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Breaches in fluvial dikes can lead to major flooding in the hinterland with severe societal and economic con-
sequences. The discharge partitioning at the location of a dike breach is a complex flow phenomenon with 2D
and 3D flow features that needs to be predicted accurately for the estimation of flood hazard. Determining the
exact location of a potential breach is highly uncertain and so are the circumstances in which it could appear.
Therefore, many scenarios should be investigated. Fast and accurate modelling of the discharge partitioning with
appropriate simplifications and parameterizations are required to allow for a large number of simulations within
reasonable computational time. To achieve this, spatially lumped or one-dimensional flow models have been
used in combination with side weir equations. For the first time, the present study systematically assesses the
performance of eleven side weir equations for the determination of the lateral discharge through a breach in a
dike that is parallel to the flow direction along a straight river reach. These side weir equations were imple-
mented in a zero-dimensional spatially lumped flow model and in a one-dimensional spatially distributed flow
model. Both models were evaluated against experimental data from laboratory tests with a side opening that was
either fixed, or dynamically evolving. The performance of the side weir equations varied with the experimental
data, highlighting the empirical nature of most of these equations. The coupling of the side weir equations with
the spatially distributed flow model did not always generate better results than the coupling with the lumped
model, which implies that increasing the model complexity does not systematically lead to better predictions of
the dike breach discharge.

1. Introduction

Fluvial dikes or levees are engineered structures that confine the
river flow at high discharges and provide flood protection. Several
mechanisms can lead to a dike failure, such as overtopping (Rifai et al.,
2017), slumping failure (Elalfy et al., 2018), piping (Vorogushyn et al.,
2009), seepage (Onda et al., 2019), and the weakening of some parts of
the dike caused by the actions of burrowing animals and poor mainte-
nance (Orlandini et al., 2015). The failure of a fluvial dike can induce
major flooding in the hinterland with detrimental consequences to local
economies and potentially life losses, especially in urbanized areas.
Thus, the accurate prediction of the dike breach hydrograph is of
paramount importance for the estimation of flood hazard and for the
determination of safe evacuation routes, especially when considering
the fact that people tend to settle within flood sheltered areas (Haer
et al., 2020). This kind of river flood risk is expected to increase in the
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future, as more people are exposed to floods (Tellman et al., 2021) and
extreme precipitation is projected to increase (Madsen et al., 2014).
The discharge partitioning in a channel with a side opening is
inherently a 2D and 3D flow phenomenon (Stilmant et al., 2013; Li et al.,
2021; Dewals et al., 2023) with flow separation, flow recirculation, and
helicoidal flow near the side opening (Michelazzo et al., 2015). The
lateral flow discharge through a side opening has been modelled suc-
cessfully using 2D models (Roger et al., 2009; Yu et al., 2013; Eche-
verribar et al., 2019; Shustikova et al., 2020). Recent studies have
coupled 2D hydraulic models with physically-based erosion models
(Kakinuma and Shimizu, 2014; Elalfy et al., 2018; Dazzi et al., 2019).
Also, 1D-2D hydraulic models were extended using additional compu-
tational elements, such as a physically-based description of the breach
formation and evolution (Viero et al., 2013). Another example is the use
of probabilistic frameworks for possible locations and timing of breaches
along a dike with the aid of fragility curves for various failure
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mechanisms (Vorogushyn et al., 2010; Bomers et al., 2019; D’Oria et al.,
2019; Maranzoni et al., 2022). Despite recent advancements (Dazzi
et al., 2019; Ferrari et al., 2020), such models have either long
computational times or large uncertainties regarding their parameteri-
zations. This can become prohibitive for systematic analyses of the flood
hazard from dike breaches since breaches at different dike locations can
lead to different flood patterns. There is a need for simpler and faster
modelling procedures that approximate the complex hydrodynamic
processes near and through a dike breach. This is particularly relevant
for sensitivity analysis (Schmitz et al., 2023a) and for inclusion in river
models, which are also subject to further simplifications (Kitsikoudis
et al., 2020), for systematic flood risk assessment.

Side weir equations provide an easy parameterization of the lateral
discharge through a side opening. While side weir equations have been
applied to fluvial dike breaches (Kamrath et al., 2006; Yu et al., 2013;
Wei et al., 2016), the number of such studies is small compared to those
modelling frontal dike breaches or earthen embankment breach as a
frontal weir (ASCE/EWRI Task Committee, 2011; Schmocker and Hager,
2012; Wu, 2013). As a result, the accuracy of the side weir equations and
the parameterization of the side weir discharge coefficient, Cy, for
breaches in fluvial dikes have not been thoroughly evaluated yet. Mignot
et al. (2020) assessed the predictive capability of eleven semi-empirical
formulations for C4. To this end, they used laboratory experiments of
flow intrusion into buildings and considered the building openings
(doors, windows, and gates) as rectangular side weirs. The computed
side discharge was highly dependent on the formulation of C4. The
applicability of such semi-empirical equations to fluvial dike breaches is
not straightforward. Dike breaches exhibit a time-dependent complex
geometry, i.e., a dynamically evolving and uneven breach profile (Rifai
etal., 2017), that depends on the discharge in the main channel, and the
dike geometry and erodibility (Schmitz et al., 2021).

Rifai et al. (2017, 2018) identified three stages during the develop-
ment of a non-cohesive dike breach caused by overtopping (Fig. 1).
Initially, right after overtopping occurs, the erosion rate of the dike is
low because the flow depth and the velocity above the dike are also
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Journal of Hydrology 640 (2024) 131660

small. As the flow depth and the velocity above the dike breach increase,
erosion intensifies rapidly with large water level variations near the
breach (Al-Hafidh et al., 2022) and a downstream shift of the breach
center. Finally, in the last stage, the upstream side of the breach remains
almost fixed, and the breach grows more slowly in the downstream
direction.

Similar observations were reported by Michelazzo et al. (2018) and
Kakinuma and Shimizu (2014) from laboratory-scale and field-scale
experiments, respectively. Overall, the dike breaching process is accel-
erated and the final shape of the breach gets larger with increasing water
level and flow discharge in the river (Yu et al., 2013; Rifai et al., 2017;
Wu et al., 2018). The dike composition also affects the breach expansion
(Yu et al., 2013; Wu et al., 2018; Rifai et al., 2021), so does the channel
width (Schmitz et al., 2023b) and the dike geometry, with dikes with
larger volume per unit width inducing a more gradual enlargement of
the breach during the rapid expansion phase (Schmitz et al., 2021). The
breach location and its final shape govern to a large extent the flood
inundation (Tadesse and Frohle, 2020). The water level in the hinterland
(Rifai et al., 2018) and the presence or not of riprap also alter the breach
development (Ahadiyan et al., 2022).

The present study investigates the suitability of different parame-
terizations for lateral flow through dike breaches for the incorporation
of 3D flow processes into simpler and faster models. Specifically, this
study assesses the performance of eleven semi-empirical side weir
equations applied in two different modelling frameworks to determine
the lateral outflow discharge through a breach in a dike that is parallel to
the flow main direction along a straight river reach. The assessment is
performed in two frameworks: by combining the side weir equations
with either a spatially lumped flow model based on mass conservation or
a one-dimensional flow model based on the shallow water equations.
The semi-empirical side weir equations, coupled with the two models,
are firstly tested with data from channels with fixed side openings and
secondly with data from a channel with a dynamic evolution of a dike
breach.

Section 2 presents the numerical models used in this work. Section 3

(b)

Fig. 1. Three stages observed during a non-cohesive homogeneous dike breaching event due to overtopping: (a) initial low erosion phase, (b) erosion intensification
period, and (c) erosion stabilization phase. The corresponding experimental test was performed at the “Laboratoire d’hydraulique des constructions” of the University

of Liege, Belgium.
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briefly presents the experimental data from the literature that are used
for the validation of the developed models (three experiments with a
lateral outflow through a fixed geometry and one experiment with an
evolving dike breach geometry). Section 4 presents how the breach
discharge predicted by the semi-empirical equations compares with the
experimental measurements. The performance and limitations of the
models are discussed in Section 5. Finally, conclusions are drawn in
Section 6.

2. Modelling of the lateral flow discharge through a dike breach
2.1. Discharge coefficient for lateral side weirs

The lateral flow discharge through a breach in a dike that runs
parallel to the flow direction in a straight river reach with width W
(Fig. 2) can be simplified as a flow over a broad-crested rectangular side
weir. In such a case, the incoming flow discharge from the upstream of
the channel, Qi,, is divided at the location of the dike breach into the
lateral flow discharge, Qp, towards the hinterland and the outgoing flow
discharge, Qout, towards the downstream of the channel. In a straight
channel, the lateral flow discharge over a rectangular side weir is
expressed as:

2
Q =3Ca\/28(h —p)’Ls )}

where Cy is the side weir discharge coefficient, h is the flow depth in the
main channel upstream of the side opening, p is the crest height of the
side weir, L is the length of the side weir, and g is the acceleration of
gravity. The discharge coefficient, C4, is typically estimated from
analytical and semi-empirical relationships based on the weir and flow
characteristics. Similarly to Mignot et al. (2020), eleven relationships
from the literature for the calculation of C; for sharp-crested weirs are
used in this study (Table 1).

2.2. Numerical models for flow through a dike breach

Two simplified models were developed using MATLAB software to
predict the lateral flow discharge, Q,, through a side opening repre-
senting a dike breach. Section 2.2.1 presents a lumped model and Sec-
tion 2.2.2 presents a one-dimensional finite volume model. Both models
are coupled with Eq. (1) and with an equation for the determination of
C4 (Table 1).

2.2.1. Lumped model (zero-dimensional)

The lumped model is based on a side weir discharge equation for the
determination of Qu(Eq. (1)) and on the mass balance equation in a
control volume, which writes:

dv dh.
dar = Aw(hxy) d_;y =Qn— Qb(hxy) - Qout(hxy) 2

where V is the volume of water in the control volume, t is the time, A, is
the horizontal surface area of the control volume, and h,, is the flow
depth spatially averaged across the area Ay,

This numerical model estimates the spatially averaged flow depth h,,
for every timestep dt, based on the value of h, in the previous timestep,

Ls
i dike b h
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Fig. 2. Flow within a straight channel with a dike breach on the side.
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the measured value of Q;,, an experimental rating curve for Qoyt, and the
value of Q, computed at the previous timestep with Eq. (1). The surface
area Ay, is considered as constant in each case.

2.2.2. Spatially distributed model (one-dimensional)

The spatially distributed model solves numerically the one-
dimensional Saint-Venant equations, i.e., the conservation of mass
(Eq. (3)) and the conservation of momentum (Eq. (4)):

A 0Q

o Tk D @
Q 0
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where A is the flow cross-sectional area, Q is the discharge in the
channel, g, is the specific lateral discharge through the side opening, U is
the longitudinal velocity averaged over the cross-section, y is the cross-
section average of the depth, S; is the friction slope, and S is the bed
slope. By considering U = Q/A, expressing y as a function of the cross-
sectional area, y = f(A), and estimating the friction slope with the
Manning formula, the only remaining unknowns in Egs. (3) and (4) are
Q and A.

Egs. (3) and (4) are discretized spatially with a finite volume nu-
merical scheme (Kerger et al., 2011) and in time with a two-step Runge-
Kutta algorithm. g, is computed on each spatial step, Ax, as a function of
the local water depth and the local height of the side weir crest (h and p
are considered constant over each cell). Ax was 1 cm in the experiments
of Michelazzo et al. (2015) and Mignot et al. (2020), and 10 cm in the
experiments of Roger et al. (2009) and Rifai et al. (2017) (see Section 3).

2.3. Initial and boundary conditions

The initial water level in the main channel for each simulation was
the same as the water level under steady flow conditions with the pre-
scribed incoming discharge, Qi,, of the corresponding experiment but
without a dike breach. In practice, this water level was computed using
our numerical models without considering any breach discharge. The
equilibrium breach discharge was obtained when the flow reached a
new steady state in the presence of a dike breach. The downstream
boundary condition was a rating curve at the weir (Roger et al., 2009),
sluice gate (Michelazzo et al., 2015), crested tailgate (Mignot et al.,
2020), or perforated plate (Rifai et al., 2017) of each experiment.

3. Experimental data

The accuracy of the eleven semi-empirical side discharge equations
(Section 2.1) is evaluated by comparing the modelling results with
experimental data from the literature. The considered experimental data
comprise data from (a) experiments with a fixed side opening (Roger
et al., 2009; Michelazzo et al., 2015; Mignot et al., 2020) and (b) ex-
periments with a dynamically evolving side opening (Rifai et al., 2017).
In all experiments, the side opening was parallel to the main flow di-
rection and in a straight channel (Fig. 2), which had uniform and steady
flow characteristics. The experimental setups and methods used to
generate these data are briefly described in this section and summarized
in Table 2. The setup used for each test campaign is displayed in Fig. 3.
More details can be found in the referenced studies.

3.1. Experiments with fixed geometry of the side opening

3.1.1. Experiments of Roger et al. (2009)

Roger et al. (2009) carried out laboratory experiments of a dike
breach in a 1 m-wide rectangular flume. The rectangular side opening
was 0.7 m long and its crest had zero height, simulating the complete
failure of a dike. The lateral discharge through the side opening was
propagated into a 3.5 x 4.0 m? basin that was at the same level as the



V. Schmitz et al.

Table 1
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Formulas for the estimation of the side weir discharge coefficient, C4, and the associated ranges of Fr(= U/+/gh), p/h, and L;/W for which these formulas were
developed. Fr and h were measured at the channel centerline, just upstream from the side breach. The table is adapted from Mignot et al. (2020).

No  Source Caq(—) Fr(—) p/h(-) Ly/W(-)
1 - 2L F2 \0F 0.02 - 0-096  0.2-1
Nadesamoorthy and Thomson 0432( 2) 4.3
(1972) 1 + 2Fr
2 3pr2 \ 05 0.02 - 02-096 0.2-1
Subramanya and Awasthy 0.611(1—
2 + Fr? 0.9
(1972)
3 0.622 —0.222Fr 0.02 - 0-0.96 0.2-1
Yu-Tek (1972) 4.3
4 X 0.81 —0.6Fr 0.1-0.5 n/a 0.33-0.5
Ranga Raju et al. (1979)
5 3 05 Analytical h
Hager (1987) 0.636( 1 +(H ~p) _H-p falytical approac
7H? 3H—2h—p
6 p 0.22 - 0.45 - 0.4-0.8
i 0.33 —0.18Fr + 0.49%-
Singh et al. (1994) h 0.42 0.85
7 ! —015 0.1- 0-0.31 04-1
Swamee et al. (1994) o447 | (A4 T L (h=p\*7 093
’ 49p +h h .
8 p 01-2 0.05 - 0.67 - 2.5
Jalili and Borghei (1996) 0.71 *0‘41Fr*0‘225 0.87
9 p L 0.1-0.9 0.02 - 0.33 -
rghei et al. 0.7 —0.48Fr —0.3>- + 0.06 —
Borghei et al. (1999) T n + W 0.87 233
10 el et al (2011) 160 L\ 059 N 3018753  0.08 - 0.34 - 0.3-3
‘miroglu et al. ’ '
& {0.836 + ( ~0.035+ 0.39(%) +0.158 (W) +0.049 (ﬂ +0.244Fr2125 ) } 0.92 0.91
11 _ , h—p\ 0083 h— p %088 1.\ 024 0.08 - 022-09 05-15
Bagheri et al. (2014) —1.423Fr%138 1 0.744 +0.723(—= +0.182( =2 0.91
L P w .
Table 2

Main characteristics of the experimental tests considered in this study.

Fixed breach geometry

Dynamic breach geometry

Zero lateral crest height

Non-zero lateral crest height

Source Roger et al. (2009) Michelazzo et al. (2015) Mignot et al. (2020) Mignot et al. (2020) Rifai et al. (2017)
Number of tests 4 10 4 2 4

Channel width (m) 1 0.3 0.79 0.79 1

Channel length (m) 9 5.1 8.35 8.35 10

Slope (%) - 0.3 0.18 0.18 -

Breach length (m) 0.7 0.03 - 0.47 0.079 0.154 dynamic
Manning coefficient (s/m'/®) 0.015 0.024 0.01 0.01 0.018

Qin(m®/s) 0.2 and 0.3 ~0.01 578107%-4.1910%  1.142.10 % and 1.273.10° 0.02 - 0.05
Downstream boundary condition weir sluice gate crested tailgate crested tailgate perforated plate

flume bottom and was made of glass. The water flowed freely off the
edges of the basin, while at the downstream end of the flume the water
flowed over a weir. The tested inflow discharges were equal to 0.2 m3/s
and 0.3 m®/s and the tested undisturbed flow depths were 0.4 and 0.5
m, resulting in four experimental combinations in total.

3.1.2. Experiments of Michelazzo et al. (2015)

Michelazzo et al. (2015) conducted laboratory experiments in a 30
cm wide recirculating flume with a slope of 0.1 % and rectangular cross
section. Fine gravel was glued on the bed of the flume to provide
roughness. A vertical sluice gate was placed at the downstream ex-
tremity of the flume to adjust the flow depth. A rectangular side weir
with zero height diverted a portion of the flow to a lateral channel at a
lower level, which conveyed water toward a storage basin through its
downstream end. Ten different side weir lengths were tested and varied
from 3 to 47 cm. In all cases, the incoming discharge was about 0.01
m>/s while the sluice gate at the downstream end of the flume was al-
ways set in the same way.

3.1.3. Experiments of Mignot et al. (2020)

Mignot et al. (2020) investigated the flow intrusion from a flooded
street into buildings through openings, such as doors, gates, and win-
dows, during urban floods. The flow through building openings, without

nearby obstacles, can be considered as flow through a rectangular side
weir with zero and non-zero crest height for doors/gates and windows,
respectively. Alternatively, these cases can represent the total or partial
collapse of a dike section. The experiments were carried outin a 0.79 m-
wide flume with a smooth bed and a rectangular cross section. The slope
of the flume was 0.18 % and the flow depth was regulated by a sharp
crested tailgate at the downstream end of the flume. The side opening
was 7.9 cm long for the cases with zero weir crest height and 15.4 cm
long for the cases with non-zero weir crest height. Four and two inflow
discharges were tested with zero and non-zero weir crest height,
respectively. Mignot et al. (2020) also investigated the impact of urban
obstacles, such as parked cars, on the flow intrusion but these cases are
not considered in this study.

3.2. Experiments of Rifai et al. (2017) with dynamic evolution of the
geometry of the side opening

Rifai et al. (2017) investigated the evolution of a breach in a sandy
homogeneous trapezoidal dike due to overtopping. The experiments
were conducted in a 10 m-long and 1 m-wide flume with a trapezoidal
cross section. The erodible dike stretched over 3 m along the right side of
the flume and separated the flume from a 4.3 m x 2.5 m area behind the
dike. The bottom of this area and of the main flume was coated with
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Fig. 3. Experimental setups used by (a) Roger et al. (2009), (b) Michelazzo et al. (2015), (c) Mignot et al. (2020), and (d) Rifai et al. (2017). The subfigures are
adapted from the cited studies.
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impermeable whitewash to ensure a uniform bed roughness over the
entire setup. A small notch was carved at the crest of the dike to initiate
erosion at this specific spot. Once the dike breach began forming, its
evolution was monitored with a nonintrusive laser profilometry tech-
nique (Rifai et al., 2019). Rifai et al. (2017) conducted experiments for
many inflow discharges and downstream boundary conditions. In this
work, we focus on four experiments based on four different inflow dis-
charges ranging from 0.02 m>/s to 0.05 m®/s. In all cases, a perforated
plate was used at the flume downstream extremity to regulate the water
level.

In the experiments of Rifai et al. (2017) the side opening evolved and
grew bigger in time since the dike was made of sand that is eroded by the
flow. In the cases with fixed geometry of the side opening, the lateral
flow could be considered steady; however, in the experiments of Rifai
et al. (2017) the flow that goes through the side opening depends on
time. For each time step, the crest height of the side weir, i.e., the breach
in the dike, was determined from a scanned longitudinal line in the
middle of the dike in the transverse direction. The profile of the dike
breach is typically irregular; however, the models require a single crest
height, either for the whole dike breach for the lumped model or for each
spatial step Ax for the spatially distributed model. For the spatially
distributed model, the crest height of each spatial step was chosen equal
to the breach elevation at the center of the step, which was obtained
using a linear interpolation between scanning measurements of the
breach (spatial resolution of 1 cm). The side weir equations were then
applied on each one-dimensional cell individually. For the lumped
model, a representative crest height was chosen equal to the 15th
percentile of the elevation of the scanned points along the dike crest
center line that were within the dike breach.

4. Results

Sections 4.1 and 4.2 present a comparison between the results

10 -
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obtained from the two numerical models of Section 1.1 coupled with the
side weir discharge coefficients from Table 1 and the corresponding
measurements from the experimental configurations with fixed and
dynamic geometry of the side opening, respectively.

4.1. Side opening with fixed geometry

As shown in Fig. 4, for the four experimental cases of Roger et al.
(2009), the lumped model performed better than the spatially distrib-
uted model in estimating the lateral discharge Q, through the side
opening for almost every C4 formula that was tested. A notable differ-
ence is that the spatially distributed model always underestimated Qp,
while the lumped model generated more variable results. This difference
may be understood by considering that, in practice, the water level
significantly drops in the vicinity of the side breach due to water ac-
celeration. This trend is captured by the one-dimensional model.
Conversely, the lumped model overestimates the water level close to the
breach as it only considers an averaged value over the entire control
volume. As a result, using Eq. (1) with the average water height in the
lumped model leads to larger estimations of the breach discharge.

Both models, and particularly the spatially distributed model, per-
formed better for the smaller discharge and the larger flow depth, i.e.,
for smaller inflow Froude number. The height of the side weir crest in
the experiments of Roger et al. (2009) was zero and as a result the Cq4
formula of Bagheri et al. (2014) was not tested because the weir crest
height, p, is used in the denominator. From the remaining discharge
coefficient equations in Table 1, the equations of Subramanya and
Awasthy (1972) and Borghei et al. (1999) with the lumped model per-
formed best on average, while the spatially distributed model was most
successful when coupled with the equation of Nadesamoorthy and
Thomson (1972), followed by Yu-Tek (1972). The equation of Singh
et al. (1994) performed worst with both models. However, it needs to be
noted that while the discharge coefficient equations were compared

experimental lateral discharges @, [%]

Difference between models and

bem)

- - - 2D FE model
----- 2D FV model
Il Lumped model
¥ Spatially-distributed model

-50

1 L
Q300H50 Q300H40

Q200H50 Q200H40

mm Nandesamoorthy and Thomson (1972) ™8 Yu-Tech (1972)
B Subramanya and Awasthy (1972)

B Ranga Raju et al. (1979) = Singh et al. (1994)

mm Swamee et al. (1994b)
Jalili and Borghei (1996)

B Borghei et al. (1999)
Emiroglu et al. (2011)

Hager (1987)

Fig. 4. Comparison between modelled and measured dike breach discharges, Qp, for the experiments of Roger et al. (2009). The results from the 2D finite element
(FE) and 2D finite volume (FV) models used by Roger et al. (2009) are also included in the comparison.
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with the same data, the semi-empirical equations, such as the equation
of Singh et al. (1994), were developed in different data ranges (Table 1).
As aresult, some of them were used out of their calibration range, which
is the case with the Singh et al. (1994) formulation. Roger et al. (2009)
also modelled their experiments with a 2D finite volume model and a 2D
finite element model. The models underestimated the Q; measurements
by approximately 6 % to 12 % (Fig. 4). The absolute deviation of the 2D
models from the measurements was larger than that of the lumped
model, regardless of the C4 formula with the exception of Singh et al.
(1994) and Emiroglu et al. (2011), and larger than most combinations of
the spatially distributed model with a C4 formula (Fig. 4).

The experiments of Michelazzo et al. (2015) are similar to those of
Roger et al. (2009) when considering the height of the side weir crest,
which is also zero. However, in this case the length of the side weir is
shorter as it varies from 3 cm to 47 cm. Contrary to the cases of Roger
et al. (2009), in the experiments of Michelazzo et al. (2015) both the
lumped model and the spatially distributed model mostly overpredicted
the lateral discharge Qp, particularly as the length of the side weir
increased (Fig. 5). The only consistent exception is the case where the
models were coupled with the discharge coefficient equation of Singh
et al. (1994), presumably because it was used outside of the data range
for which it was developed. Overall, the accuracy of both models
decreased as the side weir length increased. Another difference with the
experiments of Roger et al. (2009) is that in the data of Michelazzo et al.
(2015) the spatially distributed model performed better than the lumped
model, for almost every coupled discharge coefficient equation. The
discharge coefficient equation of Subramanya and Awasthy (1972)
generated the best results when it was coupled with either of the two
models. The rest of the discharge coefficient equations exhibited a rather
erratic behavior when coupled either with the lumped model or the
spatially distributed model. The formula of Bagheri et al. (2014) was
again not tested because it is not applicable to a side weir with zero crest
height.

With regard to the experiments of Mignot et al. (2020), for the cases
with a fixed side opening with zero crest height there was considerable
underestimation of the lateral discharge through the side opening on
several occasions. The C; equations that performed best were the same
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as those in the data of Roger et al. (2009), i.e., the equation of Sub-
ramanya and Awasthy (1972) for the lumped model and the equation of
Nadesamoorthy and Thomson (1972) for the spatially distributed
model. When the height of the crest of the side weir became non-zero,
both models generated less accurate results compared to the zero crest
height and underpredicted the experimental measurements by more
than 25 % for most couplings with a discharge coefficient equation
(Fig. 6). A notable exception was the coupling with the discharge coef-
ficient equation of Singh et al. (1994), where both models performed
much better. Overall, the lumped model performed better than the
spatially distributed model for most cases of Mignot et al. (2020).

4.2. Side opening with dynamic evolution of its geometry

As shown in Fig. 7, for the four representative experimental cases of
Rifai et al. (2017), the lumped model followed quite well the overall
evolution trend of the discharge through the gradually augmenting dike
breach, although in a less smooth way. The model did not capture
accurately the discharge lowering after the initial peak in Test 1. For the
lower upstream flow discharge, the discharge coefficient formulations
did not have a significant impact on Qp; however, as the flow discharge
increased the modelling results of Q, exhibited a considerable scatter,
particularly towards the end of each experiment when the dike breach
was rather stabilized. Compared to the lumped model, the spatially
distributed model predicted more accurately the initial peak of Q, and
was also able to reproduce the trend of the lateral discharge through the
variable dike breach (Fig. 8). However, the modelled Q, at the stabili-
zation phase, after approximately 100 s, mostly underpredicted the
measured values and gave worst results than the lumped model for the
two lowest values of Q;,, i.e., 20 and 30 1/s. The different discharge
coefficient formulations that were tested in the spatially distributed
model did not affect Q, as much as they did in the lumped model,
regardless of the upstream discharge that was prescribed in each
experiment. The formulas of Emiroglu et al. (2011) and Bagheri et al.
(2014) were not evaluated in this experiment because for the former
there was no convergence in the numerical models and the latter is not
applicable to a side weir with zero crest height.
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No converged value could be obtained for Ly > 33 cm when using the formula of Emiroglu et al. (2011) in the lumped model.



V. Schmitz et al.

Journal of Hydrology 640 (2024) 131660

20 -
10
T =
S 0
< .10
29
g%
§ E -20
=
8~
g g -40
H QO
= 5 50 ,
= g . I Lumped model
% -60 - 08 Spatially-distributed model
_70 | | | | | |
Fr=0.2 Fr=0.52 ” Fr=0.2 (a) Fr=0.2 (b) Fr=0.55 (a) Fr=0.55 (b) |
Window (p > 0) Door (p = 0)
= Nandesamoorthy and Thomson (1972) ™8 Yu-Tech (1972) Hager (1987) Bl Swamee et al. (1994b) =M Borghei et al. (1999)

B Subramanya and Awasthy (1972)
B Bagheri et al. (2013)

B Ranga Raju et al. (1979) ™™ Singh et al. (1994)

Jalili and Borghei (1996) #= Emiroglu et al. (2011)

Fig. 6. Comparison between modelled and measured dike breach discharges, Qp, for experiments of Mignot et al. (2020). Labels (a) and (b) refer to different
combinations of inflow discharge and water height in the main channel but leading to the same Froude number.

400

100

200 300

400

100 200 300 400
t [s]

— Nandesamoorthy and Thomson (1972)— Yu-Tech (1972)
— Subramanya and Awasthy (1972)

Hager (1987)

— Ranga Raju et al. (1979) — Singh et al. (1994)

— Swamee et al. (1994b)
Jalili and Borghei (1996)

— Borghei et al. (1999)

Fig. 7. Evolution of the dike breach discharge, Qp, with the lumped model for experiments of Rifai et al. (2017). The formula of Emiroglu et al. (2011) did not
converge and the formula of Bagheri et al. (2014) cannot be applied when p = 0.



V. Schmitz et al.

=201/s
0.04 - Qm /
5003
> | M
i 0.02+ \,/\\%/\_/\ ,,
C0.01¢
0 /I L L : :
0 100 200 300 400

Journal of Hydrology 640 (2024) 131660

=30 1/s
0.04 @in /
—0.03}
-~ v
5.0.02} f
C0.01} /
0L ‘ ‘ :
0 100 200 300 400

0L~ : : : ‘ 0 : : : ;
0 100 200 300 400 0 100 200 300 400
t[s] ¢ [s]
— Nandesamoorthy and Thomson (1972)— Yu-Tech (1972) Hager (1987) — Swamee et al. (1994b) — Borghei et al. (1999)

— Subramanya and Awasthy (1972)

— Ranga Raju et al. (1979) — Singh et al. (1994)

Jalili and Borghei (1996)

Fig. 8. Evolution of the dike breach discharge, Qp, with the spatially distributed model for experiments of Rifai et al. (2017).

o w W~
S S o
T T |

—_
(e}
T

Difference between models and
experimental lateral discharges Qp pear [%]

O coesi b |
Bl Ll
|
-101- Il [.umped model
{8 Spatially-distributed model
-20

'y

| |
Qm:20 l/S Qm:30 l/S

| |
Qm:40 l/S Q”L:E)O l/S

= Nandesamoorthy and Thomson (1972) ™ Yu-Tech (1972)
== Subramanya and Awasthy (1972)

== Ranga Raju et al. (1979) = Singh et al. (1994)

= Swamee et al. (1994b)
Jalili and Borghei (1996)

Hager (1987) == Borghei et al. (1999)
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The peak breach discharge, Qp peak, Was more accurately predicted by
the spatially distributed model (Fig. 9). Indeed, the lumped model led to
an average absolute error that is more than two times higher than the
absolute error of the spatially distributed model. The lumped model
systematically overestimated the peak breach discharge, while the
spatially distributed model sometimes underpredicted the peak lateral
discharge. The discharge coefficient formulations that were tested
exhibited a rather erratic behavior with respect to the different tests.
Overall, the results of the different formulations exhibited greater

variability compared to the previous cases with fixed openings and no
formulation outperformed consistently the others when coupled with
either of the two models.

5. Discussion

The estimation of the discharge coefficient in weir equations has
typically a large empirical component that depends on the flow condi-
tions of the laboratory experiments from which it was developed. As
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such, weir equations can be confidently applied in data ranges for which
they have been calibrated, but their performance outside these cali-
bration ranges is uncertain. Fig. 10 shows how the range of the experi-
mental data used in this study relate to the data ranges in which the
semi-empirical equations for the estimation of C; were developed. It is
evident that in some cases, some formulations were used outside of their
development range, which may be a reason for their deteriorating
performance.

Ranga Raju et al. (1979) and Singh et al. (1994) used a 90° side
channel as the side weir. The hinterland was thus confined as it corre-
sponded to a relatively narrow perpendicular channel. In these cases, the
predicted value of C; should be underestimated compared to the case
when the hinterland is not confined. This trend is very obvious for Singh
et al. (1994) when considering a fixed breach geometry and a sharp
crest. This formula performs better for Rifai et al. (2017), probably
because there is a broad-crested weir in this case, which confines a bit
the flow when it goes through the breach.

The implementation of the different models using the data of Roger
et al. (2009) and Mignot et al. (2020) showed that increasing the model
complexity, i.e., switch from a lumped to a discretized hydraulic
description, does not always improve the accuracy of the side weir
equation. This is the case not only when comparing our zero-
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dimensional lumped model to our one-dimensional model, but also
when comparing to more detailed 2D models that Roger et al. (2009)
used to simulate their experiments. A possible explanation for this result
is that the flow near dike breaches has 3D features (Michelazzo et al.,
2015) that can be more easily parameterized when modelled with a
lower dimensionality model. Despite their simplicity, lumped models
have exhibited a versatile and reliable behavior in a broad range of
hydraulic applications, e.g., in interactions between surface flows and
drainage systems (Kitsikoudis et al., 2021), and as such it is not sur-
prising that such modelling tools perform relatively well when properly
calibrated.

The importance of proper calibration of the discharge coefficient in
lumped models becomes evident from the data from the experiments of
Rifai et al. (2017), where the lumped model was outperformed by the
spatially distributed model for the majority of discharge coefficient
equations. The different discharge coefficient equations have been
calibrated with data from laboratory experiments where the crest of the
side weir was horizontal. In the experiments of Rifai et al. (2017) the
dike breach, which was considered as a broad-crested side weir,
exhibited an irregular cross-section at the different time-steps due to the
spatial distribution of the erosion process induced by turbulent flow. In
such cases with variability of the bed level across the dike breach, the

Fr
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Fig. 10. Data ranges in which the semi-empirical discharge coefficient equations were developed. The grey shaded areas denote the ranges of the experimental data
from the static side openings used in this study, i.e., the experiments of Rifai et al. (2017) are excluded. The formulation of Hager (1987) covers the whole range

because it was developed based on theoretical arguments.
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variations in flow depth will affect the discharge distribution over the
dike breach (Michelazzo et al., 2018). In the experiments of Rifai et al.
(2017), the lumped model was used by considering a straight weir crest
at the 15th percentile of the elevation of the scanned points within the
dike breach. This simplification led to a considerable overestimation of
the breach peak discharge by the lumped model. This inaccuracy could
also be attributed to sharp variations of the breach dimensions owed to
sudden breach side slope failures, which instantaneously impact the
value of C4 when using the empirical formulas. These sharp variations of
C4 may also be the reason why the evolution of Q; is smoother in the
experiments compared to the modelling. The spatially distributed model
predicted much better the peak discharge in the dynamic dike breach
(Fig. 9), highlighting the importance of spatial discretization in cases
with large spatial variability of the side opening.

For accurate hazard predictions related to fluvial dike breaching, a
discretized model should be preferred. Nevertheless, the zero-
dimensional model is more conservative as it tends to systematically
overestimate the breach discharge (Fig. 7 and Fig. 9). To be on the safe
side while optimizing the prediction accuracy, a trade-off consists in
combining the one-dimensional model with a formulation that over-
estimates the breach discharge coefficient, e.g., the one proposed by
Ranga Raju et al. (1979) or Borghei et al. (1999). It is also advised to test
different formulations for the discharge coefficient to obtain an envelope
curve, allowing for better uncertainty assessment.

6. Conclusions

Breaches in river dikes can pose a hazard of intense flooding to
nearby areas. In such cases, flood risk assessment requires not only ac-
curate modelling of the dike breach discharge towards the hinterland,
but also fast modelling tools that can be used efficiently. To satisfy these
requirements, in this study the flow through a breach in a dike with its
axis parallel to a straight river reach was considered similar to the flow
over a side weir. Eleven semi-empirical equations from the literature
were tested for the parameterization of the discharge coefficient of the
side weir equation, which was coupled to either a lumped model (zero-
dimensional) or a spatially distributed model (one-dimensional). These
models were tested in cases with increasing complexity: from cases with
a fixed side opening with zero and non-zero crest height to a dynamic
dike breach that evolves over time.

The performance of the different equations for the parametrization of
the discharge coefficient of the side weir equation varied with the
different cases, highlighting the empirical nature of most of them. The
equations of Subramanya and Awasthy (1972) and Nadesamoorthy and
Thomson (1972) performed best for a fixed opening with zero crest
height while the equation of Singh et al. (1994) performed best for a
fixed opening with non-zero crest height. For the cases with the dynamic
dike breach, several formulations derived good results and there was no
formula that was consistently superior. Overall, the modelling results
were less accurate when transitioning from the fixed opening cases of
zero to non-zero crest height and to the cases with a dynamic breach.
Despite its simplicity, the lumped model generated better results than
the spatially distributed model for many cases with fixed openings, but
the spatially distributed model was more accurate in the dynamic breach
cases. This highlights the importance of spatial discretization in cases
where the dike breach exhibits irregular geometry. This model type
should be selected when assessing hazard related to real-world dike
breaching. For the sake of safety, it should be coupled with a formulation
that overestimates the breach discharge coefficient, such as the one of
Ranga Raju et al. (1979) or Borghei et al. (1999). Uncertainty may also
be considered by creating an envelope curve for the breach discharge by
testing different formulations for the breach discharge.
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