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Abstract: In September 1916, the Austro-Hungarian Empire (today the Czech Republic) experienced the failure of
the embankment dam Bila Desna (historically named Weife Desse), which at that time was the most disastrous dam
failure in central Europe. In this study, available information on the failure of the Bila Desna dam was gathered and
analysed. The initiating cause of the Bila Desna dam failure was an internal erosion. For the backward analysis of
the dam failure, the method of analogy, empirical formulae, and three numerical models, AREBA, DL Breach and
HEC-RAS were used. Due to uncertainty in the reservoir volume, the solution was carried out for the originally
determined (during the dam design) and newly determined reservoir volumes. The analysis indicates the peak breach
outflow range between about 360 and 810 m?/s. The most realistic and probable peak outflow discharge is about 520
m3/s. The comparison of individual methods indicate that the AREBA numerical model using Opendata (2024)

provides the most realistic failure hydrograph.
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1 INTRODUCTION

Dam break studies are of significant interest to civil
engineers worldwide. Reconstructing historical dam failure
events through backward analysis is crucial for improving our
understanding of the mechanisms of initiation and progression of
the breach. Although predictive models have advanced
significantly and have been calibrated by overtopping or piping
scenarios from recent cases, numerous dam failures in the past
have not been adequately explored and analysed using modern
methodologies. The Bil4 Desnd dam breach, a seminal incident
in the history of dam safety in central Europe, exemplifies this
knowledge gap. In many cases, original records lack of the
detailed hydrological and breach hydrograph information
(Aureli, 2021), which may complicate more accurate modelling
and risk assessment today.

Dam breach modelling has been developed since the late
1960s of the last century. Based on the historical failures of
embankment dams up to 1965, Cristofano (1973) simulated the
onset of soil erosion on the dam surface. In the early 1980s, the
BRDAM model (Brown and Rogers, 1981) was developed to
simulate the overtopping and internal erosion processes.
Nogueira (1988) presented a one-dimensional (1D) model using
the Saint-Venant equations to describe unsteady flow, completed
by the Exner, Meyer-Peter and Muller equations for sediment
transport. Fread (1984, 1988a, 1988b) introduced a set of
numerical simulation models for dam break, namely BREACH
and DAMBRK, which allowed simulation of a dam breach via
both overtopping and internal erosion, including the effects of
lateral slope collapses due to sliding. Models were based on
complex 1D hydrodynamics and erosion processes, considering
soil strength characteristics. An improved BEED model (Singh
and Scarlatos, 1988) also simulated erosion processes during
dam breaching. Wahl (1998) summarized empirical and
numerical ~ procedures, which  recommended further
improvement of the numerical models. These works were
followed by Riha and Danéek (2000) and Tingsanchali and
Chinnarasri (2001), while others used different approaches to

derive a breach outflow hydrograph using analytical solutions
and simulation procedures.

Later, HR Wallingford staff (Mohamed et al., 2002; Morris,
2011; Davison et al., 2013) proposed the HR BREACH model,
transformed into the Embankment Breach EMBREA code. The
software enables input intervals to characterize soil properties
and performs Monte Carlo simulations to find the most
unfavourable results. Over the years, other codes have been
introduced, such as WOLF, SIMBA and WINDAM, MIKE11
DB (Dewals et al., 2002; Hanson et al., 2005; DHI, 2003). The
code Breach_Macchione was incorporated into the software
Basement by Voltz et al. (2012).

In 2012, van Damme et al. (2012) A Rapid Embankment
Breach Assessment (AREBA) software. After 2014, AREBA
was transferred to a user-friendly environment. The code can
simulate a dam break due to overtopping and/or internal
erosion/piping in homogeneous and zoned embankments.
AREBA calculates the breaching process in a very short time,
allowing the user to apply an uncertainty analysis. The most
valuable feature was that the code was validated using field data.
Finally, the AREBA code was modified as part of the project
(BMVP, 2025).

Numerous backward studies have been published during the
last few decades. For example, Jarret and Costa (1986)
developed a backward dam-break model of Lawn Lake Dam and
Cascade Lake Dam Failures. Jun and Oh (1998) modelled the
Yeonchun Dam Failure using the DAMBRK model and
downstream dam-break flood analysis in HEC-1. Risher et al.
(2017) validated the Levee Breach Consequence Model through
a case study in Joso, Japan, using HEC-RAS. Zhong et al. (2020)
conducted a backward analysis of the breaching process of the
Baige landslide dam. They used a numerical method based on
hydrodynamics, soil erosion, and breach development. These
modules were programmed using an iterative method in
Microsoft Excel. Lumbroso et al. (2021) modelled the failure of
the Brumadinho tailings dam in Brazil in 2019. Petskovek et al.
(2021) conducted a backward analysis of the Mount Polley and
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Merriespruit dam failures using the EMBREA-MUD dam-
breach model, which is suitable for tailings dams.

Numerous studies focused on numerical solution of dam
break flow over erodible bed (Khoshkonesh et al., 2024), dam
break wave propagation to the area downstream of the dam
(Oguzhan and Aksoy, 2020; Rahou and Korichi, 2023) and other
related issues.

Previous studies aimed to estimate the peak discharge during
the Bila Desna breach. They have reported a wide range of peak
discharge values, reflecting differences in methods, assumptions,
and data sources. Raska and Emmer (2014) estimated peak
discharges ranging from approximately 418 to 972 m3/s based on
detailed geomorphological reconstructions. Froehlich (2016),
Azimi et al. (2017) and Moglen et al. (2019) suggested a lower
peak discharge close to 320 m3/s using empirical and numerical
models. Bernard-Garcia and Mahdi (2019) presented a range
between 320 and 656 m3/s based on a comprehensive database
of dam failures. More recently, Abdulrahman (2022) estimated
the peak discharge to be approximately 591 md/s using
HydroCAD; however, details on input parameters were not fully
disclosed. This variability reflects the uncertainties inherent in
reconstructing historical dam breaches, primarily due to limited
and inconsistent data. It emphasizes the importance of
integrating diverse modelling approaches and data sources to
reduce uncertainty and improve confidence in peak discharge
estimates.

Factual information and data on the Bila Desna dam failure
are summarized and analysed in the preceding study (Kotaska
and Riha, 2025).

This study applies state-of-the-art breach modelling
techniques and systematically reconstructs and critically
evaluates the failure of the Bil4 Desna dam in 1916. A multiple
criteria comparative framework was adopted, which
incorporated the analogy method (based on comparisons with
other historical dam failures), empirical formulae, and three
independent numerical models. The final width of the breach and
the maximum discharge from the breach were estimated using
all of these approaches. The aim is to enhance our understanding
of the Bila Desna dam collapse and improve our knowledge of
the flood hydrograph and its peak discharge.

2 METHODS

The analysis uses three independent methods, namely
historical data analysis, estimation by empirical relationships,
and numerical modelling. Particular attention was paid to
eliminating the inaccuracies previously reported by Kotaska and
Riha (2025). A detailed chronology of critical failure events was
established, including the timing of initial leakage, progressive
erosion, and final breach formation. The uncertainty in the
reservoir volume was explicitly identified as a key factor that
influenced the estimates of breach discharge.

The first method estimates the maximum discharge by
analogy based on a multiple criteria analysis (MCA) using
normalization of criteria with documented embankment dam
failures. This involved selecting a set of comparable historical
failures based on dam type, height, reservoir capacity, and failure
mechanism, normalising them, and then calculating similarity
and weight for each selected dam. The final peak flow discharge
is calculated by taking the weighted average of the historical
discharges.

The second approach used 23 empirical formulae derived
from historical dam failure datasets. These formulae were used
to estimate critical breach parameters, including breach width,
breach formation time, and peak discharge. Empirical
relationships  offer simplified approximations and are
particularly useful when detailed input data is limited. The
formulae were applied systematically and the variability among
their outputs was analysed to identify a credible range for peak
discharge.

The third approach consists of extensive numerical
simulations using three independent models:

e AREBA (van Damme et al., 2012), which uses a semi-
empirical approach for breach growth and hydrograph
estimation;

e DL Breach (Wu, 2016), which applies a physically
based erosion model for breach development;

e HEC-RAS 6.6 (Brunner, 2024), a widely used
hydraulic modelling tool for simulating unsteady flow
and breach evolution.

To address uncertainties in reservoir geometry, two distinct
storage—elevation curves were developed:

e based on a Digital Model of Relief (DMR) derived
from GIS data (Opendata, 2024), representing current
terrain conditions,

e based on historical project documentation (Gebauer,
1916), reflecting the original design geometry.

These curves were used to simulate two breach scenarios,
allowing evaluation of how reservoir volume uncertainty
influences peak discharge estimates. Each model produced
slightly different results, which were compared to establish a
credible range for the breach hydrograph.

3 THE BiLA DESNA DAM

The breached dam of the Bila Desnd is located in the north
of the village of Desnd, within the cadastral area of Albrechtice
in the Jizera Mountains in Czechia, with coordinates of about 50
©48'03"N, 15 ° 16'37"E (Fig. 1). The principal objective of the
Bila Desnd dam was to stabilize the discharge of local water
courses, providing more reliable water use and flood protection.
The Bila Desna basin covers approximately 8.05 km? with an
average elevation of approximately 800 m above sea level (m a.
s. ).

According to the detailed project (Gebauer, 1916), the Bila
Desna embankment dam was designed with a straight crest 243.5
m long and 4 m wide. The maximum height of the dam was
17.85 m from the foundation and 14 m above the natural ground.
The dam was 54 meters wide in the base. The freeboard height
was 1.6 m above the maximum water level in the reservoir
(818.90 ma. s. I.). The upstream slope was provided with two
berms, the lower 1.5 m and the upper 1 m wide. The upstream
slope of the dam varied from 1:2 at the toe to 1:1.5 at the dam
crest. The slope was protected by a 0.3 ¢cm thick rip-rap made of
granite placed on a 0.4 m thick gravel layer. The dam sealing was
made of local sandy loam with thicknesses varying between 3
and 5 m. The sealing was terminated in the 4.5 m deep trench
and anchored in the subbase by a 2 m deep wood sheet-pile wall.
The downstream slope of 1:1.5 was covered with grass.
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Fig. 1. Location of the Bila Desna dam site and its catchment area (red polyline).
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Fig. 2. Dam cross section with outlet gallery and valve tower.

Table 1. Basic parameters of the Bila Desna dam (Plenkner, 1908; Commission, 1911; Gebauer, 1916; Kotaska and Riha, 2025).

Parameter Variable Value Units
Total reservoir volume Vinax 0.400/0.550 [mil. m3]
Maximum water depth in the reservoir hk 12.40 [m]
Lowest bed of the approach channel upstream Hen 806.50 [ma.s. |]
Dam crest elevation C. 820.50 [ma.s. 1]
Maximum water level in the reservoir Hi 818.90 [ma.s. |]
Maximum dam height above the terrain hq 14 [m]
Maximum dam height above the foundation joint hy 17.85 [m]
Crest width Cw 4 [m]
Maximum width of the dam at the base Winax 54 [m]
Length of the dam crest Br 2435 [m]
Upstream slope 1:X 1:2,1:15 [V:H]
Downstream slope 1Y 1:15 [V:H]
Capacity of the bottom outlet Qo 5.2 [md/s]
Level of the axis of the bottom outlet Haxe 807.10 [ma.s. ]

The bottom outlet was located in the central part of the dam  tower or the downstream valve chamber. To prevent water
(Figs. 2, 5). It consisted of a 0.8 m diameter pipe equipped with seepage, the gallery of bottom outlets and the tower were
two valves, which could be operated from either the upstream covered with plastic soil. The spillway was located at the right
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abutment. Due to the expected low bearing capacity of the
ground, the bottom outlet and spillway were founded on a grate
made of wooden piles drilled into the subbase with a span of
approximately 1 to 1.25 m. A typical cross section of the dam
and bottom outlet is shown in Fig. 2.

The available data on the basic parameters of the Bila Desna
dam are summarized in the Table 1; all altitudes refer to the
Adriatic sea water level (the official Austrian datum level at that
time).

The volume of the reservoir represented the greatest source
of uncertainty. Original documents reported a maximum storage
of approximately 400,000 m3 at the highest water level
(818.90 m a. s. 1.) (Plenkner, 1908; Gebauer, 1920; Gnendiger,
1917; Karpe, 1935), while other sources, including the
Commission (1911) and Raska and Emmer (2014), indicated
290,000 m?3 at the water level (817.88 m a. s. I.). To address this
discrepancy, two storage—elevation curves were developed: the
first (Var. 1) based on historical maps and project documentation
(Gebauer, 1916), and the second (Var. 2) derived from a digital
relief model using GIS (Opendata, 2024). Analysis suggests that
at the maximum level (818.90 m a. s. 1.), the reservoir volume
was approximately 540,000 m3. Both curves are presented in Fig.
3.

Differences in reservoir volumes can be attributed, namely,
to the inaccuracy of geodetic methods used at the time of dam
construction; some minor differences are due to changes in the
terrain relief between the years 1916 and 2024.
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Fig. 3. Storage-elevation curves of the Bild Desna reservoir
according to Gebauer (1916) —Var. 1 and
Opendata (2024) — Var. 2.

The dam was proposed as heterogeneous with more
permeable downstream shoulder and a layer of clay on the
upstream side. Smréek (1917) indicated that the soil was not
suitable for the upstream dam sealing, as it contained
approximately 85 % of sandy-gravel particles locally containing
larger stones, and soils for sealing were similar to those for the
shoulder. In the vicinity of the valve tower, the soil was manually
tamped.

In 1997, soil samples were taken from the remaining dam
body at the right abutment. The soil for the dam (both the sealing
and the downstream shoulder) was classified as sandy loam with
gravel as SP-SC, SC-SM, or SM according to the Unified Soil
Classification System Guide (SML, 1987). The properties of the
soil (both sealing and downstream shoulder) are as follows
(Smréek, 1917; Zak et al., 2006):

Percentage of fines < 0.05 mm 15%
- Average particle size dso 0.0023 m
- Cohesionc 10 kN/m?
- Dry density of the soil pq 1850 kg/m®
- Hydraulic conductivity k 10 m/s
- Internal friction angle ¢ 38°

- Plasticity index Pl 3-4%

- Porosity n 0.25
According to Gebauer (1920) and Gnendiger (1917), no
extraordinary hydrological conditions, such as floods, were
recorded before the dam failure on September 18, 1916. The set
of events taken from available sources (Smrcek, 1917; Gebauer,
1920; Gnendiger, 1917) are shown in the Table 2.

Table 2. Timing of the failure of Bil4 Desna on 18 September 1916
(Smréek, 1917; Gebauer, 1920; Gnendiger, 1917).

Time
from
[-P::)TI?] fti?set Event description
seepage
[s]
No seepage. The reservoir volume about
15:30 0 Vo = 290 000 m? at water level Ho=
817.88ma.s. I.
The spring of water about 20 mm wide
15:31 60 coming from the downstream slope
) close to the outlet gallery (Fig. 2) at the
level Hpip=810.34 ma.s. I.
Pavement on the upstream slope close
to the outlet tower collapsed, a sinkhole
16:15 2700  occurred. The roof of the breach
opening (pipe) collapsed; the soil was
quickly washed away.
The reservoir was completely emptied
16:45 4500  with the final scour bed at level 806.5

ma.s.|l.

The place of an initial seepage on the downstream slope was
rather to the left of the gallery portal. The breach developed
dominantly on the left side of the bottom outlet, where the piping
process was initiated. The progression of erosion towards the
right was limited by the gallery; however, it progressed above its
roof to the right abutment. The interpretation of the final breach
in 1916 was constructed using witnesses’ measurements of the
final breach opening about one week after the failure (Fig. 4) and
with the use of available photographic documentation (Figs. 5,
6).
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axis of a dam (black estimated by Smrcek (1917) and red estimated
by the authors for Var. 2 at time t = 1800 s, 2700 s, 3250 s, 3600 s,
and 4500 s).

The width of the breach at the bottom on the left side of the
outlet gallery was approximately 8 m, and the width of the breach
opening at the crest of the dam was approximately 32 m. The
width at the level of the gallery roof (809.00 m a. s. I.) was about
18 m. From Figs 5 and 6, it can be seen that the breach opening
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has a funnel shape narrowing towards the flow direction on its
sides. This is in agreement with the results of previous
experimental studies (Ferguson et al., 2004; Hanson et al., 2005;
Alhasan et al., 2015). As the interpretation corresponds to the
state about one week after the event, the slopes of the breach
probably do not correspond to the shape of the breach during the
failure, which tends to be approximately rectangular with
vertical sides (Smréek, 1917; Jandora and Riha, 2008).

-"“"*"‘*ﬂu\n— -
Fig. 5. View on the breach
(Samalova, 2016).
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Fig. 6. View on a cross section of the breach (Samalova, 2016).

Several internal erosion mechanisms have probably occurred.
The percentage of fines indicates susceptibility to internal
erosion mechanisms such as segregation, suffusion, contact
erosion, or backward erosion resulting in a concentrated leak.
The process of arching close to the gallery could cause hydraulic
fracturing and thus contribute to the backward erosion piping
from the downstream slope. It is probable that during reservoir
filling and subsequent 10-month operation, the seepage path
developed in the dam body close to the bottom outlet. It is
evident that on 8 September 1916, the continuation and
progression (Fell and Fry, 2007) of dam failure proceeded
quickly.

From a careful analysis, it is clear that the Bila Desna dam
failure mechanism started as backward erosion piping. After the
collapse of the erosion pipe roof, the failure proceeded as
overtopping. The dam was founded on compressible and
permeable subsoil, the foundation of the outlet gallery on the
sheet pile frame caused uneven settlement of the embankment,
probably resulting in cracks in the bed of the concrete gallery
already during construction. Subsequently, minor cracks were
observed, even in the concrete of upper part of the gallery
(Smréek, 1917).

Based on the maximum water depth in the reservoir (hy=12.4
m) and the average width of the dam at the base (Wmax = 54 m),
the global critical gradient for Bila Desna was compared with
values reported by various authors (Bligh, 1910; Griffith, 1914;
Lane, 1934; Chugaev, 1962; Miller-Kirchenbauer et al., 1993).
For the dam configuration and material used (sandy loam),
individual authors specified critical global gradients Jec

according to Table 3. These gradients were compared to the
global critical gradient Jc, which stands during the Bil4 Desna
dam breach (Table 3).

Table 3. Global gradients for sandy loam.

Author Jac chaésiga Jc <Jac
Bligh (1910) 0.056 No
Griffith (1914) 0.063 to 0.069 No
Lane (1934) 0.118 0.23 No
Chugaev (1962) 0.12 ' No
Miiller-Kirchenbauer 0.06-0.080 No

etal. (1993)

The data presented in Table 3 indicate that the seepage
lengths, specifically along the foundation and the bottom outlet
gallery, were insufficient to prevent backward erosion piping, as
they were below the contemporary criteria for internal erosion.

4 REEXAMINATION OF DAM BREAK OUTFLOW

In this chapter, two variants of the Bila Desna dam breach are
simulated using three independent methods and three numerical
models based on the reservoir volume storage—elevation curves
(Fig. 3) called Var. 1 (Gebauer,1916) and Var. 2 (Opendata,
2024).

4.1 Analogy method

A preliminary idea about peak breach outflow can be obtained
by comparing data from real dam failures with characteristics
(dam type, height, reservoir volume, breach width) similar to the
Bila Desna dam. From the database (Bernard-Garcia and Mahdi,
2020) on dam failures, 9 "similar" dams were found; their basic
characteristics are in the Table 4.

It can be seen that peak discharges for 9 selected dams vary
from 110 to 1050 m%/s. To analyse the peak discharge Qp, a
multiple criteria analysis based on historical dam failures from
Table 3 was applied (Hajkowicz and Higgins, 2006). First, the
normalization of the criteria (dam height hg, reservoir volume
Vmax, @nd breach width B) has been performed.

© xg-min(x;) .
Xij = max(Xj)—min(xj) , JE {hd' Vinax B} (1)
where i denotes dam No. (Table 4) and x'jj is the normalized
value of criterion (j = 1, 2, 3) for dam i = 1, ..., 9. The similarity
measure between dam i and estimated dam (D) is the sum of the
weighted absolute differences of normalized criteria in the

following form:
S = Z?lx;j - xl,),j|v )

Smaller S; indicates higher similarity. The weight used for the
estimate decreases exponentially with smaller similarity. The
similarity function of the data set is in the following form:

w; = e PSi, p =025 3)
where p is the decay parameter estimated based on the variability

of the data set. Final peak discharge is calculated as similarity-
weighted average:
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E?:i Qp,i Wi
T @

Z?:i wi
Based on results from the Table 4 and Eq. (4), the maximum
breach discharge for Bila Desna was estimated with values of
513 m3/s (Var. 1) and 520 m?/s (Var. 2).
4.2 Empirical Formulae

For a rough estimate of the peak discharge rates, empirical
formulae were developed by various authors. Empirical

formulae are regression equations based on past dam failure
events. However, in general, there is a global shortage of dam-
break calibration data due to the scarcity of relevant failure,
reliable data from real breached dams are missing, and moreover,
data sets are nonhomogeneous because each dam is a unique
structure with local hydrological and geological conditions.
However, published empirical formulae are often used in dam
break analysis to compare real incidents with the results of
numerical analysis. Basic parameters of the Bila Desna dam for
an application of empirical equations are listed in Table 6; the
equations used are listed in Table 7.

Table 4. Characteristics of 9 similar dams from the database (Bernard-Garcia and Mahdi, 2020) with comparison of the Bila Desna dam

(Gebauer, 1916).

Dam Dam Name Dam height ha  Reservoir volume Vmax ~ Breach width B Peak outflow Qb
No. [m] [ths. m®] [m] [m3/s]
1 Metly 8.5 1930 35 550
2 Bilberry 20 327 37 725
3 Fred Burr 16 750 30 654
4 Ireland Reservoir V. 5.2 160 14 110
5 Kelly Barnes 116 7 27 680
6 Laurel Run 13 555 35 1050
7 Lawn Lake 7.9 798 18 510
8 Noppikoski 16.5 1000 42 600
9 Puddingstone 15.2 610 79 480
- Bila Desna 14 400/550 30 ?7?
Table 5. Results based on Table 4 and equations (1) to (4) according to Var. 1 and Var. 2.
Normalised dam Normalised reservoir vol- ~ Normalised breach  Similarity meas- S;mllquty
height he ume Vinex width B ure Si unction
Dam w;
Var. Var. Var. Var. Var.
land?2 land?2 land?2 1 2 1 2
Metly 0.22 1.00 0.33 1.31 1.23 0.72 0.74
Bilberry 1.00 0.09 0.36 0.55 0.64 0.87 0.85
Fred burr 0.73 0.33 0.25 0.33 0.25 0.92 0.94
Ireland Reser- 0.00 0.00
voir V. 0.00 0.98 1.07 0.78 0.77
Kelly Barnes 0.43 0.35 0.20 0.43 0.34 0.90 0.92
Laurel Run 0.51 0.22 0.33 0.25 0.16 0.94 0.96
Lawn Lake 0.18 0.36 0.07 0.82 0.73 0.82 0.83
Noppikoski 0.76 0.47 0.44 0.69 0.61 0.84 0.86
Puddingstone 0.68 0.25 1.00 0.95 0.86 0.79 0.81
Bila Desnd 0.59 0.14 0.22 0.25 - - - -
Table 6. Variables used in Equations (5) to (25).
Group Parameter Notation Value Units
Dam height above the terrain hd 14 [m]
Reservoir char- Length of the dam cres_t _ _ Br 2435 [m]
acteristic Water depth at the beginning of the failure hw 11.38 [m]
Reservoir volume at the beginning of the failure Vw 290 OOO* [md]
410 000
Breach charac- W!dth of the breach open!ng at the bottom b 8 [m]
teristic Width of the breach opening in the crest B 30 [m]
Average breach width B 19 [m]
Others Acceleration due to gravity g 9.81 [m/s?]
Discharge coefficient M 1.0 [m¥2/s]

*Higher values correspond to the reservoir volume in Var. 2 (Fig. 3).
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Table 7. Empirical Equations for Estimation of the Peak Discharge.

Author Formula for the peak discharge Qb [m?/s] Eq.
Soil Conservation Service (1981) » = 1.776V,,%47 (5)
MacDonald and Langridge-Monopolis (1984) Qp = 1.154(V,, h,,)°41? (6)
Qp = 961(V},/1 - 106)048 (7
Costa (1985) Qb — 325(hWVW/1 . 106)0.4—2 (8)
Evans (1986) Qp = 0.7213,%53 9)
Costa and Schuster (1987) Qp = 0.0184(V, h,,pg)°*? (10)
Molinaro and Maione (1991) p = 0.116(Viy /hy, %) g°5 1y, %S (11)
Froehlich (1995) Q, = 0.607V, %25, 124 (12)
Webby (1996) Q, = 0.0443g05y0-367 pL40 (13)
, = 1.16V,%*° (14)

Walder and O"Connor (1997 Qs w
(1997) Q, = 0.61(V,h,,)%43 (15)

. B—b
Holomek and Riha (2000) Q=M [bhw3/ 24 0.4h—h§/ 2 (16)
w
Jandora and Riha (2008) Q, = 1.6h,,** 17)
Bornschein (2009) Qp = 0.928(h,,V,)0431° (18)
1\ 1276
[ s Vi3
_ v (FM+ER)
Xu and Zhang (2009) O = gVw30.133( 5~ e (19)
FM = —1.232; ER = —1.433
_ Qp = 2.325In (h,,)5405 (20)
P l. (201

ierce et al. (2010) 0, = 0.784h,,>°68 1)
Amlnl (2011) Qb — 0.6971VW0.25hW1.5 (22)
Azimi et al. (2015) Q, = 0.453g%5h,, %5 (23)
Tegos et al. (2022) Qb — e(6.09+0.04—3hw—0.0011§+0.0029Vw) (24)
Viard et al. (2022) Qp =chg/Vy; ¢ =0.08 (25)
. Q, = 21.9522h,,B%* (26)
Kouzehgar and Eslamian (2023) 0, = 18.461h,, 038 50408 27)

4.3 Numerical modelling

For a more sophisticated and relevant estimate of the outflow
hydrograph and peak breach discharge, dam break modelling
was carried out using three numerical models. The selection of
models was based on the literature review.

4.3.1 Description of the numerical models used

The choice of models was guided by a review of the literature.
Simulations were performed using the Rapid Embankment
Breach Assessment (AREBA) model (van Damme et al., 2012),
DL Breach (Wu, 2016) and HEC-RAS 6.6 with the nonlinear
breach growth method (Brunner, 2024). A brief description of
the models and their comparison is presented in the following
section.

A Rapid Embankment Breach Assessment (AREBA) model
was developed by the Flood Risk Management research
consortium and universities in England (van Damme et al.,
2012). Software enables modelling of the breaching process of
an embankment dam due to piping and overtopping. The code
was developed using MATLAB software, allowing
modifications according to local conditions and the failure mode.

A detailed description of the mathematical model is provided by
van Damme et al. (2012).

The DL Breach model developed by Wu (2016) is a
physically based software to simulate the breaching of
embankments due to overtopping or piping. It accounts for
noncohesive, cohesive, and composite embankment materials,
and represents the growth of the breach by both vertical
deepening and lateral widening. The model incorporates
reservoir geometry through the storage—elevation relationship
and computes breach outflow using hydraulic equations with
corrections for submergence effects. Sediment transport is
described by non-equilibrium load formulae for noncohesive
soils and by headcut erosion processes for cohesive soils. The
stability of the breach sidewall and possible collapse are also
considered. In piping scenarios, the collapse of the developing
pipe roof initiates the transition to overtopping breach.
Comprehensive documentation of the model equations can be
found in Wu (2016).

DL Breach and AREBA share nearly identical core
approaches for simulating homogeneous dam breaches due to
internal erosion (piping failure). Both calculate the initial
discharge using the same hydraulic principles and use an
identical erosion formulation to represent how the breach
expands over time and transforms the reservoir. Their

90



Backward analysis of the Bila Desna dam break outflow

differences are subtle and lie mainly in the details of simulating
secondary processes, such as the shape of piping breach, losses
during breach, how the dam slopes collapse, and how the roof of
the piping breach behaves, rather than in their basic hydraulic
and erosion formulations (Wu, 2016; van Damme et al., 2012).

In contrast, HEC-RAS (Brunner, 2024) incorporates dam
breach modelling within a broader hydraulic simulation
framework. It must be noted that the code HEC RAS is not a dam
break model, as it preferably serves for flood inundation
modelling. The HEC RAS dam break module is simplified, the
definition of breach opening and rate of erosion are user
specified while DL Breach and AREBA are physically based
models. The breach can be defined by entering data directly or
using a simplified approach that relates the growth of the breach
opening to the flow through the breach. One distinct feature is its
nonlinear breach growth method, which was used in this study.
Instead of assuming that the breach opening grows at a constant,
linear rate from initiation to full formation, it allows the user to
define a non-linear growth curve. By entering a series of time
intervals and the corresponding breach opening dimensions, the
model adjusts the growth rate during the breach formation
period. The temporal development of the breach geometry is
fully coupled with downstream hydraulic routing in the HEC-
RAS framework. Details of the underlying breach modelling
approach are provided in Brunner (2024).

To highlight the key characteristics of the selected numerical
tools, a comparative overview is presented in the Table 8, which
summarizes the type, main assumptions and representation of the
breach process, and the typical applicability.

Sensitivity analyses on dam breach models AREBA, DL
Breach, and HEC-RAS help to correctly select the parameters
that will change during the simulations. A one-way sensitivity
analysis conducted by Kotaska (2022) for the AREBA model
showed that the Manning roughness and the erodibility
coefficient are the parameters that most influence the breach
hydrograph, breach size, and failure time. Similarly, the analysis
of the DL Breach model by Kotagka and Riha (2022) indicated
that the resulting breach discharge and the final width of the
breach are highly sensitive to changes in the erodibility and
roughness coefficients. Different results were obtained from the
HEC-RAS model depending on the method used (Karki et al.,
2022). A local sensitivity analysis identified the elevation of the
dam breach as the most sensitive parameter for peak outflow.
However, a global sensitivity analysis using a Monte Carlo
simulation revealed that the most sensitive parameter was the
width of the dam breach. Across all three models, understanding

and careful definition of critical parameters are essential for
reliable dam breach simulations.

4.3.2 Input variables

In dam failure modelling, the following assumptions were
taken into account:

e  The failure started with a concentrated leakage from an
embankment at the level Ho=810.34 m a. s. I. (Smréek,
1917; Gebauer, 1920),

e The water level in the reservoir at the beginning of the
failure was 817.90 m a. s. |. according to Gebauer
(1920),

e The initial water volume in the reservoir differs
according to the available data (Fig. 3)

e  An initial reported leakage was about 3 1/s (Smrcek,
1917), which corresponded approximately with the size
of the initial breach opening Do = 20 mm.

e The mechanical properties of the soil (percentage of
fines, average particle size, cohesion, dry density of the
soil, internal friction angle, porosity) were taken from
previous investigations and research (Plenkner, 1908;
Gebauer, 1916; Smreek, 1917; Zak et al., 2006) and
were completed using the available literature (Wahl,
2019) and geotechnical tables (NASEM, 2019)
according to the Unified Soil Classification System
Guide (SML, 1987).

In the numerical modelling, the aim was to fit the timing of
individual recorded events (Table 2) and historical interpretation
of the breach development (Fig. 8). It did not include the time of
the individual shape of the breach and is rather unreliable as it is
more likely imagination about the failure than the real basis for
model calibration. The results of the numerical modelling are
time-dependent courses of breach parameters such as outflow
breach discharge (dam break flood hydrograph), the water level
in the reservoir, and the final breach width.

Due to the different computational approaches of the models
used, input parameters were divided into two groups. The
AREBA and DL Breach models simulate the temporal evolution
of the breach based on physical principles. Their calibration
involved adjusting the erodibility and Manning roughness
coefficients to reproduce the historically documented failure of
the Bila Desna dam. Specifically, the models were calibrated to
match the recorded time of roof collapse, the duration of the
breaching process, and the final breach geometry (Fig. 4, Table
9).

Table 8. Comparative Characteristics of the Applied Dam Breach Models.

Feature AREBA DL Breach HEC-RAS
Comprehensive hydraulic modelling

Type Simplified physically-based model  Physically-based numerical model software

Approach Piping and overtopping failures Piping and overtopping failures Piping and overtopping failures

Geometric approximations (circu-
lar, rectangular); considers grass
cover failure, headcut migration,

and empirical roof collapse.

Rapid hazard assessment and sys-

tem-wide risk modelling; opti-
mized for homogeneous embank-
ments.

Assumptions

Applicability

The changing geometry (rectangular
pipe, trapezoidal open breach), head-
cut migration, slope stability of side
walls, and mass failure of pipe roof.
Physically-based simulation of dam
and levee failures (cohesive and non-
cohesive materials) in inland and
coastal contexts.

User-defined final breach geometry

and formation time; breach progres-

sion defined by a growth curve (lin-
ear/non-linear).

Detailed hydraulic modelling of flood
routing and inundation mapping based
on predefined breach parameters.
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Table 9. Input parameters for the physically based models AREBA and DL Breach.

Name of the parameter Variables Value Units
Initial water level in the reservoir H 817.90 [ma.s. 1]
Initial level of the breach pipe Hop 810.34 [ma.s. 1]
Initial diameter of the breach pipe Do 0.02 [m]
Critical shear stress Tc 5 [kPa]
Erodibility coefficient *), **) kd 1.82-10° [m3/(N.s)]
Manning’s roughness coefficient *), ***) nm 0.025; 0.075 [s/m*3]
Discharge coefficient M 1 [mY2/s]

*) Subject to model calibration.

**) The erodibility coefficient for overtopping was doubled in the AREBA model.
***) The Manning roughness coefficient was set to 0.025 for DL Breach and 0.075 for AREBA.

Table 10. Peak breach outflows determined by comparison with real failures and using empirical formulae.

Maximum breach outflow Qbmax [M3/s]

Method Ea. reservoir volume Var. 1 reservoir volume Var.2
53
T % multiple criteria analysis (1-4) 513 520
I E
Soil Conservation Service (1981) (5) 656 772
MacDonald, Monopolis (1984) (6) 560 645
Costa (1985) (7) 530 626
(8) 537 626
Evans (1986) 9) 565 679
Costa and Schuster (1987) (10) 478 552
Molinaro and Maione (1991) (11) 510 551
Froehlich (1995) (12) 359 508
@ Webby (1996) (13) 422 479
©
E’ Walder and O"Connor (1997) (14) 388 450
= (15) 378 443
"'t_'c Holomek and Riha (2000) (16) 645
2 Jandora and Riha (2008) a7 699
S Bormnschein (2009) (18) 607 704
w Xu and Zhang (2009) (19) 419 483
Pierce et al. (2010) (20) 089
(21) 515
Amini (2011) (22) 621 677
Azimi et al. (2015) (23) 620
Tegos et al. (2022) (24) 362
Viard et al. (2022) (25) 490 583
Kouzehgar and Eslamian (2023) (26) 811
(27) 766

For hydraulics of breach by piping, constant roughness,
diameter of the circular opening, and erodibility characteristics
were considered along the entire seepage path. For the simulation
of an overtopping, the constant discharge coefficient, the
roughness of the breach channel, and the erodibility parameters
were also constant during the time.

The HEC-RAS code was applied as a simplified parametric
model. Since it does not internally simulate physical erosion
processes, the known historical data, specifically the failure
initiation time, the total failure duration, and the final breach

dimensions, were used directly as input parameters (Table 2, Fig.
4). The progression of the breach opening widening and
deepening in HEC-RAS was defined by an S-curve to represent
the temporal development of the opening.

5 RESULTS AND DISCUSSION
Resulting peak outflows, resp. the outflow hydrographs were

determined using the three methods mentioned above, namely
the comparison with similar dam failures, empirical formulae,
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and numerical modelling. Calculations using the latter two
methods were carried out for two storage-elevation curves
according to Fig. 3. Results coming from the methods described
in Sections 4.1 and 4.2 are summarized in the Table 10, where
peak breach discharges are compared for the first two methods.

The breach outflow hydrographs and average breach widths
obtained from the numerical modelling (Chapter 4.3) were
carried out for two variants mentioned above of storage-water
stage dependencies according to Fig. 3. Although the peak
discharges are relatively similar across the models, the
differences in hydrograph shapes reveal variations in how each
model handles breach growth and roof collapse.

The initial phase of the hydrographs (t = 0 to 2100 s) is mainly
governed by differences in the reservoir volume curves (Fig. 3)
rather than by the mechanics of breaching. However, the
subsequent difference in hydrograph shapes (Fig. 7) highlights
inherent uncertainties in modelling geotechnical instability,
despite consistent erosion formulations across the models. While
peak discharges align due to dominant hydraulic controls, even
in simplified models like HEC-RAS, the distinct algorithms for
slope and roof collapse introduce significant variability in the
flow profile.

The specific mechanism of roof collapse during piping is the
main driver of these shape differences. AREBA employs an
empirical prediction method (van Damme et al., 2012), whereas
HEC-RAS triggers collapse only when the pipe reaches the dam
crest (Brunner, 2024). DL Breach utilizes a physically-based
approach where the collapsed roof material is assumed to fall
into the pipe space ('virtual space’). This debris must be eroded

600
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450 ¢ Roof collapse
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0, [m¥s]
F
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AREBA N1~
\
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tls)
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| ——Var.2 - AR - breach outflow  ——Var.2 -DL - breach outflow Var.2 - HEC - breach outflow

before expansion continues (Wu, 2016), causing temporary
stagnation or decrease in discharge observed around t =3100 s.
These discrepancies underscore the necessity of a multi-model
approach, as no single formulation can fully capture the complex
dynamics of dam failure.

For larger reservoir volume (Var. 2) the hydrographs exhibit
higher peak discharges with maximum outflow discharge of
about 505 — 520 m?¥/s, followed by a rapid decline during
reservoir emptying due to a wider opening of the breach (Figs. 7
and 8). The shape of the hydrograph suggests more intensive
breaching after the collapse of the "roof" when a larger breach
opening develops. Such a high and rapid outflow implies
a substantial volume of water being quickly released from the
reservoir, probably resulting in documented dramatic
consequences downstream of the dam. In the case of a smaller
reservoir volume (Var. 1), the discharge increase is less rapid,
with a significantly smaller peak discharge of 351 - 359 m%/s
(Fig. 7).

The cross-sectional evolution is detailed in Fig. 4,
overlapping the simulated expansion of the breach (using the
AREBA model, Var. 2, red lines) with Smréek's historical
reconstruction (black lines). The simulation explicitly visualizes
the pipe formation and subsequent expansion of the breach after
the roof collapse. The discrepancy between the final modelled
shape and Smrcek’s survey can be attributed to the timing of the
field data collection, which took place 14 days after failure.
During this period, further erosion, weathering, and gravitational
slope adjustments inevitably altered the breach geometry
compared to the immediate post-flood state.

'
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Fig. 7. Results from numerical modelling of the peak discharges and Fig. 8. Results of numerical modelling - breach width (B), breach
water levels for Var. 1 and Var. 2 (AR - AREBA, DL - DL Breach, depth (Z = CL — H,, where C. is the dam crest elevation, and Hp is

HEC - HEC RAS).

the elevation of the breach bottom) for Var. 1 and Var. 2.

Table 11. Comparison of calculated and documented characteristics of the failure of Bila Desna.

Max. breach Maximum breach Time of roof Reservoir emptying
Variants outflow Qn width B collapse tp time tc
[m%/s] [m] [s] [s]
AREBA - Var. 1 359 24.9 2692 4688
AREBA - Var. 2 520 28.2 2707 4550
DL Breach — Var. 1 355 27.5 3110 4699
DL Breach — Var. 2 505 28.9 3099 4439
HEC-RAS — Var. 1 351 30 3630 4630
HEC-RAS — Var. 2 518 30 3690 4620
Documented — ~30 2700 4500
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Table 12. Comparison of calculated and documented characteristics of the Bila Desna failure by absolute differences of the observed and

modelled parameters.

Maximum breach width AB

Time of roof collapse Atp

Reservoir emptying time Atc

Variants [m] [s] [s]
AREBA — Var. 1 5.1 8 188
AREBA — Var. 2 1.8 7 50
DL Breach — Var. 1 25 410 199
DL Breach — Var. 2 1.1 399 61
HEC-RAS — Var. 1 0 930 130
HEC-RAS — Var. 2 0 990 120

Table 13. Comparison of the estimated peak breach outflow with other methods and authors.

Breach outflow [m?s]

Author Var. 1 Var. 2

Raska and Emmer (2014) 418.2-971.8 -
Froehlich (2016); Azimi et al. (2017); Moglen et al. (2019) 320 -
Bernard-Garcia and Mahdi (2020) 320 - 655.6 -
Abdulrahman (2022) 591 -
Analogy method (Section 4.1) 513 520
Empirical formulae (Section 4.2) 359 -811 362 - 811
Numerical modelling AREBA (Section 4.3) 359 520
Numerical modelling DL Breach (Section 4.3) 355 505
Numerical modelling HEC-RAS (Section 4.3) 351 518

Individual numerical models were calibrated by comparing
the simulated outputs with the documented failure timeline
(Table 2) and the final breach geometry (Fig. 4). The comparison
of results from numerical modelling is shown in the Table 11.
Fairly good agreement can be seen considering that even
documented values may be somewhat uncertain. While
the maximum outflow of the breach (Qp) represents a predicted
value due to the absence of historical flow data, the other
parameters — maximum breach width (B), roof collapse time (1),
and reservoir emptying time (t;)) show fairly good agreement
with available records, especially considering the inherent
uncertainty of the historical documentation.

900

2

8 @

ak breach outflow 0, [m*/s]

Fig. 9. Results of the peak discharges estimated by the different
methods (analogy, empirical formulae, numerical modelling) for
Var. 1 and Var. 2.

The "predictive" performance of the numerical models under
two variants tested was quantified using the absolute differences
of the observed and modelled parameters (maximum width of the
breach B, time of roof collapse t, and reservoir emptying time tc).
As can be seen from Tablel12, AREBA software
in Var. 2 demonstrates the best agreement with the observed
data.

The summary of the results obtained by all methods is shown
in a bar graph in Fig. 9. The modelling results fit fairly well with
the results obtained by the analogy method and using the
empirical formulae. The best fit of the peak breach discharge
with the numerical model is provided by the empirical equation
(15) of Pierce et al. (2010).

The comparison of the results obtained by individual methods
with previously published estimates is shown in the Table 13. In
particular, the estimated peak breach outflow from this study
falls within the range of values reported by other authors and
methods, indicating consistency and alignment with existing
literature. The resulting peak breach outflow for the larger
reservoir volume (Var. 2) fits better than the one derived for a
smaller one (Var. 1). Simplified relations for an estimate of
average breach width can be found, e.g., in (Jandora and Riha,
2008) and (Viard et al., 2022). The most probable breach width
is between 2 and 4 times the height of the dam (2hq to 4 hg), with
a maximum 5hg. In case of the Bild Desn4 dam failure, the
maximum average breach width is 19 m (Table 6), which is less
than 2hg = 28 m. This can be attributed to a relatively narrow
valley in the dam profile and the effect of the outlet gallery
obstructing the breach opening at its base.

The quantitative assessment highlighted the AREBA model
in Var. 2 as the best fit simulation. The validation confirms that
the larger reservoir volume assumed in Var. 2 better reflects the
historical reality. Based on this validated model, the unknown
maximum discharge from the breach is estimated at 520 m3/s,
a value that fits best to the documented timeline and the final
geometry of the breach.

6 CONCLUSIONS

This study revisits the Bild& Desnd dam failure, the most
devastating accident in the history of Czech dams, which occurred
in 1916. In the study, available data related to dam design,
construction, and operation have been collected and analysed. For
the breach outflow estimate, three different methods were used,
namely the analogy method, empirical formulae, and numerical
modelling with the AREBA, DL Breach, and HEC-RAS software.
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The initiating cause of the Bila Desna dam failure was internal
erosion. It was initiated due to a combination of poor dam
foundation, poor compaction of the soil in the dam body, poor design
with an unacceptably short seepage path, lack of knowledge about
the role of filters, and deficiencies in an inlet tower design. After the
development and increase of the seepage pipe, the "roof" of the
opening collapsed and the failure continued in the overtopping
mode.

The backward analysis carried out by three independent methods
indicated a peak breach outflow in the range between 359 and 811
m3/s for Var. 1 (reservoir volume 290 000 m2at the failure) and from
362 to 811 m¥/s for Var. 2 (reservoir volume 410 000 m?). Based on
the analysis and incorporating findings from different numerical
methods, the peak discharge of the Bila Desna dam breach is
estimated to be approximately 520 m3/s for Var. 2, predicted with
the AREBA model using Opendata (2024), which appears to provide
the most realistic hydrograph. The storage-elevation curve in Var. 1
defined by Gebauer (1916) yields a lower value of about 359 m3/s.
These results emphasize the uncertainty in the shape of the breach
hydrograph, with various models producing different hydrograph
shapes. However, the results of numerical modelling demonstrate
strong consistency of the peak breach discharge, the widening of the
breach, and the timing of the peak breach discharge of the
hydrograph, reinforcing the reliability of the models. These results
provide a robust estimate of the maximum flow from the breach and
clarify the breach process of the Bila Desna dam. This was achieved
using three independent numerical methods, strengthening the
validity and reliability of the findings.

The study demonstrates that when the geometry and hydrograph
are constrained by known data, even simplified models such as
HEC-RAS may produce reasonable results. However such results
and good fit are achieved only when a user can define "known"
breach parameters based on data from an incident (such as location
of breach opening, time characteristics, geometry and size of final
breach opening).

This observation highlights a potential pitfall in validating
models solely against well-documented historical failures. High
agreement with historical records can be achieved through
parameter adjustment (calibration), which may mask underlying
structural differences in the models. Therefore, a good fit with past
events does not guarantee predictive reliability for future unknown
scenarios. True validation requires not only curve fitting, but also
rigorous sensitivity analysis and a process-based evaluation of the
model's physics.

Acknowledgement: This study is part of the project FAST-S-25-
8824 ,,Optimization of components and appurtenant structures
on dams in relation to their safety .
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