SCS [13] attempt to relate height of water behind a dam at 

failure time (Hw ) to the peak outflow discharge (𝑄𝑃). On the 

other hand, some other relationships like the ones given by 

Evans [3] mainly relate volume of water behind a dam at 

failure time (Vw ) to the peak outflow discharge (𝑄𝑃), while 

Hagen (1982) [6] models focuses on the multiplication 

between height of water behind a dam and volume of the 

water at failure time (Vw × Hw ) as the main reason for the 

peak outflow discharge (𝑄𝑃). All of these relationships are 

examined against each other using our prepared dataset on 
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dam failures (discussed earlier). Our results indicate that 

most of these relationships are not accounting for the overall 

behaviour. Moreover, we apply regression method approach 

to obtain a more appropriate relationship for the purpose to 

identify dam breach parameters and peak outflow discharge 

at failure time. However our simple regression attempts 

failed too in finding a better one. In the next section, the 

detail on the improved method for this calculation is 

discussed.  

Table 3.  Literature review of breach peak outflow equations 

Investigator Equation 

Kirkpatrick [7] 𝑄𝑃 = 1.268(𝐻𝑊 + 0.3)2.5 

SCS[13] 𝑄𝑃 = 16.6(𝐻𝑊)1.85 

Reclamation [1] 𝑄𝑃 = 19.1(𝐻𝑊)1.85 

Evans [3] 𝑄𝑃 = 0.72(𝑉𝑤)0.53  

Hagen [6] 𝑄𝑃 = 1.205(𝐻𝑊 × 𝑉𝑊)0.48 

Costa [2] 𝑄𝑃 = 0.763(𝐻𝑊 × 𝑉𝑊)0.42 

Froehlich (2008) [4] 
𝑄𝑝 = 3.1 × 𝐵𝑎𝑣𝑔 × 𝐻𝑤

1.5 

× (𝛾 𝛾 + 𝑇𝑓 ×  𝐻𝑤 )3 

3.2.2. New Method for Calculation Peak Outflow Discharge  

The outflow hydrograph of dam breach at the failure time 

depends on parameters like type of the dam, type of fill dam 

material, dam failure time, water level in the reservoir and 

several other parameters. As it is not possible to consider all 

parameters in one single relationship simplifications are 

made. Therefor one assumption is made by splitting the 

outflow hydrograph into the 3 primitive shapes as illustrated 

in Figure 5.   

The advantage of this new approach is that we have 

simpler shapes for the outflow hydrograph for embankment 

dam at failure time. Now it is to define the proportions of 

these shapes of primitives. Figure 4 depicts this concept 

regarding three simple hydrographs with unknown 

dimension proportions.  

These three simplified shapes are approximated by two 

similar triangular as well as a rectangular primitive as it is 

depicted in Figure 4 and 5. Here, the assumption is that the 

total areas of these shapes are equal to the total area of so 

called “real outflow hydrograph”. Therefore, by using 

aforementioned assumptions, any dam breach outflow 

hydrograph could be simplified into simple volume shapes 

which can be handled mathematically much easier. Figure 5 

shows the concept of our second simplification procedure 

where each outflow hydrograph divided into simpler forms 

by using two similar triangular and one rectangular. Here, 

the height of the rectangular shape shows the maximum 

discharge of the outflow hydrograph ( Qp)  and the total 

width of the three shapes show the duration of the 

hydrograph (tf). In this new hydrograph, different shapes in 

the outflow hydrograph can be represented by changing in 

the height and width of the previously defined geometrical 

objects. This means that it is now possible to define the 

height of the shape of the triangular as given in equation 7 

and 8. Therein parameter β is the rate of change in height of 

outflow hydrograph (0 ≤ β ≤ 1.0). The total width of the 

hydrograph is defined in equation 7 and 8. Here, parameter α 

is considered as the rate of change in the width of outflow 

hydrograph   0 ≤∝≤ 1.0 .  Therefore, by considering 

previously mentioned ranges for α  and β, we can write 

four dependencies between width and height of these three 

shapes as being presented in equations 5-8. 

 

Figure 4.  Convert hydrograph to the simplified shapes 

 

Figure 5.  Simplified hydrograph  

It is known that the area under the hydrograph is equal to 

the reservoir volume of the water behind the dam. This 

implies that the total sum area under the new hydrograph 

(rectangular and triangular shapes) should be equal to the 

spilled volume of water. 

Therefore, the volume of water behind the hydrograph can 

be calculated based on the equations 5-8 given as below: 

Height of rectangle = (Qp)   (5) 

Height of triangular shape =  𝛽 × 𝑄𝑝    (6) 

Width of rectangular shape = 𝛼 × 𝑡𝑓     (7) 

Width of triangular shape = 𝑡𝑓 −  ∝× 𝑡𝑓 2   (8) 

𝑄𝑝 =
2𝑉𝑤

𝑡𝑓(2𝛼+𝛽−𝛼𝛽 )
           (9) 
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Here, known parameters are: 𝑉𝑤 (m3) and tf  (s) while 

unknown parameters are: 𝑄𝑝, α, β.  

It is proposed to calculate α and β using calibration and 

sensitive analyses based on the previous dam failures data. 

Here, this analysis is performed on the dam failure dataset 

from Xu et al. [17] for a wide range of α and β parameters. 

Here, we suggest calculating the optimum value for these 

two parameters within this range by using the calibration 

result in Table 4.  

Table 4.  Calibrate α and β for peak outflow 

CO. Value Suggested 

α 0.05-0.1 0.1 

β 0.9-1.0 1.0 

4. Case Studies 

The final step in our study is to validate failure time 

equation (𝑡𝑓)  and peak outflow discharge equation (Qp ) 

from previous parts. The validation dataset for this step is 

taken from three dam failure data. The first one is belong to 

IMPACT project and second one is about the Chaq-Chaq 

Dam Failure data and the last one is the 12th International 

ICOLD Benchmark Workshop dam failure data (Gerald et al. 

[5]). 

4.1. Impact Project 

The IMPACT project (Morris [9]) is one of the 

well-known large scale dam break projects which have been 

done in the Norway in 2002. In this project some dam failure 

parameters like outflow discharge, water level, pure pressure 

of water are measured and recorded during failure time. In 

this paper, we choose Test # 2-2002-homogenuis 

non-cohesive dam, for validation purposes. The parameters 

regarding this test are given in Table 5, 6. 

Table 5.  Dam failure data for Test # 2-2002 dam 

Name Soil type Storage volume (m3) h(m) 

Test # 2-2002 fast erosion 0.09×106 5.0 

Table 6.  Measurement failure parameter of Test # 2-2002 dam failure 

Name Q 
p

 (m3/s) t 
f
 (h) 𝑉𝑤 𝑕𝑤  

Test # 2-2002 130 0.27 0.018 

4.1.1. Calculate Outflow Hydrograph of IMPACT Dam 

Failure by Using New Relationship 

Based on the information given in this table, ( 𝑉𝑤 𝐻𝑤  ) is 

equal 0.018 which means that this ratio is less than 1. 

parameter 𝛿  should be considered 1.0 (Table 2). In the 

Table 5, the volume of the water behind the dam (according 

to out flow hydrograph) is 0.09 × 106 𝑚3, which results in 

0.1 and 1.0 for α and β parameters, respectively (Table 4). 

Based on these parameters, the breach peak outflow (𝑄𝑝) and 

dam failure time (tf) are calculated and presented in Table 7. 

Table 7.  Calculated result of new formulas 

Name 𝛿 𝛼𝑄𝑝
 𝛽𝑄𝑝

 𝑡𝑓  (h) 𝑄𝑝  (
𝑚3

𝑠
) 

Test # 2-2002 1.0 0.1 1.0 0.31 147 

It is additionally possible to draw out flow hydrograph for 

IMPACT test by using relationships of 5-8 as below: 

 

Figure 6.  New formula result for IMPACT test 

4.1.2. Compare Results of New Relationships with Other 

Studies 

For evaluating the accuracy of the new relationships, our 

final results are compared with measurement results and 

result of six other relationships. This comparison and 

validation results are given in Table 8. 

Table 8.  Compare results of new relationships with other studies 

Name Q 
p

 (m3/s) t 
f
 (h) 

Measurement Results (IMPACT) 130 0.27 

New Relationships_2015 147 0.31 

Froehlich (2008) [4] 146 0.34 

MacDonald and 

Langridge-Monopolis [8] 
246 0.17 

Bureau of Reclamation [1] 375 0.165 

SCS [13] 326 - 

Froehlich (1995) [19] 129 0.25 

Von Thun and Gillette[15] - 0.075 

This table shows that the new relationships give a good 

approximation in comparison to other relationships like 

Froehlich [4] and Froehlich [19]. 

4.2. The Chaq-Chaq Dam failure 

The Chaq-Chaq dam [18] is located in north east of Iraq. 

This dam is a zoned earth dam of central clay core with 

gravelly shell. This dam failed on 4th February 2006 due to 

overtopping flow, fortunately, this dam located far from the 

populated area. Therefore, no body injured during this dam 

failure. The main reason for the Chaq-Chaq dam comes back 

to the spillway construction and low compaction in some 
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part of this dam. Table 9 shows general dam parameters and 

Table 10 shows measurement dam failure parameters. 

Table 9.  Dam failure parameters for the Chaq-Chaq Dam 

Name Soil type 
Storage 

volume (m3) 
H(m) 

Chaq-Chaq hard erosion 2.55×106 14.5 

Table 10.  Measurement failure parameter of the Chaq-Chaq Dam 

Name Q 
p

 (m3/s) t 
f
 (h) 𝑉𝑤 𝑕𝑤  

Chaq-Chaq 930 1.0-1.3 0.175 

4.2.1. Calculate Outflow Hydrograph of the Chaq-Chaq Dam 

Failure by Using New Relationship 

We calculate the breach outflow hydrograph by using new 

formula. According to the data given in the Table 9: 

( 𝑉𝑤 𝐻𝑤  ) is equal to 0.175 and soil type is hard erosion 

which means that parameter 𝛿 should be considered equal to 

2.0 (Table 2). The α and β parameters equal to 0.1 and 1.0, 

respectively (Table 4). Based on these parameters, the breach 

peak outflow (𝑄𝑝) and dam failure time (tf) are calculated 

and presented in Table 11. 

Table 11.  Calculated result of new formula 

Name 𝛿 𝛼𝑄𝑝
 𝛽𝑄𝑝

 𝑡𝑓  (h) 𝑄𝑝  (
𝑚3

𝑠
) 

Chaq-Chaq 2.0 0.1 1.0 1.16 1110 

4.2.2. Compare Results of new Relationships with Other 

Studies 

To evaluate the accuracy of our new relationships, the 

final results compared against measurement results and 

result of six other relationships. Table 12 shows the results of 

this comparison: 

Table 12.  Compare results of new relationships with other studies 

Name Q 
p

 (m3/s) t 
f
 (h) 

Measurement Results (Chaq-Chaq Dam) 930 1.0-1.3 

New Relationships_2015 1110 1.16 

Froehlich (2008) [4] - 0.61 

MacDonald and Langridge-Monopolis [8] 1514 0.51 

Bureau of Reclamation [1] 2688 0.48 

SCS [13] 2336 - 

Froehlich (1995) [19] 1297 0.56 

Von Thun and Gillette [15] - 0.54 

 

This table shows that the new relationships give a higher 

accuracy and a better prediction in comparison to the other 

methods.  

4.3. ICOLD Benchmark Workshop 

12th International ICOLD Benchmark Workshop (Gerald 

et al. [5]) was held in Austria in 2013. In this workshop, a 

hypothetical clay fill dam which was constructed in the 

mountain was investigated (Table 13). This dam directly 

located above a highly populated area and they assumed 

overtopping failure taking placed on this dam because of a 

heavy snowmelt. In this workshop each participant should 

calculate breach outflow hydrograph for this hypothetical 

embankment dam failure. Table 13 and 14 shows dam failure 

data and measurement failure parameters of this dam. 

Table 13.  Dam failure data for ICOLD Benchmark Workshop 

Name Soil type 
Storage 

volume (m3) 
H(m) 

clay fill hard erosion 38.0×106 61.0 

Table 14.  Measurement failure parameter of ICOLD Benchmark 
Workshop 

Name Q 
p

 (m3/s) t 
f
 (h) 𝑉𝑤 𝑕𝑤  

clay fill 11500 1.5 0.63 

4.3.1. Calculate Outflow Hydrograph of ICOLD Benchmark 

Workshop Dam Failure by Using New Relationship 

We calculate the breach outflow hydrograph of this dam 

using our new formula. According to the data given in the 

Table 13, ( 𝑉𝑤 𝐻𝑤  ) can be considered equal to 0.63. Soil 

type is hard erosion which means that parameter 𝛿 should 

be considered equal to 2.0 (Table 2). The α and β 

parameters are equal to 0.1 and 1.0, respectively (Table 4). 

Based on these parameters, the breach peak outflow (𝑄𝑝) and 

dam failure time (tf) are calculated and presented in Table 15. 

Table 15.  Calculated result of new formula 

Name 𝛿 𝛼𝑄𝑝
 𝛽𝑄𝑝

 𝑡𝑓  (h) 𝑄𝑝  (
𝑚3

𝑠
) 

clay fill 2.0 0.1 1.0 1.47 13000 

4.3.2. Compare Results of New Relationships with other 

Studies 

For evaluating the accuracy of new relationships, our final 

results are compared with measurement results and result of 

six other relationships. Table 16 all of these results against 

each other. 

This table obviously shows that our predicted values are 

very close to the real ones in most of the dams. The only big 

difference we could observe is difference between the 

predicted values of pick outflow discharge with 

measurement results (even in this case our predicted value is 

much closer to the measurements). The main reason for this 

difference can be related to our assumption in calculating 

peak outflow discharge where it is assumed that the whole 

water behind dam flow away during failure time.  

In general, the most important reasons for increasing the 

accuracy of the new relationships in comparison to the 
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previous relationships can be summarized as: 

1-  In the new relationships different type of the soils and 

different type of the dam are considered in the dam 

failure time equation through a parameter named as δ. 

2-  In the new relationships, we assumed that whole 

reservoir volume become empty during dam failure 

time. This assumption control results in pick outflow 

discharge equation given as below: 

         𝐴𝑖
3
𝑖=1 = 𝑉𝑤              (10) 

3-  In the new relationships, time failure parameter is 

considered at peak out flow equation (equation 9). 

Therefore, outflow hydrograph has balance between 

peak outflow discharge and dam failure time. It means 

that by increasing failure time peak outflow discharge 

decrease and by decreasing failure time peak outflow 

discharge increase. 

Table 16.  Compare results of new relationships with other studies 

Name Q 
p

 (m3/s) t 
f
 (h) 

Measurement Results (ICOLD 

BENCHMARK) [5] 
11500 1.5 

New Relationships_2015 13000 1.47 

Froehlich (2008) [4] 39000 0.57 

MacDonald and Langridge-Monopolis [8] 27194 1.83 

Bureau of Reclamation [1] 38361 2.1 

SCS [13] 33340 - 

Froehlich (1995) [19] 17101 0.65 

Von Thun and Gillette [15] - 1.47 

5. Conclusions 

In this paper, new relationships for breach behavior of 

embankment dams which fail due to overtopping are 

investigated, introduced, calibrated and validated. These new 

relationships are based on a collected database of 52 

documented dam failures. In all of these case studies failure 

time (tf) and reservoir volume (Vw ) are known. Among them, 

23 dams have known soil types while 29 dams have known 

breach peak outflow ( Qp ). These new relationships are 

derived and validated using this dataset. Furthermore, their 

accuracy is validated against previous relationships as well 

as understudies dams measured data. The following 

conclusion can be made based on this work results:  

1-  The accuracy of breach peak outflow (Qp) prediction 

can be improved by simplifying the hydrograph shape 

into simpler shapes (two equal triangles and one 

rectangular).   

2-  Nonlinear regression analysis procedure is used to find 

the empirical formula for predicting dam failure time 

(tf). Based on this new analysis, we found that dam 

erosion has a huge influence on dam failure time. This 

means, that the accuracy of the prediction can be 

improved by considering soil type of the dam in the 

regression formula. To include this parameter, a new 

parameter 𝛿 is introduced and the equations modified 

accordingly.  

3-  Both new equations (peak outflow, 𝑄𝑝  and dam 

failure time,  𝑡𝑓 ) show some errors for small dams 

(𝑉𝑤 < 1.0 million cubic meters). This error is mainly 

related to the lack of information for calibrating 𝛿, α 

and 𝛽. 
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Notation 

The following symbols are used in this paper: 

As  = Surface area of the reservoir in acres corresponding 

    to Hw ; 

Bavg  = average of width of final breach; 

Bb = Bottom width of breach; 

Bt = Tope width of breach; 

Hb  = maximum height of the final breach; 

Hw  = height of the water above the final breach bottom at 

    failure time; 

Hd  = height of the dam; 

Qp  = peak breach outflow; 

S = storage; 

tf = breach formation time; 

Ver  = volume of material eroded; 

Vw  = reservoir volume at the time of failure; 

Zb = Side slope of the breach; 

δ = parameters for defining type of dam in failure time 

  equation; 

α = parameter for defining shape of the hydrograph; 

β = parameter for defining shape of the hydrograph; 

γ = Instantaneous flow reduction factor = 23.4 × (
As

Bavg
). 
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