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Modelling the impact of a dam-break wave on a vertical wall
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Dam-Break waves arise from the sudden release of the water stored behind a wall,

and they cause destruction and losses on nearby areas. Characterisation of the
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impact force on obstacles is very important for risk assessment. In this work, we per-

force on a vertical end wall situated some distance from the lock. Laboratory data
were used to evaluate the performance of several types of numerical models to pre-

dict the wave-induced force on the vertical end wall. The selected models were as
°DI, University of Campania Luigi Vanvitelli, ) ) . .
Aversa, Italy follows: the hydrostatic 1D De Saint-Venant model, the multi-layer hydrostatic
model and the Navier-Stokes two-phase flow. For the latter two models, both 2D
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(in the x-z plane) and 3D simulations were performed. The results show that, inde-
pendently of the hydrostatic assumption, the 2-D simulations generate nonphysical
oscillations which are not present in the measured temporal histories of the pressure
and force values. By contrast, the predictions of both 3D numerical models better
reproduce the temporal variation of the pressure forces on the end wall. The present
study also shows that from a practical point of view, the 1D De Saint-Venant model
predicts with sufficient accuracy the impact time and the magnitude of the peak
value of the impact force. Therefore, if the use of a fully 3D models is not a feasible
option, in terms of a trade-off between computation cost and accuracy, the use of a

simple hydrostatic 1D De Saint-Venant model is preferable to a 2D model.
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1 | INTRODUCTION

Dam-break waves arise from the sudden release of water stored
behind a wall and may cause human fatalities, ecological and environ-
mental hazard, damages and huge economic losses to the surrounding
landscape (Wuthrich et al., 2019). These waves are defined as surges,
whether they develop over a dry bed, or bores, if they propagate over
a wet bed. Tsunamis, tidal bores and the collapse of an artificial
embankment may also lead to similar unsteady flows. For instance,
Chanson (2009) stated that a tsunami surge that propagates on a
coastal plain behaves as a dam-break wave. Indeed, in both cases, the
wavefront is a shock front for both flow depth and velocity
(Chanson, 2009). Additionally, during their propagation, these waves
may encounter obstacles, and the evaluation of the impact dynamics

and magnitude of the impact forces is of utmost interest for risk

mitigation. Extreme precipitation and runoff induced by climate
change may dramatically contribute to enhance flood risks and
potential dam failures. The recent scientific interest in predicting con-
sequences of dam-break events is consequently increased (Fluixa-
Sanmartin et al.,2018).

Numerical modelling is nowadays an accessible and potentially
useful tool to predict the dam-break wave propagation and its interac-
tion with structures situated along its path. Numerical simulations
allow evaluating the hydraulic characteristics relevant for flood hazard
analysis, but they also provide the starting point for the evaluation of
sediment transport, erosion/deposition patterns and for the study
of water-biota-sediment interactions. Simulations also support the
evaluation of impact forces acting against obstacles located along the
path of the wave. Given the need to use numerical simulations for

field-scale applications, it is important to identify the most suitable
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tool among the different available approaches, considering both accu-
racy and computational costs. Therefore, the comparison of numerical
results with measured data is crucial to assess the performance of the
mathematical models. Both Chanson (2009) and Aureli et al. (2023)
have highlighted that apart from few exceptions (e.g. Aureli et al.,
2015), detailed experimental data to fully assess the predictive capa-
bilities of such models are not widely available, although such data are
of utmost importance for numerical models validation (Aureli et al.,
2015; Fang et al.,, 2022; Lara et al., 2012; Robertson et al., 2013;
Stamataki et al., 2018; Wang et al., 2022; Wiithrich et al., 2018;
Wathrich et al.2019).

Literature rarely reports in-field measurements of these flows,
since during their occurrence data collection or visual observations
are very difficult to perform (Wathrich et al., 2019). Available data are
often obtained from postforensic engineering reconstructions of the
event. The scarcity of field observations, on which policymakers can
base and develop safety procedures (Lynett, 2022), suggests the use
of laboratory experiments to gain insights and obtain the critical engi-
neering information to assess risk and to develop a mitigation plan.
Concerning the dynamic interaction between unsteady flows and
obstacles, Ramsden (1996) presented a pioneering experimental study
on surges and bores impacting against a vertical wall. He analysed the
time history of the dam-break wave run-up and measured the induced
impact force and pressure at a point on the wall. As the water level
reached its maximum elevation on the vertical wall, the study found
that the force and the momentum, estimated by assuming hydrostatic
pressure distribution, exceeded the maximum measured values. Since
this seminal contribution, several experimental studies in the last two
decades focused on the interaction between water waves and obsta-
cles, investigating the hydrodynamics and the resulting impact pres-
sures (Arnason, 2005; Bidoae et al.2003; Kleefsman et al., 2005;
Nistor et al., 2009; Oertel & Bung, 2012). Later on, Lobovsk et al.
(2014) investigated the repeatability and three-dimensional effects
associated with the impact dynamics of a dam-break wave against a
vertical wall. Although their analysis was limited to a single initial
water height, they provided the first data set of experimental images
and local pressure measurements on the wall. Moreover, they showed
that three-dimensional effects appeared during the impacting phase.
They found that the maximum pressure peak sampled by the pressure
transducers was significantly larger for the centred sensor than for
the displaced one. More recently, Shen et al. (2020), Liu et al. (2022)
and Xie and Shimozono (2022) investigated a similar experimental lay-
out. Interestingly, Liu et al. (2022) showed that the horizontal dynamic
pressure peaked when the wave run-up height was at its minimum
level. As the surge started falling off the wall and breaking at its base,
the magnitude of the dynamic pressure was close to that of the
hydrostatic pressure. Their study also highlighted three-dimensionality
effects induced by the side walls that slightly delayed and decreased
the impact pressure sampled by the lateral transducers compared with
those situated near the wall centreline. Tan et al. (2023) quantitatively
investigated the flow kinematics and turbulence characteristics of the
dam-break flow impacting against a vertical wall. They found that dur-
ing the impact phase following the dam-break, two counterclockwise
vortexes were generated, the first one generated by the main body of
water and the smaller one forming in the wall-bed junction region.

An accurate representation of the complex interaction between a

highly unsteady turbulent flow, that is, the water wave, with an

obstacle, requires an advanced numerical model, ideally a three-
dimensional (3D) model using the Large Eddy Simulation (LES)
approach. At the same time, the need to employ numerical simulations
for field-scale predictions pushes towards the reduction of the model
complexity which translates into a significant reduction of the overall
computational cost. In this regard, the comparison among different
modelling alternatives should take into account three aspects: (i) the
kinematic interaction with the channel sidewalls, (ii) turbulence effects
and (iii) the assumption of hydrostatic pressure distribution. The dis-
cussion below is restricted only to Eulerian models, which are com-
monly used for such simulations.

In terms of their complexity, the depth-integrated models based
on solving the one- dimensional (1D) or two-dimensional (2D) De
Saint-Venant equations (Castro-Orgaz & Hager, 2019) (DSV) are the
simplest ones. In DSV models, turbulent stresses are not further
accounted for; the hydrostatic pressure distribution is assumed along
the direction normal to the bottom, and the bottom shear stress is
accounted for.

The DSV approach is widely used to model propagation of dam-
break waves, even in the presence of obstacles, buildings (either iso-
lated or multiple) and topographical singularities (Aureli et al., 2015;
Brufau et al., 2002; Mingham & Causon, 1998; Lai et al., 2005;
Ortiz, 2014; Soares Frazao & Zech, 2002). Such low-computational
cost models allowed practitioners to make predictions for field-scale
flood management applications.

Compared with the DSV approach, the Reynolds-averaged
Navier-Stokes (RANS) and the LES approaches allow to relax the
aforementioned assumptions especially when incorporated in a three-
dimensional solver; namely, they estimate in a physically much more
correct way the turbulent stresses and accurately account for non-
hydrostatic pressure effects on the flow. The last issue is particularly
relevant when dealing the dam-break wave impacts a bluff-body
obstacle, in which case the flow develops strong curvature with non-
negligible deviations from the hydrostatic pressure distribution (Aureli
et al., 2015). In some cases, 3D LES models were successfully used to
simulate the interaction of buoyancy driven flows with isolated and
series of obstacles (Constantinescu, 2014; Gonzalez-Juez et al., 2010;
La Forgia et al., 2018; Tokyay et al., 2011, 2012, 2014; Tokyay &
Constantinescu, 2015). A main challenge when applying such models
to dam-break flows is that the dynamics of the interface between the
wave fluid and the air needs to be solved using a separate mode
(Ai et al., 2022). One of the most used techniques for tracking the free
surface in dam-break applications is the Volume of Fluid (VOF)
method (Biscarini et al., 2010; Munoz & Constantinescu, 2020;
Marsooli & Wu, 2014; Ozmen-Cagatay & Kocaman, 2011).

Examples of using this approach to simulate dam-break flows
without obstacles placed along their path can be found in Garoosi
et al. (2022) (2D and 3D RANS) and Larocque et al. (2013) (3D LES).

Several studies have compared the predictive abilities of DSV-,
RANS- and LES-based models to predict the propagation of dam-
break waves over surfaces without obstacles. For example, Ozmen-
Cagatay and Kocaman (2011) compared the experimental results of
the early stages of a dam-break wave on dry and wet bed, with simu-
lations conducted with a RANS-VOF code using the k — e turbulence
model and with simulations obtained using a DSV-based code. They
found that for the dry bed test, both type of models were accurate,

except for the earliest stages of propagation. For the wet case, the
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DSV results deviated from experimental results in the vicinity of the
positive wave front during the initial stages. Kocaman et al. (2020)
compared DSV and RANS based on simulations of a dam-break flow
advancing in a smooth channel with a contracting reach. Their study
found very good agreement between measured data and RANS. Some
discrepancies were observed between experiments and DSV solution
during the early stages of the reflected wave formation. Despite inac-
curate prediction of the negative bore formation and overestimation
of the peak water levels, the DSV model was still capable of predicting
the free-surface profiles with an acceptable level of accuracy.

Based on systematic comparison of dam-break wave simulations
over dry and wet bed, Yang et al. (2019) did not find a large sensitivity
of the RANS solutions on the specific turbulence model used
(e.g. standard k—e, RNG k—e and k—w). Bigdeli et al. (2023)
used RANS and LES approaches to simulate the laboratory experi-
ments of Liu et al. (2020). Simsek and Islek (2023) implemented a 2D
LES code to simulate dam-break waves with a downstream-
to-upstream water depth ratio between O and 0.4.

One can conclude that DSV-based models can predict with a rea-
sonable level of accuracy dam-break waves propagating over a bed
containing no obstacles. However, 3D RANS and LES are needed to
capture the finer flow features associated with large turbulence, air
entrainment and the presence of hydraulic jumps.

The presence of a bluff obstacle increases significantly the flow
three-dimensionality. For example, Kamra et al. (2018) conducted
experiments and numerical simulations to study the impact of a dam-
break wave against a vertical wall. They found that most of the flow
three-dimensionality develops during the initial impact phase. Three-
dimensional features were found to originate at the sidewalls and
then propagate towards the inner regions of the domain. The main
sources of three-dimensionality were as follows: the turbulence devel-
opment and the region of high shear between the sidewall region and
the inner region of the wave front during impact. Based on these con-
siderations, the above-described criteria for choosing the appropriate
modelling approach are not straightforwardly applicable.

Aureli et al. (2015) compared results obtained from 2D DSV
model with those predicted by a 3D RANS model for the interaction
of a dam-break wave with a single narrow-width obstacle. The study
found that the error in the peak load for the 2D DSV model with
respect to the 3D RANS model was of the order of 10%. Liu et al.
(2020) analysed the propagation and impact of two- and three-
dimensional dam-break waves using three different models: RANS,
level | Green-Naghdi (GN) and DSV. They found that DSV models
were quite inaccurate, while the RANS simulation reproduced fairly
well the main physics. The accuracy of the GN simulation was similar
to RANS, while the computational cost was less compared with RANS.
Dai et al. (2020) performed a series of dam-break simulations based
on the experiments of Xu et al. (2013) for a cascading dam failure
using with both DSV and RANS with the k — € turbulence model. They
observed large errors when the traditional DSV equations were used
to calculate the run-up height of the cascading dam failure. Recently,
Ling et al. (2023) used both RANS and LES approaches to simulate
three dam-break experiments involving obstacles. They compared the
model predictions in terms of the water depth and impact load.
Depending on the experimental condition, the former or the latter
approach was found to give the best agreement with the experimental
data. Overall, both RANS and LES predicted reasonably well the

evolution of the dam-break wave following the impact as far as the
global parameters were concerned.

The above literature survey highlights the need for additional
detailed laboratory investigation of the interaction of impulse waves
with obstacles that provide accurate and comprehensive data for vali-
dation of numerical models. It also shows the need for developing
clear guidelines on the types of applications where DSV can provide
accurate predictions and when the use of a 2D or 3D RANS model is
required.

Moreover, the three-dimensional effects caused by the sidewalls
(Kamra et al., 2018) need to be further analysed for problems involv-
ing the propagation of impulse waves in finite-width channels.

In the present paper, we try to address some of the above points.
New laboratory investigations have been carried out reproducing a
dam-break released in a rectangular channel with a nonerodible
embankment in dry bed conditions. The goal is to investigate the
wave impact with a rigid downstream end wall extending over the full
channel width. The temporal variation of the pressure on the wall was
measured to obtain the pressure distribution and the total force force
acting on it.

The experimental results are compared with the numerical results
obtained using three different numerical models of increasing com-
plexity and computational cost. The choice of the most appropriate
model is based on the three aspects cited above: three-dimensionality
of the flow field, the capacity of the model to account for turbulence
induced phenomena and for nonhydrostatic effects.

The simplest numerical model which we considered is based on
the 1-D DSV approach that assumes an infinitely wide channel. We
also performed hydrostatic and nonhydrostatic numerical simulations
under two- and three- dimensional configurations. The hydrostatic
numerical simulations are conducted using the Delft3D 4 Suite (struc-
tured) modelling software (Lesser et al., 2004). We used the STAR-
CCM+ commercial package to conduct the RANS simulations with
the VOF technique (Hirt & Nichols, 1981) to track the interface. For
different initial water levels, numerical predictions are compared with
the experimental data in terms of flow evolution and wave-induced
pressure distribution and impact force on the vertical wall. We investi-
gate the role of both turbulence and three-dimensional modelling in
improving numerical predictions. This would be a proxy for planning
more complex numerical studies, such as those considering a mobile
bed and the consequent sediment transport processes (Di Cristo
et al.,, 2020, 2021). The structure of the paper is as follows: the experi-
mental setting is introduced in Section 2. The numerical models are
described in Section 3. Section 4 presents the experimental investiga-
tion with a focus on the main hydrodynamic characteristics of the
flow and successively the numerical results compared with experi-

mental data. Finally, Section 5 presents the main conclusions.

2 | EXPERIMENTAL SETTING

A set of laboratory experiments has been carried out at the Hydraulics
Lab of the University of Naples ‘Federico II’, in a rectangular Perspex
channel, 2.92 m long, 0.4 m wide and 0.5 m high (Figure 1a). As indi-
cated in Figure 1, the reference system has the x axis as the
streamwise coordinate, the z axis is vertical, while the y axis is ori-

ented along the spanwise direction. The channel is divided into two
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FIGURE 1 Sketch of the channel. (a) Lateral view (x-z plane). (b) Frontal view of the downstream wall (y-z plane), equipped with pressure
transducers (P;) distributed in nine nodes of a lattice composed by 9x4 lines spaced 0.02 m along both y and z directions. Transducer Py is placed

at 0.01 m from the bottom along the wall centreline (m —m'’)

regions by a movable lift gate: the reservoir on the left-hand side
(Lo=1.5 m) and the floodable area on the right side, where a L, =
1.36 m fixed bed embankment is placed at Ly =0.015 m from the
gate, which thicknes is s=0.04 m. The bed embankment presents a
short sloping boundary (6 =45°), followed by a p=0.025 m high flat
bottom. A full-width rigid wall is placed at the end of the channel. A
hydrometric rod, with an accuracy of 0.5 mm, is used to fix the water
level in the reservoir up to a defined value hg. In three different initial
conditions ho =0.16 m, 0.2m and 0.24 m have been considered. The
dam-break wave develops as a pneumatic system suddenly lifts
the gate. The lifting velocity of about 1.35 m/s allows the removal of
the dam in a time, tg, which is compared with the characteristic scale
tc (Lauber & Hager, 1998), defined as follows:

2hg
tc=4/— 1
c 3 (1)

where g is the gravity. For all the runs tg < tc (Table 1), such that the
gate removal may be considered instantaneous (Lauber &
Hager, 1998).

Each experiment was recorded by two high-speed 5 MegaPixel
CCD cameras (lron 250 Kaya Instruments) with a resolution of 2560
x 2048 and a maximum acquisition frame rate of 211 fps, which has
CHIO 35 mm lenses. The cameras are horizontally aligned and placed
perpendicularly to the channel in front of the gate and the down-
stream vertical end wall. The digital video recording software Norpix
StreamPix 7 was used to control and synchronise the CCD cameras,
which are connected to a frame grabber. The postprocessing of the
two synchronous frames (performed by Matlab Toolbox Zh, 2000 and
Matlab stereo camera calibrator Heikkila & Silvén, 1997) allowed to
obtain, for each time step, a unique, referenced image devoid of focal
distortion. Using image analysis, the instantaneous free-surface pro-
files were obtained with an accuracy of 1 mm.

The vertical end wall at the downstream end of the channel is
equipped with nine Gefran TSA pressure transducers (P;) (Figure 1b).
As indicated in Figure 1, five transducers, Py to Ps, are vertically spa-

ced with a 0.02m interval along the channel centreline, with Py at

TABLE 1 Comparison between the characteristic time tc and the
removal time tr for each initial water level hg considered in the
present study.

Initial water level Characteristic time Removal time

ho (m) tc (s) tr (s)
0.16 0.18 0.11
0.20 0.20 0.13
0.24 0.22 0.17

0.01m from the bottom. The transducers Ps to Pg are distributed
along the vertical with the same 0.02m spacing on the right of the
centreline. Each transducer can sample pressures with and a maximum
frequency of 2000 Hz and an accuracy of 0.5% on the full-scale out-
put (0.1 bar). A data acquisition system (Labjack T7) reads and con-
verts the resulting samples into digital numeric values that are
analysed with Matlab (The MathWorks Inc., 2022). Each transducer
was calibrated under hydrostatic conditions.

Cameras and transducers were synchronised with the computer
timeline, and their acquisition frequency was set at 100 Hz.

The instantaneous impact force on the end wall induced by the
dam-break wave was evaluated by integrating on the vertical axis
the pressures measured by the transducers, assigning to each one the
corresponding influence area of a B x 2cm stripe. For cases hg =0.2
m and hg = 0.24 m, the water level overcame the influence area of the
pressure sensor P4 of about 2% and 4% of the total water depth on
the wall, respectively.

The experimental repeatability has been verified by performing
each test five times in the same experimental condition. The experi-
mental results presented in Section 5 for the pressure and force acting
on the end wall are obtained as the ensemble average of the values
measured in the five tests performed for the same test condition. The
averaged root mean square (RMS) of the pressure and force measure-
ments are about 4% and 3.7%, respectively, for the three cases inves-
tigated in the present study. The the predicted accuracy of the peak
force values were 5.03%, 5.10%, 7.34% for hg =0.16, 0.20 and 0.24

m, respectively.
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3 | NUMERICAL MODELLING

Experimental results are used to verify and compare the results of
simulations carried out with different modelling approaches. The main
features of the numerical models considered in the present study are
summarised in Table 2. Both 2D and 3D simulations were performed
using the hydrostatic multi-layer (HML) and the Navier-Stokes two-
phase (NSTP) models.

3.1 | HML numerical model

The Delft3D 4 Suite (Lesser et al., 2004; Roelvink & Banning, 1995) is
widely adopted to simulate hydrodynamics problems in which the
horizontal length scales are significantly larger than the vertical ones
(Christensen et al., 2020; La Forgia et al., 2022) (e.g. coastal areas,
estuaries and rivers). Delft3D solves the RANS equations for an
incompressible fluid assuming hydrostatic pressure distribution along
the vertical direction. It therefore includes continuity, horizontal
momentum and transport equations, along with a turbulence closure
model (Dan et al.2011).

In the present study, we used the Delft3D 4 Suite for 1D, 2D
(in the x-z plane) shallow water and 3D hydrostatic numerical
simulations.

In the 2D and 3D simulations, the vertical velocities are computed
from the continuity equation. Moreover, the model uses orthogonal
curvilinear coordinates in the horizontal directions and a boundary-
fitted ¢ coordinates system for the vertical z direction (oc-model)
(Phillips, 1957). The Reynolds stress components are modelled as the
product of grid-dependent eddy viscosity coefficients and
the corresponding components of the mean rate-of-deformation ten-
sor. The 1D simulations were performed without turbulence model.
The numerical grid is composed of a single s-layer along the z direc-
tion and 1171 square cells having a length of 2.5 x 10~% m along the x
direction. By using a free-slip condition for the lateral boundaries, the
solved equations are fully equivalent to the 1D shallow flow equations
of the DSV model.

The 2D hydrostatic, multi-layer numerical simulations (HML-2D)
were performed on a mesh having the same cell size in the streamwise
direction used in the 1D simulations A free-slip condition was
imposed at the lateral boundaries. A multi-layer discretisation
was used along the z direction by defining 64, 80 and 96 s-type cells
in the simulations performed with hg=0.16, 0.2 and 0.24,

respectively. Eddy viscosity coefficients were obtained using the k — €
turbulence model (Burchard & Baumert, 1995).

A no slip condition was imposed at the lateral boundaries in the
HML-3D simulations. The computational domain contained
1171x163 squared cells having a size of 2.5x10™° m in the
streamwise and vertical directions. The same number of &-type cells
adopted in the corresponding 2D simulations was used. The grid reso-
lution has been chosen to provide mesh-independent results through
a sensitivity analysis comparing the time evolution of the impact force
from simulations conducted with different levels of mesh refinements.
The sensitivity of the temporal behaviour of the simulated impact
force to the level of mesh refinement can be inferred from in
Figure 2a,b for HML-2D and HML-3D simulations, respectively. The
computational time step was kept constant (6 x 10~ s) to guarantee
the local Courant number less than 1.

In all simulations, a Chezy coefficient of 68.9 m%?%s~1 was used

for the bottom roughness.

3.2 | NSTP numerical model
The 2D and 3D NSTP simulations were performed using the STAR-
CCM+ commercial package. A pressure-Poisson equation is solved
for the nonhydrostatic pressure (Wilcox, 1998), and the SIMPLE algo-
rithm (Patankar, 2018) is used to integrate the RANS equations. The
two-layer k—e model is used to calculate the eddy viscosity
(Wilcox, 1998). The free-surface position is obtained using the VOF
method (Hirt & Nichols, 1981), which can successfully deal with over-
turning flows, allowing air entrainment, bubble formation and complex
free-surface distortions. A layer of air is present in the upper part of
the entire computational domain. In VOF, a pure-advection equation
is solved for the volume fraction of water in a cell, V¢. In cells con-
taining only water V¢ = 1, while in cells containing only air V; = 0.
The advective terms are discretised using a second-order accu-
rate upwind scheme, while the diffusive and pressure gradient terms
are discretised using the second-order, central-differences scheme.
The implicit temporal discretisation is also second-order accurate. The
first-order upwind scheme is used to discretise the convective terms
in the transport equations for k and ¢ (Munoz &
Constantinescu, 2020). Due to the nonlinear nature of the problem, a
two-loop iterative solution is employed: an outer loop controlling the
solution update and an inner loop governing the iterative solution of
the linear system, which is accomplished using algebraic multigrid

TABLE 2 Main features of the numerical models considered in the present study.

De Saint-Venant model

Pressure distribution Hydrostatic
Phase water
Dimension 1D

Turbulence modelling -

Notation DSV

Processor INTEL i7-7700 3.60 GHz
RAM 48 GB
Simulation time 0.1h

Hydrostatic multi-layer model
Hydrostatic

water

2D and 3D

k—e

HML-2D and HML-3D

INTEL i7-7700 3.60 GHz

48 GB

1h(2D) - 16 h (3D)

Note: Hardware configuration and average computational time are reported for each simulation.

Abbreviations: DSV, De Saint-Venant equation; HML, hydrostatic multi-layer; NSTP, Navier-Stokes two-phase.

Navier-Stokes two-phase model
non-hydrostatic

air and water

2D and 3D

k—e

NSTP-2D and NSTP-3D

Argon HPC

28 nodes of 4 GB per core
2h(2D)- 120 h (3D)
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(AMG). The viscous solver in STAR-CCM+ is parallelised using MPI
and has shown good scalability on large PC clusters (Munoz &
Constantinescu, 2020).

In the NSTP-3D simulations, the mean mesh size is 5 x 1073 m in
all three dimensions, which corresponds to about 950 wall units when
normalised with the maximum bed friction velocity (u,). The mesh was
refined close to the bottom and near the lateral and downstream
walls, with the refinement generated by means of eight prism layers.
At these solid surface, the cell size in the wall normal direction was
1.5%x10™% m corresponding to about one wall unit. The mesh con-
tained a total of about 2.69 x 10° cells. At the top boundary, where
only air is present, a pressure outlet boundary condition was imposed,
which is standard treatment for this type of two-phase flows. The
velocity was set equal to zero on all the solid surfaces, and the sur-
faces were assumed to be smooth. A constant time step was used
corresponding to a maximum CFL number of 0.2. The mesh in the
NSTP-2D simulations was the same as that used in a y = constant
plane in the corresponding NSTP-3D simulations and contained close
to 0.9 x 10° cells. For the NSTP simulations, the grid resolution has
been chosen based on a sensitivity analysis. As shown in Figure 2c,d
for the NSTP-2D and NSTP-3D simulations, respectively, the com-
puted time history of the impact force does not vary significantly with
the level or mesh refinement once the grid is finer than the one used

in the coarse grid simulations.

4 | RESULTS

For each simulation conducted with the different numerical models
(Table 2), we computed the water depth profiles and the temporal

evolution of the pressure induced by the dam-break wave on the

vertical end wall. For the 3D simulations, the reported depth profiles
and pressure evolution refer to the channel centreline. Moreover, we
estimated the force acting at the centreline of the wall by integrating
the instantaneous pressure distribution derived from numerical
results. This allowed us to compare forces measured from Experi-
ments (LabExp in Section 2) with those predicted by the numerical

simulations.

41 | Flow dynamics
The dynamics of the dam-break wave observed in the laboratory
experiments is discussed considering the following dimensionless

variables:

where t. is defined by Equation (1), P, =yho,y =9810 Nm~2 is the
specific weight of water and FC:O.Sth,hf is the water level at
the vertical end wall at the end of each experiment, that is, when
water is at rest.

In what follows, we report the flow features observed for the
ho=0.2 m experiment, which is also representative of the wave
dynamics for the other cases. Figure 3 shows the measured
free-surface profile along the channel at different time instants. The
main flow process develops within a temporal window that ranges
from t* =0, when the lock gate is removed, to t* =20, when the
dam-break wave is almost completely reflected.

Figure 4 depicts the temporal evolution of the water level, pres-

sure and force measured at the end wall. For a better readability of
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FIGURE 3 Flow evolution for the hg = 0.2 m case. Methylene blue is dissolved into the water to improve image readability. Contour lines
represent volume fractions V= 0.25, 0.5 and 0.75, predicted by the corresponding NSTP-3D simulation. NSTP, Navier-Stokes two-phase.
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FIGURE 4 Time histories of the reference quantities measured in the hg = 0.2 m experiment: (a) water level h* on the vertical wall obtained
from image analysis; (b) pressures p* sampled from transducers Py-Ps; (c) impact force F* per unit width acting on the vertical wall along m —m’.
Data are estimated by averaging measurements derived from five repetitions of the experiment for each case. Quantities associated to the
snapshots shown in Figure 3 are marked by circles and identified by the corresponding capital letters (i.e. A-F)

the plot, the measurement of the highest transducer P, is not
reported in Figure 4b. Its contribution is about 4% of the total force.
After the gate removal, the wave starts propagating downstream and
it reaches the end wall at t* =3.6 (Figure 4a). The wave collision

against the wall produces a vertical jet that is observed to run up the

end wall (Figure 3b). The transducer closest to the bottom (i.e., Po)
measures a localised pressure increment for a relatively short period
of time, of about 0.5 t* (red curve in Figure 4b), during which the
pressure signal resembles a Dirac delta function (Bredmose et al.,

2010; Hattori et al., 1994; Peregrine, 2003), peaking at approximately
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t* =3.9 (Figure 4b). When the vertical water jet changes direction,
the pressure levels recorded by the higher transducers (Figure 4a) are
considerably lower than Py (Figure 4b). Their small contribution to the
total force is due to dynamic pressure. Indeed, velocity vectors are
expected to be horizontally oriented in the proximity of the bottom
(i.e. near Pg) and moving away from it (i.e. inside body of the vertical
jet). For this reason, the first stage of the collision is mostly impulsive
and governed by inertial forces: the load acting on the end wall is
mainly produced by the dynamic pressures acting near the bottom, as
indicated by the comparison of the pressure and force variations in
Figure 4b,c for t* <4.

Later on, the water level close to the end wall continues to
increase, reaching its maximum elevation at t* =4.5 (Figures 3c and
4a). During this, the pressure at Py reduces to about 50% of its maxi-
mum value (Figure 4b), while those recorded by the other transducers
show only a slight increase. As a result, the the total load on the end
wall shows a local minimum at t* = 4.5 (point C in Figure 4c) which,
surprisingly, corresponds to the time when the water level at the end
wall is the highest (point C in Figure 4a). This is probably due to the
fact that only a part of the water column is actually in contact with
the end wall. For 4.5<t* <5.5, the flow depth decays (Figure 4a)
because the jet head gradually detaches from the wall as it overturn
backward (Figure 3d). This seems to be inconsistent with the fact that
the transducers record their largest pressures during the same time
interval (Figure 4b). However, during this time, additional water
released from the reservoir reaches the wall, increasing the thickness
of the water layer located below the vertical jet (compare Figure 3c,d
at x* ~6.5). As a result, the region close to the wall containing hori-
zontal velocities becomes thicker. This shows that, during this stage,
the dynamic pressure components play again a crucial role in deter-
mining the load transferred to the end wall (see Figure 4c between
points C and D).

As time passes, the jet evolves in a counterclockwise vortex
which interacts with the incoming body of the dam-break wave, caus-
ing a large amount of air entertainment (Figure 3e). In response to this
mixing process, the measured pressures and the estimated force
exhibit oscillations and irregular pulsations (see Figure 4ab for
t* >5.5). The dam-break wave is partially reflected, and the newly
formed bore propagates backward (Figure 3e,f). During this phase,
multiple, rank-ordered Favre waves (Favre, 1935) propagating down-
stream are released from the surge tail. For t* > 10, the water level at
the end wall gradually decreases, while the Favre waves induce local
oscillations of the water level (Figure 3e) and pressures measured by
the transducers (Figure 4b). At t* =10.5, as the first Favre wave is
reflected by the end wall (Figure 3f), the force acting on the wall
reaches its maximum value (point F in Figure 4c). Although successive
oscillations develop near the end wall (i.e., for t* >10.5), the impact
force gradually attenuates in response to decreasing water levels
(Figure 4a,c).

4.2 | HML numerical simulations
The HML results are compared with experimental data in terms of
water front celerity, pressure and forces acting on the end wall.

Figure 5 compares the Hovmoller diagrams of the water depth in

the x* —t* plane derived from laboratory experiments and the HML-

2D and 3D-HML simulations, in which the solid lines represent the
dam-break wave front based on the DSV-1D simulations. Figure 5
indicates that the wave front celerity is well captured by the DSV-1D,
HML-2D and HML-3D simulations during the propagation of the inci-
dent wave (t* =0-5), as also confirmed by the accurate prediction
of the impact time (Figure 5b,c). Since the HML models assume negli-
gible vertical accelerations, they cannot reproduce several peculiar
flow processes of the wave-structure interaction. In particular, the
HML simulations do not capture the formation of vortical structures
in the vertical plane nor air entrainment from the free surface. This is
also confirmed by the comparison of the temporal histories of the
pressure acting on the end wall predicted by the simulations with
the experimental data reported in Figure 6. The inability of the HML
simulations to capture the details of the flow physics in regions where
the shallow flow assumptions are not satisfied is the main reason why
the instantaneous front position of the reflected wave shows a regular
and continuous trend for t* >5 that departs from the experimental
measurements (compare Figure 6b,c with 6a). The HML-3D model is
not able to reproduce the oscillatory behaviour of the pressure during
the initial impact phase (Figure 6a,b for 3.9 <t* < 12), with the simula-
tion data showing a monotonic increase until a maximum value is
reached. The oscillations predicted in the HML-2D simulations
(Figure 6c for 3.9 <t* < 12) have higher frequencies than those in the
HML-3D simulations and may be due to the suppression of vortex
stretching in the spanwise direction. This produces nonphysical, high-
frequency pressure oscillations not observed in the 3D simulations
where vortex stretching is possible. Still, these spurious oscillations in
the 2D simulations do not change the overall behaviour of the pres-
sure time series in the two types of simulations. The peak values of
the pressure are very close in the 2D and 3D HML simulations. The
temporal decrease of the pressure after the peak value is reached is
well-reproduced by both 2D and 3D simulations. Due to the hydro-
static pressure distribution assumption, both HML models do not cap-
ture the first pressure peak measured at t* = 3.9 by the Py transducer
(Figure 6a).

Figure 7 shows the time history of the dimensionless force
predicted by the DSV-1D model and the one obtained from experi-
ments for the three cases. The error bars, representing the RMS eval-
uated based on the five repetitions of the same test, are also
reported. It can be noted that the DSV-1D simulation reproduces with
a sufficient accuracy the impact time and the magnitude of the peak
force, with a difference of about 10% for the maximum sampled
value.

Figure 8 compares the temporal evolution of the dimensionless
impact forces predicted by the HML-2D and HML-3D simulations and
those obtained form the experiments. As also the case for the pres-
sure, the HML-3D simulations predict an approximately monotonic
increase of the force until a maximum value is reached, without rep-
roducing the oscillatory behaviour observed in the experiments
(Figure 8a-c for 5<t* <12). The force evolution predicted by the
HML-2D simulations for the hg = 0.16 m and hg = 0.24 m cases is in
better agreement with the experimental data. However, these oscilla-
tions are numerical artefacts rather than a result of correctly capturing
the flow physics. This is confirmed by comparing 2D simulation results
and experimental measurements in the hg = 0.20m case at t* <10,
where a greater discrepancy with the experimental data is observed.
Both 2D and 3D HML simulations overestimate by about 10% the
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FIGURE 5 Hovmoller diagrams in the x* —t* plane of the water depth h* for the hg = 0.2 m case. from (a) laboratory experiments (LabExp)
(b) two-dimensional (HML-2D) simulations and (c) three-dimensional (HML-3D) simulations. Solid lines refer to the dam-break wave front
predicted by one-dimensional DSV simulations. DSV, De Saint-Venant equation; HML, hydrostatic multi-layer.
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FIGURE 6 Time histories of the nondimensional pressure in the hg =0.2 m case at points (a) Py, (b) P1 and (c) P,, derived from laboratory
experiments (grey thicker lines), HML-2D (dotted lines) and HML-3D (solid lines) simulations. The colours refer to pressure gauges locations as
depicted in Figure 1b. HML, hydrostatic multi-layer.
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FIGURE 7 Time histories of the nondimensional impact forces for the cases with (a) hg =0.16 m, (b) hg =0.2 m and (c) hp =0.24 m. Forces
are estimated from DSV simulations (black dots) and laboratory experiments (grey line). The green-shaded areas represent the 68% confidence
interval of the experimentally average values. DSV, De Saint-Venant equation.
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maximum force acting on the end wall. Meanwhile, these simulations
accurately capture the further decrease of the pressure after the peak

was reached (Figure 8a-c).

4.3 | NSTP numerical simulations
A similar analysis of the time histories of the pressure and total impact
force on the end wall is carried in this section for the 2D and 3D
NSTP simulations.

Figure 9 shows the Hovmoller diagrams of the water depth in the
x* —t* plane for the laboratory experiments, the NSTP-2D and the
NSTP-3D simulations in which the solid line represents the dam-break
wave front based on the DSV-1D simulations. In terms of free-surface
evolution, the NSTP-3D simulations show a very good agreement
with experimental data during both the incident wave phase when the
front celerity is accurately captured by the simulations and during
the impact phase. At later times, we observe relatively small discrep-
ancies in terms of the free-surface oscillations induced by the Favre

waves (compare Figure 9a,c at t* >8 and 4<x* <7). We tested in

(a) (b)

more detail the predictive accuracy of the NSTP-3D simulation by
superimposing the contour lines associated with different values of
the volume fraction V; to the corresponding experimental images
(Figure 3). The VOF technique implemented for tracking the free sur-
face allowed reproducing all the main flow features observed experi-
mentally during the wave-structure interaction: flow overturning, air
entrainment and formation of air bubbles. Indeed, for the hg =0.2m,
the free-surface evolution during the incident phase (Figure 3a,b) and
the wave-structure interaction (Figure 3c,d) is very well predicted by
the numerical simulation. During the reflection stage, instead, the
predicted free-surface profile shows a more monotonic behaviour
compared with the experimental one. The last phase shows more pro-
nounced Favre waves developing above the backward-propagating
bore in the 3D simulation (Figure 3e,f).

The NSTP-2D simulation accurately reproduces both the incident
wave front celerity and the impact time against the wall (Figure 9b).
Overall, the spatio-temporal evolution of the water depth derived
from the NSTP-2D simulation (Figure 9b) is also in good agreement
with experimental data (Figure 9a) during the reflection phase (i.e. for
t* > 5).
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FIGURE 8 Time histories of the nondimensional impact forces for the cases with (a) hg =0.16 m, (b) hg =0.2 m and (c) ho =0.24 m, derived
from laboratory experiments (grey thicker lines), HML-2D (dotted lines) and HML-3D (solid lines) numerical simulations. HML, hydrostatic multi-
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FIGURE 9 Hovmoller diagrams in the x* —t* plane of the water depth h* for the hg = 0.2 m case from (a) laboratory experiments (LabExp)
(b) two-dimensional (NSTP-2D) simulations and (c) three-dimensional (NSTP-3D) simulations. Solid lines refer to the dam-break wave front
predicted by the one-dimensional DSV simulations. DSV, De Saint-Venant equation; NSTP, Navier-Stokes two-phase.
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It is worth noting that during the impact phase, the jet falling
backward into the incoming water generates three-dimensional flow
features (Figure 3d-f). However, the NSTP-2D model does not allow
vortex stretching and energy dissipation to take place along the
spanwise direction. The resulting energy surplus generates a stronger
2D vortex that induces large oscillations of the free surface in the
region x* =4 —5 (Figure 9b). This is the main reason why the NSTP-
2D predictions slightly overestimate the celerity of the backward-
propagating bore for all of the three initial conditions considered in
the present study. Moreover, the 2D simulation overestimates the
water depths after the wave reflects at the end wall (e.g. see regions
with h* > 1 in Figure 9b).

In NSTP-3D simulations, vortex stretching takes place, which
results in more realistic predictions of the pressure and impact force
compared to those given by the NSTP-2D simulations. This is evident
from Figures 10 and 11, which compare the measured and simulated
pressure on the end wall and the impact force, respectively. The time
histories of the pressure predicted by the NSTP-3D simulations are in
excellent agreement with the measured ones, while for the NSTP-2D
simulations predict more pronounced minima and maxima with non-
realistic high frequency (Figure 10a-c). As noticed for the free-surface

oscillations predicted by the NSTP-2D simulations, we argue that the

(@) (b)

EM-WiLEy*

pressure distribution is considerably affected in the 2D simulations by
the lateral constraints that do not allow energy dissipation and vortex
stretching to take place along the spanwise direction. Figure 12 com-
pares the pressure values at three time instants during the early
stages of the interaction of the wave with the end wall. As the wave
reaches the end wall (Figure 12a), the total pressure reaches a relative
maximum near the channel bottom (Figure 10b,c) that suddenly
decreases in magnitude at later times (Figure 12c,f,i). At these times,
the hydrostatic components are almost negligible with respect to the
total pressure (Figure 12c,f,i). As the wave runs-up on the end wall, it
forms a vertical jet that reaches a maximum elevation of about z* =1
(Figure 12d-g). During this phase, the pressure distributions show
that only a portion of the water column generates a load on the verti-
cal wall (Figure 12e-h), which may look surprising. During the run-up,
the head of vertical jet does not completely touch the wall, being
mainly characterised by vertical velocity components. As a result,
although the jet head remains in contact with the end wall, it does not
produce any significant load on the wall. The impact force predicted
by the NSTP-3D simulations is almost identical to that obtained from
measurements (Figure 11a-c) This is not true for the NSTP-2D simu-
lations where several spikes associated with nonphysical oscillations

are observed. The absolute maximum values of the impact force are
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FIGURE 10 Time histories of the nondimensional pressure in the hg =0.2 m case at points (a) Py, (b) P1 and (c) P, derived from laboratory
experiments (grey thicker lines) and predicted by NSTP-2D (dotted lines) and NSTP-3D (solid lines) numerical simulations. Colours refer to
pressure gauges locations as depicted in Figure 1b. NSTP, Navier-Stokes two-phase.
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FIGURE 11 Time histories of the nondimensional impact forces for case (a) hg =0.16 m, (b) hg = 0.2 m and (c) hg =0.24 m. Forces are
estimated from laboratory experiments (grey thicker lines), and from NSTP-2D (dotted lines) and NSTP-3D (solid lines) numerical simulations.

NSTP, Navier-Stokes two-phase.

85U0|7 SUOWILLIOD aA 8.0 8|qedl|dde sy Aq peusenob ae sajo e YO ‘8sn JO SajnJ oy AreiqiT8UIIUO 8|1/ UO (SUOHIPUOD-PUe-SULRY/LI0D A8 |im AIq U UO//:Sd1IY) SUORIPUOD Pue SWIB | 8L 885 *[1202/£0/02] Uo AriqiTauliuo A[1M ‘llodeN 1@ 11 0o1eped N Aq £185°ds9/Z00T 0T/I0p/wW0d" A3 1M ARl 1jpul|uoy/:Sdny wolj papeojumoq ‘0 ‘2E86960T



DEL GAUDIO et AL.

2| wWiLEY-IE320

(a) (b)
1.5

1:5] T T

wn
W
[=))
(=)
3
~
<
<
o
<
E-N

.

0 020406 08 1

Spanwisc averaged
total pressure

......... Spanwisc averaged
hydrostatic pressure

FIGURE 12 Early stages interaction between the dam-break wave and the vertical end wall for the hg =0.2 m case, at three successive time
steps: (a-c) t* =3.5, (d-f) t* =4 and (g-i) t* =4.5. Total pressure distribution in the x* -z* plane (a,d,g) and on the vertical end wall (b,e,h);
Spanwise averaged total pressure (solid lines) and hydrostatic pressure (dashed lines) at the vertical end wall (c,f,i)

within 3% of the measured values in all three 3D simulations. By con-
trast, the errors are of the order of 20% in the 2D simulations because
of the presence of the spikes. Therefore, to obtain good predictions
of the time-varying local pressures and total force acting on the
downstream wall, it is thus crucial to account for three-dimensional

effects.

4.4 | Predictive capabilities of numerical models
based on 3D simulations

Considering the overall better performance of the 3D simulations, we
herein compare the accuracy of the HML-3D and NSTP-3D models.
For a more thorough comparison, Figure 13 shows the three-
dimensional free surface predicted by the two models at several time
instants, while Figure 14 compares the temporal evolution of the
impact force in these simulations together with results based on
experimental measurements and the 1D DSV model prediction.

The NSTP-3D simulation provides the best physical description
of the whole dam-break process (Figure 13d-f). It is able to capture
vortex-stretching phenomena, air entrainment during and after the

impact phase observed in the experiments (Figure 3). The plots also

show the strong free-surface deformations in transversal direction,
indicating a three-dimensional behaviour.

By contrast, the HML-3D simulation does not capture the
counter-rotating vortex that forms in the experiment around t* =
10.5 and predicts the formation of a a steep and flat backward-
propagating bore (Figure 13a-c).

The pressure distribution predicted by the NSTP-3D simulation
on the end wall is primarily nonhydrostatic during the impact phase
(Figure 12c,f,i). For this reason, the HML-3D simulations are not able
to reproduce well the pressure evolution, during the early stages of
the wave-structure interaction (see Figure 6a-c). Only for t* > 15, as
the pressure distribution in the flow becomes close to hydrostatic, the
pressure predicted by the HML-3D simulations shows good agree-
ment with the experimental data. For all cases, the NSTP-3D predic-
tions of the impact force are almost superposed on the curve derived
from the experiments By contrast, the HML-3D simulation (Figure 14)
shows relatively large errors during the impact phase. For t* > 10, the
backward-propagating bore develops and the vertical accelerations
near the end wall gradually disappear. Once this happens, the hydro-
static pressure distribution becomes more realistic and the HML-3D
predictions of the impact force show a better agreement with experi-
mental data. Indeed, from t* >15, the HML-3D and NSTP-3D
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FIGURE 13 Water level predicted in the hyp =0.2 m case. (a-c) HML-3DL simulation; (d-f) NSTP-3D simulation. Results are shown for three
nondimensional times (a,d) t* =5.5, (b,e) t* = 6.5 and (c,f) t* = 10.5. HML, hydrostatic multi-layer; NSTP, Navier-Stokes two-phase.
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FIGURE 14 Evolution of the dimensionless impact forces (a) hg =0.16 m, (b) h0=0.2 m and (c) hp =0.24 m. The curves are based on
laboratory experiments (grey thicker lines), DSV simulations (black dots), NSTP-3D simulations (red lines) and HML-3D simulations (blue lines).
DSV, De Saint-Venant equation; HML, hydrostatic multi-layer; NSTP, Navier-Stokes two-phase.

predictions are virtually identical. Also, it is worth noting that the 5 | CONCLUSIONS

impact forces predicted by the simplest 1D-DSV model and by the

HML-3D model are practically identical (see the dotted black line and The experimental and numerical data presented in this paper support
the continuous blue line in Figure 14a-c). Both models overestimate several conclusions. Hydrostatic models are able to fairly accurately
by about 10% the peak impact force, which appears to be slightly del- reproduce the wave front celerity during the propagation phase and
ayed in time with respect to the experimental data. the reflection phase after the backward-propagating hydraulic jump is
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generated. Moreover, this type of models capture fairly accurately the
peak force induced by the dam-break wave on the end wall, with an
overestimation of the peak value of less than 10%.

Compared with the HML-3D simulations, the pressure and impact
forces predicted by the corresponding 2D simulations, while sharing
the same trends, showed irregular and high-frequency nonphysical
oscillations. These fluctuations are most likely due to the suppression
of vortex stretching along the spanwise direction.

The NSTP-2D model is computationally more expensive than the
DSV and the HML-2D models; however, it does not predict the celer-
ity of the wave front better than hydrostatic models. In particular,
such 2D models overestimate the front celerity due to the overpredic-
tion of the water levels during the reflection phase.

The NSTP-2D model predicts fairly accurately the maximum
impact force on the downstream wall and accurately reproduces the
oscillations due to the formation of Favre waves. However, non-
physical oscillations occur in the solutions during the jet overturning.

Although a NSTP-3D model is considerably more computationally
expensive compared with the other models, it is able to reproduce
correctly the whole dynamics of the dam-break flow in terms of free-
surface evolution, local pressure distribution and impact force induced
on the downstream wall.

To sum up, a cost-benefit analysis shows that from an engineer-
ing point of view, hydrostatic models reproduce fairly well the general
features of the dam-break flow. However, even if the flow could be
considered two-dimensional from an engineering point of view, the
adoption of a 2D approach to simulate such flows generates non-
physical oscillations in the time histories of the pressure and impact
forces. This should limit their application to real problems where no
detailed validation data are present as in such cases it is not always
possible to distinguish between physical and nonphysical oscillations.
The best predictions are given by the NSTP-3D model. Finally, if it is
not practical to use such a 3D model, it could be more convenient to
use the more simple DSV-1D model, which is able to predict fairly
accurately the impact time and the peak value of the impact force on
the end wall.
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