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Editorial: Water and environmental challenges in a changing world: the
perspective of the 13th International Conference on Hydroinformatics HIC 2018

The IAHR/IWA Joint Committee on Hydroinformatics is
a community of scientists working on the application of infor-
mation and communications technologies (ICTs) in addressing
the increasingly serious problems of the equitable and efficient
use of water in its various and really different forms. The com-
munity is thus composed of particularly wide and lively
research areas widening from numerical modelling to the
development of new sensors and tools, from the interpretation
of increasing amounts of data, to the analysis and management
of complex systems requiring the integration of physically
based models, data and controls for practical applications.
Today, multi-disciplinarity is the key to tackle challenges for
sustainable management of water resources, especially consid-
ering the increasing complexity in the water world. 1t is thus
fundamental to link the mathematical laws describing the
water bodies and the new technologies given by the ICT and
information science scientific communities.

In this framework, the 13th International Conference on
Hydroinformatics 2018 (HIC 2018) held in Palermo, Italy,
was the concrete location where researchers, working in
very different areas related to water problems, over an
entire week. The attention of the scientific community
on HIC 2018 was demonstrated by presence of several
International Water Association Specialist Groups. More
than 400 attendees came to Palermo from about 40
countries all over the world (with the largest delegations
from China, UK, Italy and South Korea). Figure 1 shows
the distribution of delegates’ nationalities.

The conference covered seven main topics: technologies
for water management and monitoring; remote sensing; big-
data; knowledge and water data management; hydraulic and
hydrologic modelling; climate change impacts; environ-
mental and costal hydroinformatics. Moreover, the
International Scientific Committee proposed 12 special ses-
sions on topics of special interest for the technical-
scientific community:

1. Data assimilation of spatial information for hydrologic
and hydraulic models

doi: 10.2166/hydro.2019.200

2. Complex Network Theory and applications to water
systems

3. Climate change impacts on urban water systems: flood-
ing forecasting and warning

4. Integrated use of the water reservoirs

[$)

. IA techniques for Smart Water Systems: Smart Sensors,
Smart Networks and Serious Gaming
6. Model predictive control for water management
7. Development and application of the next generation of
shallow flow models
8. Long-term resilience of water systems: input data analysis
9. Monitoring network optimization and model choice:
information for predictions and value for decisions
10. Simulation of fluvial eco-hydraulic and morphodynamic
processes
11. Advance in uncertainty estimation of hydro-science in a
changing environment
12. Time series analysis for climate change detection

This special issue includes 16 papers selected among
412 presented at HIC 2018 in various themes related to
hydroinformatics. The articles followed the standard peer-
review process of the Journal of Hydroinformatics with
three/four independent reviews for each paper. The 16
papers can be subdivided into five main topics.

The first three articles deal with numerical models to
predict the water hydrodynamic in terms of flow fields and
contaminant dispersion. Di Cristo et al. (2020) present a
two-phase shallow-water morphodynamical model, particu-
larly suited to the analysis of fast geomorphic transients,
applied to the numerical simulation of the propagation of
a dam-break wave over an erodible floodplain in the pres-
ence of a rigid obstacle. Wang et al. (2020) focus attention
on the investigation of the wake flow around a circular
patch of cylinders with different solid volume fraction
(SVF), analyzing the spatial evolution of the wake flow
behind the patch and the correlation between the flow pat-
tern and the wake flow stability. Yang et al. (2020) propose
a generic sampling method to interpret the output of the
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Figure 1 | Nationalities of delegates at HIC 2018.

random walk method, a meshfree scheme, and highlight the
importance of accurately taking diffusion into account in
studying the mixing phenomena.

Further, four articles investigate problems related to
floods in urban and coastal areas and to wastewater
treatments. Sambito et al. (2020) analyze an approach
for positioning water quality sensors based on the Bayesian
decision network (BDN). The analysis is focused on soluble
conservative pollutants, such as metals. The methodology
incorporates several sources of information, including net-

work

topology, flows and non-formal information

about the possible locations of contamination sources. The
methodology was tested using two sewer systems with

increasing complexity. Pinho ef al (2020) apply
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hydroinformatics tools for the identification and characteriz-
ation of the key factors responsible for flood events;
moreover, they propose a flood early warning system result-
ing from the studied flood events. Gibson et al. (2020)
propose an integrated and participatory methodological
approach to assess the risk and enhance the resilience of
interconnected critical infrastructures to urban flooding
under climate change. The proposed methodology has
been applied to protect coastal communities.

Visanji et al. (2020) present a new methodology for
a decision support tool (WiSDOM), which focuses on
producing treatment solutions suited to treating water for
reuse to Indian Water Quality Standards. Basically, the
study aims at finding optimal wastewater treatment
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solutions to calculate the removal of different contaminants
of emerging concern (CECs) found in developing countries.

Three studies are focused on problems concerning water
distribution networks. Braun et al. (2020) develop a math-
ematical method to investigate water distribution networks
with an alternative spectral approach that uses polynomial
chaos expansion and has the potential to give results of
comparable accuracy to Monte Carlo sampling through
the definition of a stochastic model. This approach is
applied in order to evaluate the influence of uncertain
demands on the water age. Simone et al. (2020) propose
the use of edge betweenness metrics, tailored for water dis-
tribution networks from Complex Network Theory, to
analyze the network domain of several real systems. Results
show that the metric can represent a useful tool for support-
ing analysis, design and management tasks since it captures
the role of topological network features on its emergent
hydraulic behavior. Fellini et al. (2020) present an algorithm
for real-time fault detection in the SCADA system of a
modern water supply system (WSS) in an Italian alpine
valley. A coupled model of the hydraulic and remote-control
system is developed to test the performance of the WSS.
Simulations show that the occurrence of errors in the sen-
sors causes significant worsening in the economic, energy
and mechanical performance of the infrastructure.

Four studies are related to hydrological and climate
change problems. Grasso et al. (2020) develop a tool,
named MultiRain, to compute depth-duration-frequency
(DDF) curves, both related to a point and integrated over
an area, from multiple regional statistical analyses. The
MultiRain procedure is based on Python scripting, geo-
graphic information system (GIS) functions and web
technologies, and can be performed via web browser or in
a desktop GIS environment. A demonstration version has
been built with four different regional analyses proposed
in 20 years for the north west of Italy. Dimitriadis & Kout-
soyiannis (2020) observe that geophysical processes are
often characterized by long-term persistence inducing large
statistical bias, thus propose to examine the most probable
value (i.e. mode) of the estimator of variance to adjust the
model for statistical bias. Particularly, they performed an
extensive Monte Carlo analysis based on the climatogram
(i.e. variance of the average process vs scale) of the simple scal-
ing (Gaussian Hurst-Kolmogorov) process, and show that its

classical estimator is highly skewed especially in large scales.
Real-Rangel ef al. (2020) introduce a transparent framework
for monitoring the spatiotemporal distribution of drought
hazard, based on uni- and multi-variate standardized drought
indices that use reanalysis datasets of hydrological variables
available freely and globally. The framework provides a signifi-
cant extension to the capabilities for national drought
monitoring and it is being used by the Mexican water authority
in the decision-making process related to drought severity
assessment. Chen ef al. (2020) analyze the problem of veg-
etation change in China regions, attributing growing season
vegetation activity to climate change and human activities
and investigating the interactions among different driving vari-
ables. The authors performed Mann-Kendall trend analysis,
Pearson correlation analysis, and partial correlation analysis.
They observed that dynamic relationship between vegetation
activity and the driving variables reflected the acclimatization
and adaption processes of vegetation, which needs further
investigation.

Lastly, two studies are in the fields of groundwater and
erosion. Tapoglou et al. (2020) propose a study to examine
the uncertainty of various aspects of a combined artificial
neural network (ANN), kriging and fuzzy logic methodology,
which can be used for the spatial and temporal simulation of
hydraulic head in an aquifer. This simulation algorithm was
applied in a study area in Miami, USA. Francipane et al.
(2020) develop a geographic object-based image analysis to
detect and map gullies based on very high resolution (VHR)
imageries, considering that mapping of gullies through conven-
tional field surveying can be an intensive and expensive
activity. The authors used a one-meter resolution LIDAR
DEM (digital elevation model) to identify gullies. The tool
has been calibrated for two relatively large gullies surveyed
in the Calhoun Critical Zone Observatory (CCZO) area in
the southeastern United States.

The complexity of the problems and the different
approaches used within the articles published in this special
issue clearly shows the multi-disciplinary feature of the
researches focused on water bodies. Thanks to the vivacity
of the hydroinformatics community, day by day fundamental
advances are made in understanding complex phenomena
related to water physics as well as in novel methodologies
and tools to drive sustainable and efficient management of
natural and artificial water systems.
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Interaction of a dam-break wave with an obstacle over

an erodible floodplain

Cristiana Di Cristo, Massimo Greco, Michele lervolino and Andrea Vacca

ABSTRACT

Because of climate change, flood-prone areas are more and more frequently exposed to potential
casualties and damage. The capability of the flow to carry relevant quantities of sediments during
these critical events adds to the further complexity of the resulting scenarios. The interaction
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Massimo Greco
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Universita di Napoli ‘Federico II’,
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between the flow and the obstacles in flood-inundated areas contributes to an increase in the hazard taly

level and constitutes a relevant concern in the framework of risk analysis. Despite this relevance, the
existing literature on the topic is relatively scarce, especially for the estimation of the forces acting on
rigid obstacles in the presence of a mobile bed. In the present paper, a recent two-phase shallow-
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water morphodynamical model, particularly suited for the analysis of fast geomorphic transients, is

applied for the numerical simulation of the propagation of a dam-break wave over an erodible

floodplain in the presence of a rigid obstacle. The geometry of the test-case is inspired by a recent

fixed-bed study reported in the literature, for which extensive experimental and numerical data

concerning the flow field and the dynamic loading against the obstacle are available. Results of the

numerical simulations contribute to highlight the effects of the obstacle on the changes in the

bottom topography.

Key words | dam break, impact force, mobile bed, two-phase model

INTRODUCTION

The presence of obstacles, such as bridge piers, is common
in rivers and channels, but they may also be encountered
in potentially flooded areas. The magnitude of floods
caused by intense rainfall is becoming more and more
severe owing to climate change (Hoerling ef al. 2001). In
turn, the exposition of initially dry areas to flood waves aris-
ing from the failure of embankments or dikes has increased.
In these cases, the wave impacts on a variety of obstacles
such as buildings, piles, industrial and commercial struc-
tures, with damaging consequences. The presence of
structures in flooding areas has many aspects that require
adequate investigation, especially in case of a severe flood
like that following a dam break. First, an appropriate risk
control strategy, essential to prevent damage and to reduce
the losses, requires the individuation of risk areas and the
selection of adequate measures for its mitigation, such as

doi: 10.2166/hydro.2019.014

structural countermeasures including longitudinal walls,
deflection and redirecting structures (Hung et al. 1984).
Second, obstacles may considerably affect the flood wave
propagation, especially when they are close to the dam
and in the first moments after the break (Soares-Frazdo &
Zech 2007). Third, the impacting force on the obstacles
may produce structural damage even compromising their
stability.

Finally, the capability of the flood to carry relevant
quantities of sediment in the flow is another important
aspect. In this case, the sediment concentration influences
the characteristic of the mixture flow, moving from the
bed and suspended load to debris transport. The interaction
between the liquid-solid mixture and the presence of
obstacles in the inundated areas both contribute to affect
the flood wave propagation. On the one hand, the obstacles
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deviate the flow pattern, and, on the other hand, the mor-
phological change induced by the flow may expose the
obstacle to unexpected loading condition, therefore contri-
buting to its structural damage. For these reasons, the
propagation of flood waves over loose sediment bed and
its interaction with obstacles constitute a relevant concern
in the framework of risk analysis.

In conclusion, the study of the complex interaction
between the flood wave and the obstacles is extremely
important to evaluate the hazard levels and to support the
design of structural countermeasures. This requires the
knowledge of both the hydro- and sediment dynamics and
the force acting on the structure by the flow (Thieken
et al. 2005).

The dynamic impact of a flood wave on a structure and
the consequent damage is, in some cases, evaluated by
empirical formulas or adopting simplified analysis (e.g.
Kelman & Spence 2004). However, these approaches may
produce incorrect indications since they are usually derived
through site-specific studies. Alternatively, the principal kin-
ematics characteristics of the dynamic impact and the acting
force may be numerically reproduced.

The study of a wave impacting on an obstacle has been
widely investigated both experimentally and numerically
considering clear water flowing on non-erodible beds (e.g.
Bukreev 2009; Chen et al. 2014); debris flows (e.g. Canelli
et al. 2012; Scheidl et al. 2013), and snow and dry avalanches
(e.g. Tai et al. 2001; Chiou et al. 2005; Teufelsbauer et al.
2009; Cui & Gray 2013; Faug 2015).

Among the numerical studies concerning debris flows,
Kattel et al. (2018) modelled debris impacting tetrahedral
obstacles of different dimensions, number and orientation,
reproducing the behaviour of the liquid—solid mixture with
the quasi-three-dimensional two-phase model of Pudasaini
(2012). The presence of obstacles may increase the solid-
and fluid-phase separation, and it strongly influences the
wave propagation. Debris flow propagation in urban areas
has been recently simulated by Gao et al. (2017) with a
depth-integrated continuum model, demonstrating that the
obstacles increase the depth and the velocity of the flow
and the impact pressure. More recently, Di Cristo ef al.
(2019) reproduced the impact force of a mud flow on a
rigid obstacle with both a single-phase, shear-thinning
power-law model and a two-phase model, which separately

considers the liquid and solid phases. The comparison
suggests that in the situations where the liquid and solid
phases remain mixed, the essential features of the inter-
action with the obstacles and the maximum impact force
are similarly predicted by the two models, while some differ-
ences are registered in the cases characterized by phase
separation.

Concerning clear water flows over non-erodible beds,
among the different experimental studies, only few evalu-
ated the impact force. Lobovsky et al. (2014) performed
laboratory tests measuring the load produced from a dam
break on a vertical wall using miniaturized pressure sensors,
while Aureli et al. (2015) evaluated the impact force on a
single rigid obstacle.

With regard to numerical studies, Wang et al. (2000)
used Saint Venant Equations with a second-order total
variation diminishing finite-difference method for solving
1D and 2D dam-break in the presence of obstacles, also
discussed the effect of bed slope, bottom friction and the
tailwater/reservoir depth ratio. Successively, many other
works considered the shallow-water formulation as a
reasonable approach for the simulation of these complex
processes. For example, Shige-eda & Akiyama (2003)
investigated two-dimensional (2D) flood flows and the
hydrodynamic force acting on structures, showing that
the prediction accuracy of the shallow-water model is
reasonable for both hydrodynamics and force on struc-
tures. Bukreev (2009) successfully applied a shallow-
water model to predict the dynamic action exerted by a
dam-break wave on a vertical wall. Soares-Frazao &
Zech (2008) and El Kadi Abderrezzak et al. (2009) investi-
gated the potentiality of a depth-averaged shallow-water
model in reproducing the propagation in urban areas of
both flash floods and dam-break waves. Numerical results,
in terms of both flow depths and velocities, fairly agree
with experimental ones, although some discrepancies
were observed around buildings, where the flow is
strongly 3D. More recently, Aureli et al. (2015) compared
the predictions of a 2D depth-averaged model, a 3D Euler-
ian two-phase model and a 3D smoothed particle
hydrodynamics model, in the simulation of the forces
exerted by a dam-break wave on a rigid squat structure.
Comparing the numerical and the experimental results,
the authors found that the error in the peak load for the
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2D model based on the shallow-water approach was in the
order of 10%.

As far as the simultaneous presence of obstacles and of
an erodible floodplain are concerned, from the experimental
point of view, the tests by Palumbo ef al. (2008) and the test-
cases studied under the NSF-Pire project (Soares-Frazdo
et al. 2012), regarding a dam-break in an erodible channel
with a sudden enlargement, contributed to shed some light
on the basic elements of the interaction of the flood wave
with rigid walls. However, they neither considered any
obstacle in the floodplain nor evaluated the impact forces.

The numerical analyses which were subsequently
developed, support the idea that for these kinds of processes,
the shallow water approximation represents a suitable fra-
mework, provided that adequate modelling of the non-
equilibrium sediment transport is accounted for. To match
this latter requirement, several non-equilibrium models
have been proposed, which can be grouped into mixture
single layer (e.g. Wu & Wang 2007), multi-layer (e.g.
Capart & Young 2002; Savary & Zech 2007; Li ef al. 2013;
Swartenbroekx et al. 2013) or multi-phase (e.g. Dewals
et al. 20m; Greco et al. 2012; Rosatti & Begnudelli 2013; Di
Cristo et al. 2016).

The objective of this paper is to numerically analyse the
propagation of a dam-break wave over an erodible floodplain
in the presence of a rigid obstacle. The results of both fixed
and erodible bed conditions are compared for understanding
the role of the sediment mobility on the hydrodynamics
and the impact force. The shallow-water two-phase model
of Di Cristo et al. (2016) is adopted for reproducing the
impact of a dam break considering the same geometry of
the fixed-bed test case by Aureli ef al. (2015). In this study,
both fixed bed and mobile bed conditions are reproduced,
and in the latter case, two different tests characterized by
two different sediments constituting the loose bed are con-
sidered. The preliminary study of Di Cristo et al. (2018a)
shows a comparison between the fixed and mobile bed
tests. In the present paper, the comparison is completed
with the results presented in terms of the temporal evolution
of the flow field, the bottom deformation and the impact
force on the obstacle.

The article is organized as follows. In the ‘Material
and Methods’ section, both the test-case and the morphody-
namical model adopted for the numerical simulations are

described. Some details concerning the numerical solution
method are also given. In the section ‘The Considered
Test-Case’, results of the numerical simulations are pre-
sented and discussed. Finally, the main conclusions are
drawn.

MATERIAL AND METHODS

The geometry of the test-case considered for the numerical
simulations has been selected from the existing literature
on clear water dam-break waves impacting against rigid
obstacles over a fixed bed. Namely, the study carried out
by Aureli et al. (2015) has been considered. In what follows,
both the test-case and the morphodynamical model adopted
for the numerical simulations are described.

THE CONSIDERED TEST-CASE

Figure 1 reproduces the plan view of the test-case by Aureli
et al. (2015). The flow is caused by the sudden removal of the
gate, which triggers the propagation of a dam-break wave
over the downstream floodable area.

In the numerical simulations, the floodplain can be
assumed as non-erodible or constituted by loose sediment,
namely uniformly graded sand. In the former case, the
resulting layout exactly coincides with the scheme investi-
gated by Aureli ef al. (2015), while in the latter case two
scenarios have been considered by changing the sediment

diameter.
} 2,60
y(m) 0.80
reservoir 0.025 floodable area
(erodible or not)
0.51 0.155
A
0.30 i gate lﬂ_lﬂ 1.20
obstacle
0.45 s wall

x (m)

Figure 1 | Sketch of the considered test-case (dimensions are in metres).
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THE MATHEMATICAL MODEL

A brief description of the model presented in Di Cristo et al.
(2016) is provided below, whereas the reader is referred to
the original reference for further details about the under-
lying assumptions and the subsequent limitations, along
with a more exhaustive description of the numerical
method employed for the simulation. Since in the present
application the suspended load has been neglected, the
mathematical model is constituted of the equations expres-
sing the mass and momentum conservation for the liquid
(Equations (1) and (3)) and the solid phase transported as
bedload (Equations (2) and (4)).
describes the evolution of the loose bed. They read as

Finally, Equation (5)

follows:
a6
5~V (61U) —pes =0 )
a8
7;+V (6sUs) — (1 —ples =0 2
o6,U h
5 . L v ¢ UU) +V (g2 > +ghV(zg)+ S, =0 (3)
88U 52
2V @ UUs) + v(zgc)+g55 =V (en) +8, =0
4)
023
at +eg=0 5)

in which ¢ is the time, g denotes the gravity acceleration,
r= (ps—p1)/p1 with p; and ps are constant liquid and solid
densities, respectively. As far as the flow variables are con-
cerned, & denotes the liquid-phase volume for the unit
bottom surface and & is the solid-phase volume transported
as bedload for the unit bottom surface. Hence, the free
surface and bottom elevation are denoted by z, and zg,
respectively, h =zy—2 =03+, U is the phase-averaged
velocity vector, with the subscript 1 and s used to denote
the water and the solid phase, respectively. For both
phases, the second-order tensor UU denotes the diadic
product of the phase-averaged velocity with itself. C is
the bedload volume concentration and ep is the bottom
erosion/deposition rate.

The source terms of momentum equations S, and S; are
given by the following formulas:

U
S =—|U 1 S —— 1)U |Us
= G- IV~ 0 Vg, — e+ DU
D
+ 8658 +— (6)
P1
Us D
S = 114865 +1|U‘+O‘US‘US| P (7)

where ugq is the dynamic friction coefficient, Cc,, denotes
the dimensionless Chezy coefficient, sg is the bottom
slope, D is the drag force of the liquid on the solid
particle and « is the coefficient needed to evaluate the
collisional stresses. In Equation (7), the first two terms
represent the ratio rp s/ps, where the bottom shear stress,
7p,s accounts for both frictional and interparticle collisional
stresses. In Equation (6), the first four terms represent the
ratio 7p;/p;, where the bottom shear stress on the liquid
phase, ), is expressed as the difference between the
shear stress which would act upon the bottom in the
absence of sediment transport and the momentum trans-
ferred to the solid phase 7s. The drag force D is
evaluated as follows:

)
D = piCo 5 (U

= Uy)[U, - U ®)
where Cp is a bulk drag coefficient and d is the sediment
particle diameter. The bottom entrainment/deposition is
evaluated by means of the following formula (Pontillo

et al. 2010):
T°% - Cq
e =Wy — ©)

in which w; denotes the sediment settling velocity, corrected
to account for its dependence on C; through the well-known
semi-empirical formula by Richardson & Zaki (1954). The
dimensionless mobility parameter T, which accounts for
the excess of the mobilizing stresses onto the bottom surface
with respect to the resisting ones (Van Rijn 1984), is
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evaluated through the following formula:

T |tg) + TBs — Tc — TB
[tc + 8]

(10)

where 7 is the threshold shear stress for particle motion and
7 is the magnitude of Mohr-Coulomb stress at the bottom,
depending on the static friction coefficient ys. Even if the
coefficients @ and Cp could be estimated from the existing
empirical formulas, they are evaluated in the model by
means of the following relations, deduced to comply with
the equilibrium empirical formulas for transport at capacity
(Di Cristo et al. 2016):

(1 —c1) — ki(uq — sp)
(r + 1)k2 ’

pigdr
R (Conth? — Ra(ro — 7)Y

:1_01 (11)

Cp

where k; and k; are the following two dimensionless coeffi-
cients:

12+(1-p?3
Pl Gt
2us14+ (1 -p)*?

K
ko ==p (13)

In Equation (13), Kypm is the Meyer-Peter and Miiller
formula coefficient and c¢; is a dimensionless model
parameter. With the above closures, the model application
requires the definition of only three independent dimension-
less parameters. Two of them, Cc, and Kypy, may be
evaluated from the standard literature. The remaining free
model parameter c¢; is bounded between the lower and
upper limits theoretically deduced, with very little sensitivity
of the results to its variation (Di Cristo et al. 2016).

The system of Equations (1)-(5) is solved with a numeri-
cal code developed by the authors employed also in Di
Cristo et al. (2016) and Di Cristo et al. (2018b). The numerical
method, using 2D unstructured quadrilateral meshes, relies
on a mixed cell-centred (CCFV) and node-centred finite-
volume discretization. The former is adopted for the vari-
ables &}, &5, U and Us, defined at the grid cell centres, the

latter for the bed elevation zg, with the control volumes con-
structed around the mesh nodes by the median-dual
partition (Barth & Jespersen 1989; Delis ef al. 20m). The
numerical fluxes in the CCFV discretization of Equations
(1)-(4) are calculated through the first-order Harten-Lax—
Van Leer (HLL) scheme (Harten et al. 1983), with second-
order reconstruction of the free-surface elevation for subcri-
tical flows, and an appropriate treatment of the bed slope
source term is included (Greco et al. 2008).

RESULTS AND DISCUSSION

The model discussed in the previous section has been
applied to the numerical simulation of the problem sketched
in Figure 1. In the first simulation, the floodplain is assumed
to be non-erodible, while in the second series of simulations
it is assumed constituted by loose sediments. Two scenarios
have been considered by changing the sediment diameter
from 5x 10~*m (denoted as Test 1), representative of fine
sand, to 5x 1073 m (denoted as Test 2), which is typical of
very coarse sand. In the simulations, the following values
of the parameters are assumed: ps= 2,650 kg/m?>, uq = 25°,
us= 38°, Kympm = 8 and ¢, = 0.25. To isolate the effect of
bed mobility, in both erodible and non-erodible tests, the
same value of the dimensionless Chezy coefficient, Cc,, =
12, is adopted. A computational mesh with Ax =Ay =5 x
107> m used, along with Af=1/1024 s. Based on the simu-
lated flow fields, the impact force is evaluated by
numerically computing the following integral (Di Cristo
et al. 2018b):

h2
F :pl J (SIUIUl,n “Fg?ﬁ) d(F

2
8% ﬁ) do (14)

r
+ pg JG (6SUsUs,n + r+—12CS

where o denotes the boundary of the obstacle and n is the
corresponding normal unit vector. The values of the flow
variables in the cells adjacent to the obstacle are used.
Figure 2 shows the time history of the impact force F on
the obstacle for the fixed and mobile bed cases, along with
the simulation results from the shallow-water model of
Aureli et al. (2015). As far as the non-erodible case is
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6!

; —— fixed bed
Aureli et al. (2015)

2
1(s)

Figure 2 | Time history of the impact forces over the downstream obstacle for fixed and
mobile bed cases.

concerned, the results fairly agree with those of Aureli ef al.
(2015), even though the force values predicted herein are
slightly smaller. This is attributed to the different resistance
formula employed in Aureli et al. (2015), i.e., Manning
instead of Chezy, and to the value of the dimensionless
Chezy coefficient used in the present calculations. Indeed,
as shown in Di Cristo ef al. (2019), increasing the Ccy
value up to 25, the agreement between the results of two
simulations is strongly improved. After the impact of the
wave on the obstacle (t~0.5s), an abrupt increase of
the force is observed, which reaches its maximum value
(F~6N) at t~1.25s, and then it quasi-monotonically
decreases, reaching half of the peak value at #~3.0s,
when the flood wave completely surrounds the obstacle.
Bottom mobility only marginally influences the load
dynamics on the obstacle, especially in the first instants.
The time at which the impact and the peak force occur,
along with the peak force, only slightly depends on the
sediment composing the mobile bottom.

A preliminary discussion of the local characteristics of
the flow field has been presented in Di Cristo et al
(2018a). That discussion focused mainly on the results at
t=3s, at which the flood wave reattaches behind the
obstacle. This time is representative of the final part of the
investigated process, as the bottom geometry changes

slightly going on. In the previous paper, it has been noted
that the fine sediment promotes the reattachment of the
flow and a reduced flow height in front of the obstacle is
observed, which is consistent with the lower values of the
impact force (Figure 2). As far as the bottom topographies
are concerned, the case with the fine sediment is character-
ized by a more pronounced scour hole just downstream the
original dam position and at the upstream corners of the
obstacle (with depths of about 0.07 m). Finally, it is observed
that the interaction with the coarser sediment produces a
reduction of the momentum in the region close to the orig-
inal dam.

In what follows a more detailed analysis is provided,
which is mainly focused on the near- and mid-field phase
of the evolution of the process (f < 2.0 s). Namely, the free-
and bed-surface elevation of the solid-phase volume (for
the unit bottom surface) transported as bed load (6;) for
the two cases d=5x10"*m (denoted as Test 1) and d =
5x 1073 m (denoted as Test 2) are discussed in Figures 3-7
for different instants. Moreover, for the sake of comparison,
the free-surface elevation of the fixed bed (denoted as Test 0)
is also shown.

At t= 0.25s, Figure 3(b) and 3(c) indicate that the free-
surface elevation for Test 2 and Test 0 shows only marginal
differences. On the other hand, in the d =5x10"*m case
(Figure 3(a)), the shape of the wave is characterized by a
more pronounced diffusion in the transversal direction.
Namely, the longitudinal distance reached by the wave
front does not substantially differ from the other two
tests, whereas the width of the wave body in the transversal
direction is sensibly larger. Indeed, while in Test 1 the bed
load is already appreciable, in the d =5 x 107> m case, it is
only perceivable (Figure 3(d) and 3(e)). At the same
instant, the erosion process is taking place in the d =5 x
10 *m case while it is negligible in Test 2 (Figure 3(f)
and 3(g)).

For all the tests, the time t= 0.5s is very close to the
moment in which the wave impacts against the obstacle
(see Figure 2). Soon after, the wave is deflected and splits
into two symmetrical bodies flowing laterally to the obstacle
(Figure 4(a)-4(c)). The comparison among Figure 4(a)-4(c)
indicates that the fixed-bed case is characterized by the high-
est value of the celerity propagation, as suggested by the
time evolution of the impact force shown in Figure 2.
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Interestingly, the presence of erodible bottom appears to
slow down the celerity of the wave, even though this
effect is marginally influenced by the sand diameter value.
Globally, independently of the sand diameter, the presence
of erodible bed only marginally influences the hydrodyn-
amics of the wave at this instant (see Figure 4(a)-4(c)).
However, the main peculiarity of the erodible bed cases at
this instant is the presence of a recirculation zone in the
region very close to the gate. This flow feature is particularly
evident in Test 1 (Figure 4(a)), whereas it is not found in Test
0. The &; maps (Figure 4(d) and 4(e)) put in evidence that,
owing to the large diameter of the sand, in Test 2, the bed-
load transport occurs mainly in the centre of the wave,
where the high velocity values are able to entrain sediments
from the bottom (Figure 4(e)). In contrast, in the d =5 x
10~* m case (Figure 4(a)), the & footprint strongly resembles
one of the liquid phases and therefore almost everywhere
the fluid flow is able to entrain sediment from the erodible
bottom inducing the bedload movement. The differences
in the erosion/deposition process between Tests 1 and 2
are clearly shown in Figure 4(f) and 4(g). The high velocity
values very close to the gate produce an intense erosion
process, which is more evident for the simulation with fine
sand (Figure 4(f)) rather than in the d=5x10"°m case
(Figure 4(g)).

At t=1.0s (Figure 5), in all tests, the wave surrounds
the obstacle, laterally deflecting and overcoming it. How-
ever, the deflected wave has not reached the lateral walls
yet. Moreover, created by the reflection of the impacting
wave against the obstacle, a discontinuous front just
upstream the obstacle is visible in all cases. While in Test
2 the shape of the wave still strongly resembles one of
the fixed-bed simulation (Figure 5(b) and 5(c)), the small
value of sand diameter in Test 1 causes a transversal diffu-
sion stronger than in Test 0. In the d =5 x 10~*m case, the
intense bedload, witnessed by the high & values just
upstream of the obstacle, suggests that a strong momentum
transfer from the liquid phase towards the solid one is
occurring (Figure 5(d)). The erosion process, which is par-
ticularly violent in the zone just downstream of the gate,
induces a consistent reduction of the surface bed elevation
(Figure 5(f)). Moreover, starting from the upstream edges of
the obstacle, two thin eroded limbs are clearly appreciable.
In Test 2, the bed load activity is weaker than in Test 1, and

it takes place in a smaller portion of the channel
(Figure 5(e) and 5(g)).

At t= 1.5sin all tests (Figure 6(a)-6(c)), the impact of
the wave with the lateral walls has taken place because of
the lateral deflection, and moreover, two additional discon-
tinuous wave fronts are generated symmetrically with
respect to the obstacle. The wave reaches the flume outlet
and leaves a large dry region behind the obstacle. The com-
parison between Figure 6(a) and 6(c) demonstrates that the
bed erodibility promotes the lateral wave distortion. The
movement of the solid phase is seen to strictly follow
the water movement in the d=5x10"*m case, although,
due to the interaction of the two-phase current with the
solid walls (obstacle and lateral walls), three localized
islands with high values of 5; have been created (Figure 6(d)).
In Test 2, the solid transport is less vigorous than in Test 1,
and it occurs only dowstream of the obstacle (Figure 6(e)).
The intense bedload leads in Test 1 contributes to a solid
deposition in a very concentrated zone just upstream of
the obstacle (Figure 6(f), red colour). In contrast, in the
d=5x10"2m case, the deposition process occurs, still
upstream of the obstacle, but in a larger part of the channel
than in Test 1 (Figure 6(g)).

Figure 7 shows that, independently of the bed erodibil-
ity, at t=2.0s the discontinuous fronts created by the
interaction of the two currents with the lateral walls propa-
gate symmetrically towards the centre of the channel,
significantly reducing the extension of the dry zone present
in the back of the obstacle. Such a modification is particu-
larly evident in the d=5x10"*m case (Figure 7(a)). In
Test 1, the erodibility of the bed determines the presence
of superficial waves characterized by small values of wave-
length which are seen to be associated with bed forms (see
Figure 7(a), 7(d) and 7(f)). Similar bed forms have been fre-
quently found in analogous geomorphic transients (e.g.
Spinewine & Zech 2010) and, as it has been theoretically
shown, their formation may be described even by a shal-
low-water approach, provided that a dynamic description
for the sediment transport is considered (Di Cristo et al.
20006; Vesipa et al. 2012; Greco et al. 2018). Finally, the
zones close to the upstream edge of the obstacle in which
a deposition started at #=1.0s increase their extension
and, moreover, a deposition process occurs symmetrically
close to the lateral walls. In Test 2, the presence of bed
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forms is not detected, and only a deposition process is found
upstream of the obstacle but in a smoother way than in Test
1. The geometry of this depositional pattern is elongated in
the transversal for an extension approximately three times
the obstacle width. No appreciable deposition is detected
alongside the lateral walls.

The analysis of the present process with a two-phase
morphodynamical model provides the opportunity to dis-
cuss the effects of the grain size on the dynamics of the
solid phase during the impact against the obstacle. To
this aim, Figure 8 compares the velocity vector plots refer-
ring to the two Test Cases 1 and 2, representing the
velocity field of both the liquid and the solid phases at
t=1.0s. At this time, the wave overcomes the obstacle,
and the fluid/sediment mixture is deflected in the lateral
direction.

The results obtained with the fine sand (Figure 8(a))
show that the velocity vectors of the solid phase have a smal-
ler magnitude of the liquid-phase ones, but they present
nearly the same direction. The magnitude of maximum
difference between the velocities, i.e. the maximum of the
module of the difference between the liquid and the solid
is 0.44 m/s.
(Figure 8(b)) is characterized by a much more pronounced

velocities, In contrast, the coarse sand
resistance to adapt to the change in the flow direction
induced by the impact against the obstacle, and a sensible
disalignment of the velocity vectors of the two phases is

. =
()] =ttt
12 1.25

detected in the region close to the obstacle corner. In this
case, the magnitude of maximum difference between the
velocity of the solid and liquid phases is 0.64 m/s. This
result and the comparison between Figure 8(a) and 8(b)
demonstrate that the hypothesis of collinearity of the
motion direction of the two phases, which is assumed in
the single phase and the mixture models, may fail in the
presence of coarse sand, whereas it is reasonably satisfied
if the sediment is sufficiently fine.

CONCLUSIONS

In the present paper, a numerical study of the impact of a
dam-break wave propagating over an erodible floodplain
against a rigid obstacle has been discussed. The investigated
condition has been inspired by a laboratory experiment
recently reported in the literature with a non-erodible bed.
To cope with the features of the complex morphodynamics
characterizing the present test case, a recent shallow-water
two-phase model, numerically integrated with a proper
method, has been adopted. Results have been analysed in
terms of impact force on the obstacle, flow field and
bottom deformation. The effect of the bottom erodibility
has been discussed by comparing with the corresponding
fixed-bed condition. Moreover, the effect of the diameter
of the sediment constituting the loose bed on the two-phase

v
F b

s

P

Figure 8 | Velocity vector plots for d=5x10"*m (a) and d =5x 10~ m (b). Black (red) arrows refer to liquid (solid)-phase velocities. Vector density has been reduced to improve
readability. Please refer to the online version of this paper to see this figure in colour: http://dx.doi.org/10.2166/hydro.2019.014.
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flow field and on the bottom evolution has been discussed
for fine and coarse sand.

Bottom mobility has been found to affect the shape of
the wave starting from the very beginning of the geomorphic
transient, influencing the propagation of the wet-dry front in
the transversal direction, especially for fine sand. As far as
the evolution of the erodible bottom is concerned, fine
sand has been found to determine more pronounced scour
at the original dam location and at the upstream corners
of the impacted obstacles compared to the case with
coarse sand. On the other hand, the coarse sediment
induces the appearance of a larger deposit area immediately
upstream of the obstacle, elongated in the transversal direc-
tion with a width of about three times the obstacle.
Additionally, the analysis of the flow field of solid and
liquid phases has shown that under similar circumstances,
the hypothesis of collinearity of the motion direction of
solid and liquid phases, adopted in the single phase and mix-
ture models, may fail in the presence of coarse sand.
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