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ABSTRACT 

The main objective of this work is to evaluate breach geometry in embankment dams subjected 
to overtopping events.  Three experiments were developed using a physical model, with a 
cement-rubber mix to represent the compacted soil.  The physical model was then subjected to 
an overtopping failure.  Breach geometry and outflow hydrographs were analysed and 
compared with forecasts from empirical equations from the literature.  The equations that 
provided the closest results for breach width were (Froehlich 1995, 2008 and 2016), and (Xu 
& Zhang 2009).  For breach formation time, the most adherent values were those obtained 
from the equations proposed by (Von Thun & Gillette 1990), and (Xu & Zhang 2009).  The 
characteristics of the breach, especially the formation time, had a noticeable impact on the 
breach outflow hydrograph.  This result corroborates the relevance of adequately modelling a 
breaches’ development in theoretical Dam Break studies. 

INTRODUCTION 

Dam break studies are essential tools in the mitigation of the potential impacts of dam break events.  
Through these studies, it is possible to understand the characteristics of the flood generated by the 
breaching of a dam, and thus, prepare effective emergency action plans. 

In most cases, the primary source of uncertainty in dam-break studies resides in the determination of 
the breach outflow hydrograph.  For embankment dams, the prediction of this hydrograph is particularly 
challenging as breach development depends complex hydraulic and erosive processes. (Wahl 2010)  

Recently, several attempts were made to simulate the erosive processes behind breach formation, using 
physical and numerical models.  However, existing models are still unable to predict this phenomenon 
adequately and are often expensive and time-consuming (Wahl et al. 2008). 

Therefore, breach parameters are most commonly estimated through empirical equations, derived from 
regression analysis of historical databases. 

Nonetheless, these equations do not take into account the physical phenomena the dam is subjected to 
during the failure process.  It is therefore pertinent to question whether the simple use of empirical 
equations would lead to realistic results in any given context.  According to (Wahl 2010), uncertainties 
related to the dam breach and, consequently, to the estimated outflow hydrograph, can have a significant 
impact on the results of the dam break analyses, especially in the areas directly downstream of the 
structure.  
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In this context, this work aims to evaluate the breach formation process in a homogeneous dam by 
overtopping, using a physical model.  Additionally, the characteristics of the breach formed in the 
experiment will be compared to the parameters obtained through empirical equations. 

LITERATURE REVIEW 

Figure 1 presents the main geometric parameters used to represent the breach formed during a dam 
failure, namely: dam height (ℎ𝑏𝑏- m); dam average width (𝐵𝐵�  - m); slope of the side slopes 
(Z,.dimensionless); water depth on upstream reservoir (ℎ𝑤𝑤 - m).  The fourth parameter evaluated is the 
time required for the initiation and development of the breach 

The breach formation process can be evaluated using physically-based models, which take into 
consideration the principles of hydraulics, sediment transport, and soil mechanics. 

However, according to (Wahl et al. 2008), even though these models have been available since 1980, 
they are not widely used, due to the inherent difficulty in quantifying the erodibility of the embankment 
materials and the inability to model the high-energy erosion mechanisms that govern the breaching 
process.  For these reasons, the most commonly used approach for determining the breach parameters 
is the use of parametric equations based on case studies (Wahl 2008). 

According to the (State of Colorado Department of Water Resources, Office of the Sate Engineer 2010), 
among the equations available in the literature, the four most widely used are those presented by 
(Froehlich 1995 and 2008), (Von Thun & Gillette 1990), (Macdonald & Langridge-Monopolis 1984) 
and (USBR 1988).  Other relevant works on this subject include (Froehlich 2016), Washington State 
(Barker et al. 2007), and (Xu & Zhang 2009).  

 
Figure 1. Breach geometric parameters. 

Source: Adapted from (Wahl et al. 1998). 

Breach formation from overtopping 

Overtopping failure of earthen dams is a product of soil erosion, which results from water flowing over 
the dam crest.  For this reason, the resistance of an embankment during an overtopping event is a 
function of the acting hydraulic forces and the erodibility of the compacted soil (Powledge et al. 1989).  
The erosion process can start at any region in the body of the dam, however, it is usual for the erosion 
process to initiate at the dam toe, where flow velocities are higher and where an abrupt change in the 
slope leads to a hydraulic regime change. 

For dams built using cohesive materials, after the water flow causes the first break in the downstream 
slope surface, a small overfall is formed, and a scour hole begins to develop immediately downstream 
of the overfall.  If overflow persists, these furrows increase in size, laterally widening and advancing 
upstream, a process known as head-cut erosion.  Once it reaches the upstream slope, the connection 
with the reservoir's liquid mass occurs, with a massive release of water, causing a sudden increase in 
the outflow and accelerating erosion. 

(Saliba 2009) describes the overtopping failure process in earthen dams as being an association between 
erosive and slope instability processes, erosion by shear stress, and erosion by momentum change. 

Compacted soil erodibility 

The study of erosive processes typically includes the evaluation of three elements: the material eroded, 
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the flow causing the erosion, and the geometry of the obstacle encountered by the fluid. (Briaud 2008) 

An apparatus to measure the erodibility rate of soils called the Erosion Function Apparatus (EFA) was 
developed in the early 1990s. (Briaud 2008).  An equivalent equipment was subsequently installed at 
the Hydraulic Research Centre (CPH) of the Federal University of Minas Gerais (UFMG).  This 
apparatus consists of a small rectangular channel with a circular cutting in its floor, designed to fit a 
cylindrical sampling tube filled with soil.  As water flows through the conduit at a constant velocity, 
the soil is pushed out of the tube at a rate that allows only a constant height of soil (1,0 mm) to be 
exposed to the flow.  This way, the sample is pushed upwards until complete erosion (total height of 
150 mm).  The erosion rate of the material (�̇�𝑍 ̇ - mm)̇ is defined as the ratio between the sample height 
(ℎ - mm) and the elapsed time to its complete erosion (𝑡𝑡 - h). 

From the experiments performed at the EFA, (Briaud 2008) proposed six erodibility categories for soil 
and rock materials. Figure 2 presents the proposed classification in terms of mean velocity. 

 
Figure 2. Erodibility categories. 

Source: (Briaud 2008). 

Similarity criteria and physical-model materials 

(Campos et al. 2018a) developed and characterized a material that is capable of reproducing soil 
erodibility at scale, notably flowing shear stress resistance.  This material, which consists of a cement-
rubber mix, is ideal for use in pumping systems for physical models and was utilized by the authors to 
represent the compacted soil in embankment dams.  
In their study, soil erodibility was considered the scale variable, and the Froude similitude criterion was 
used to relate model and prototype results.  A similar approach is adopted in this work.  

METHODOLOGY 

Three physical models were constructed in an existing simulation platform at the CPH to investigate 
the breach formation process in an embankment subjected to overtopping failure. 

The simulation platform consists of a fiberglass-lined structure constructed to represent the riverbed 
topography upstream of the Salto Paraopeba Small Hydropower Plant (PCH), as illustrated in Figure 3. 
A geometric scale of 1: 100 was adopted for the model. 

The overtopping phenomenon studied in this paper is an example of open channel turbulent flow, where 
gravitational effects are typically predominant over viscous effects. Therefore, it is appropriate to adopt 
the hydraulic similarity related to the Froude number (Julien 2002). 

The embankment dam was constructed using a mixture of rubber granules obtained from recycled tires, 
Portland CPII cement, and water (RCWM), as in previous works in the CPH (Carvalho et al. 2014; 
Campos et al. 2018a; Campos et al. 2018b). The rubber granulate has a relative density ranging from 
1,140 t/m³ to 1,240 t/m³ and is equivalent to that of silty sand according to ASTM standards.  



 
Figure 3. View of simulation platform from upstream to the PCH Salto do Paraopeba. 

Determination of Cement Ratio for RCWM 

The cement mixed to the rubber grains is responsible for providing the cohesion to the RCWM, 
representing the properties of the compacted soils in embankment dams.  Results of erodibility tests 
performed for RCWM with different cement ratios, using the EFA, made it possible to estimate the 
ratio that corresponded to the erodibility characteristics usually observed in the compacted soil of 
embankment dams.  A total of 9 cylindrical samples (CS) were tested, with cement (mass) rates of 5% 
(3 CSs), 10% (3 CSs), and 15% (3 CSs). It is noteworthy that the methodology of erodibility tests was 
identical to that proposed by (Campos et al 2018a). 

Hydrographs Measurements 

The outflow resulting from the dam failures was measured in two sections of the channel, located 0.5 
m (Section 1) and 4.0 m (Section 2) downstream of the dam toe.  It should be noted that Section 2 
corresponded to the open channel overflow spillway of the Salto Paraopeba SHP.  

Before the dam-break tests, the elevation-discharge relationship was determined for each reference 
section by varying inflows in the model and measuring flow levels, using millimetric rulers installed at 
each section.  The measurements were made for 18 distinct flow rates ranging from 3.9 m³/h to 242 
m³/h. 

Once the discharge curves were determined, it was possible to estimate the outflow during the dam 
break tests, based on the water levels recorded at the reference sections.  

The reading of these levels was undertaken after the tests, with the aid of video recordings captured by 
cameras positioned next to the measuring rulers. 

The hydrograph obtained for Section 1 was compared against theoretical hydrographs, estimated using 
the breach geometries calculated through the parametric equation present in the literature.  These 
theoretical hydrographs were calculated using HEC-HMS hydrological modelling software and the 
following input data: the reservoir’s volume versus elevation curve, the breach geometry (from 
parametric equations), and the linear breach progression method.  

The pumping system has a coupled flowmeter, which allowed the reservoir’s stage storage curve to be 
determined during model filling.  The stage-storage relationship is shown in Figure 4. 

PCH Salto do 
Paraopeba



 
Figure 4. Simplified stage storage curve 

Embankment Dams’ Construction and Failure Tests 

The model dams were 36 cm high, with 1H:2V upstream and downstream slopes, with a crest 8 cm 
wide and 80 cm in length.  The material used was RCWM with a cement ratio of 3% by mass, as 
explained further. 

RCWM preparation consisted of weighing the rubber and cement used in the mixture, according to the 
previously determined mass ratio.  These two materials were mixed with enough water to achieve a 
product with a consistency similar to wet earth.  The mix was poured into the physical model’s riverbed 
and conformed to the previously marked dimensions.  The surface of the material was then compacted 
by striking with a trowel. 

The final stage of construction consisted of waterproofing the upstream slope of the dam using a clay 
solution.  A small amount of this solution was poured on to the slope surface, providing it with a thin 
sealant layer.  This procedure was adopted to avoid excessive water percolation through the dam wall, 
which could potentially lead to failure due to slope instability or internal erosion before the overtopping 
occurred. 

The tests consisted of activating the pumping system connected to the model, initially at high flow (80 
m³/h) to ensure the rapid filling of the reservoir and to avoid excessive percolation throughout the dam 
wall.  When the dam was about to overflow, the flow rate was reduced to about 13 m³/h, which is 
equivalent to the 10,000-year recurrence flow of the prototype, at scale (1:100). 

The three dam-breaks were recorded by three cameras positioned to record both the water level at the 
reference sections and the breach formation process.  

RESULTS AND DISCUSSION 

Erodibility tests 

The erodibility (�̇�𝑧) results obtained for the nine CSs tested on the EFA are shown in Table 1. It is 
noteworthy that the three samples containing 15% cement in the mixture did not erode at all when 
subjected to the flow rate used in the tests. 

Considering the geometric scale of the model (1:100), the flow velocities scale is 1:10, according to the 
Froude similitude criterion. When this scale is taken into account, based on the classification proposed 
by (Briaud 2008), RCWM will represent materials of medium erodibility in the prototype, such as low 
plasticity clay.  Therefore, the material used in the model adequately represents materials commonly 
used in the construction of embankment dams.                                                                                                                                       

Table 1. Results from erodibility tests of RCWM  on the EFA 
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RCWM cement ratio by mass (%) 
5% 10% 15% 

CS # �̇�𝑧 (mm/h) CS# �̇�𝑧 (mm/h) CS# �̇�𝑧 (mm/h) 
1 6.931 2 4.634 3 0 
4 20.817 5 7.308 6 0 
7 23.891 8 9.098 9 0 

Mean 17.213 Mean 7.013 Mean 0 
Std. 
Dev 9.036 Std. Dev 2.247 Std. 

Dev - 

Dam-break tests 

A total of three tests were undertaken in the physical model, varying the cement ratio in the material 
used for the construction of the dams.  Of the three dam overtopping tests, only the dam constructed 
with the 3% cement ratio RCWM resulted in a dam-break.  In the other two tests, the dam remained 
stable during the overtopping event, even when the maximum flow supported by the model was 
employed.  

In the 3% cement ratio dam break test, the erosive process started about 15 seconds after the start of the 
overtopping event.  Following what was described by (Powledge et al 1989), the erosion began at the 
foot of the slope and progressed upstream.  Figure 6 illustrates the initiation of the erosion process. 

 
Figure 5. Wedge collapse on dam’s downstream slope. 

Twenty-one seconds after the beginning of the process, a large wedge of material detached from the 
dam, as shown in Figure 5.  The failure occurred due to the instability of the downstream slope and is 
consistent with the results obtained by (Saliba 2009) since the author describes overtopping failure as a 
combination of erosive and instability processes.  This combined failure process also coincides with the 
description given by (Powledge et al 1989), for dams made of granular material. 

 

 
Figure 6. Erosion of dam’s downstream slope. 
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As described by (Froehlich 2008), the breach initially assumed triangular geometry, and later widened 
and became trapezoidal.  It is also noteworthy that the bottom of the breach coincided with the 
foundation of the dam.  This was expected as the foundation material commonly has higher resistance. 

The resulting breach was 58 cm long at the crest and 23 cm at the base.  The breach height was 
equivalent to the height of the embankment, equal to 36 cm.  In this sense, considering an approximate 
trapezoid shape, the breach sidewalls’ slopes were of approximately 1V:2H.  Breach formation time 
was about 2 minutes and 50 seconds.  It is noteworthy that time measurement started when the breach 
reached the upstream face of the dam.  Figure 7 illustrates the geometry of the final breach from the 
overtopping process and Figure 8 shows the dam-break outflow hydrograph at the two reference 
sections.  

 
Figure 7. Final breach geometry from RCWM dam overtopping. 

 
Figure 8. Outflow hydrographs from RCWM dam overtopping at reference sections.  

 

The peak flow recorded in section 1 was 82.9 m³/h, whereas in section 2 the maximum flow was 61.2 
m³/h.  These results show that a 26% decrease in peak flows occurred along the 4 m distance that 
separates each section.  Also, the hydrograph does not show continuous rates of ascent and descent, but 
a succession of peaks.  This characteristic shape was caused by the instantaneous detachments of large 
portions of material during the dam erosion process. 

Table 3 presents the relative differences between the results obtained in the test and the parameters 
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calculated using the empirical equations for the prototype (1: 100 scale).  Positive values refer to larger 
predictions than model results, and negative values indicate smaller predictions than model results.  

The breach width that most closely correlated with the experiment outcomes were the ones from the 
method proposed by (Froehlich 2008), followed by the equation from (Xu & Zhang 2009) for low 
erodibility embankments.  However, for the formation time parameter, the (Von Thun & Gillette 1990) 
equation resulted in values closer to the ones obtained experimentally.  

Table 2. Percentual deviation from values estimated using empirical breach equations when 
compared to test results.  

Author Width difference  Formation time 
difference 

Froehlich (1995) 20% -57% 
Froehlich (2008) -3% -57% 
Froehlich (2016) 18% -59% 

Macdonald & Langridge-Monopolis 
(1984) 

-65% 53% 

Xu & Zhang (2009) Low Erodibility 6% 333% 
Medium Erodibility 37% 38% 

High Erodibility 110% -27% 
Washington State (Barker et al, 2007) Low Erodibility -70% 197% 

High Erodibility -62% 91% 
Von Thun & Gillette (1990) Low Erodibility 164% 12% 

High Erodibility 164% 60% 
USBR (1988) 163% 153% 

The equation proposed by (Froehlich 2016, 2008, and 1995) resulted in lower formation times when 
compared to the other methods.  However, the larger breach widths resulted from the (Von Thun & 
Gillette 1990) method.  The equations derived by (Macdonald & Langridge-Monopolis 1984) and 
Washington State (Barker et al 2007) produced breaches with smaller widths and larger formation 
times, which agrees with the recommendations from (Macdonald & Langridge-Monopolis 1984), 
stating that these equations aren’t adequate for studies involving embankments with high erodibility.  It 
is also noteworthy that the (Xu & Zhang 2009) method considerably overestimated the formation time, 
compared to the ones observed in the experiment, which corroborated the conclusions in (Wahl 2014), 
which suggest the equations proposed by these authors result in unreasonably large values for this 
parameter. 

Figure 9 illustrates the breach geometries calculated through the parametric equations and the values 
obtained experimentally.  One should consider that Washington State (Barker et al 2007) and (Xu & 
Zhang 2008) don’t specify values for the breach side slopes.  Therefore, the slopes proposed by 
(Langridge &-Monopolis 1984) and by (Froehlich 2008), respectively, were considered for the visual 
representation of the parameters calculated using the Washington State (Barker et al 2007) and 
(Froehlich 2008) methods.  

As shown in Table 3, the methods that more accurately predicted the breach parameters were (Froehlich 
2008), and (Xu & Zhang 2008)for a dam with medium erodibility.  Figure 10 shows outflow 
hydrographs determined using breach parameters from the equations proposed by these authors 
compared to the one obtained in the experiment. 



 
Figure 9. Breach geometry from different empirical approaches. 

  

 
Figure 10. Comparison of experimental and best fit empirical outflow hydrographs. 

As shown in Figure 10, the hydrograph obtained experimentally resulted in intermediate outflow values, 
when compared to the curves calculated using the parametric equations.  The breach calculated based 
on the (Froehlich 2008) method resulted in the largest peak flow (3,201 m³/s), approximately 39% 
higher than the experimental peak flow (2.302 m³/s), and the smallest peak time (16 minutes), about 
31% lower than the one observed in the experiment.  The maximum outflow for the hydrograph relative 
to the (Xu & Zhang 2009) method (1.222 m/s) was roughly 47% lower than the experimental value, 
and the peak time (27 min), about 16% larger.  It is noteworthy that even though the (Xu & Zhang 2009) 
breach had larger dimensions, the high formation time associated with this method lead to a relatively 
flat hydrograph when compared to the others.  These results point to the high impact the breach 
formation time has on the outflow hydrograph, which highlights the importance of adequately 
estimating this parameter. 

CONCLUSIONS 

The primary objective of this study is to evaluate the breach formation process in a homogeneous dam, 
submitted to an overtopping flow.  Three embankment models were constructed inside a fiberglass 
model representing an existing riverbed, using a mixture of rubber grains, cement, and water called 
RCWM  
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The only model that breached during the overtopping experiments was the one constructed with the 
RCWM with a 3% cement ratio (mass proportion).  The breaching process observed through this 
experiment was in line with the breaching mechanisms described in the literature. 

The characteristics of the breach that resulted from the overtopping failure were compared with the 
parameters obtained using empirical equations present in the literature.  The conclusion was that, for 
the breach width parameter, the predictions that came closer to the experimental results were the ones 
made using the (Froehlich 2016, 2008, and 1995) and (Xu & Zhang 2009) methods.  For the formation 
time, the most adherent equations were the ones proposed by (Von Thun & Gillette 1990) and (Xu & 
Zhang 2009). 

Additionally, the outflow hydrograph recorded during the experiment was compared to the hydrographs 
calculated considering the breach geometries obtained using the (Froehlich 2008) and (Xu & Zhang 
2009) methods.  It was observed that the hydrograph produced using the (Froehlich 2008) breach had a 
larger peak flow and lower peak time when contrasted with the experimental results.  On the other hand, 
the hydrograph relative to the (Xu & Zhang 2009) breach had a flatter shape, with a lower peak flow 
and higher peak time.  The results of this analysis also demonstrated that the characteristics of the 
outflow hydrograph are sensitive to the breach parameters, especially the formation time.  This 
conclusion highlights the importance of adequately modeling the breach formation process in dam-
break studies. 
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