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Modeling Dam Break Behavior over a Wet Bed
by a SPH Technique

A. J. C. Crespo1; M. Gómez-Gesteira2; and R. A. Dalrymple, F.ASCE3

Abstract: Dam break evolution over dry and wet beds is analyzed with a smoothed particle hydrodynamics model. The model is shown
to accurately fit both experimental dam break profiles and the measured velocities. In addition, the model allows one to study different
propagation regimes during the dam break evolution. In particular, different dissipation mechanisms were identified: bottom friction and
wave breaking. Although breaking dominates over wet beds at the beginning of the movement, bottom friction becomes the main
dissipation mechanism in the long run.
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CE Database subject headings: Numerical models; Fluid flow; Dam failure; Laboratory tests; Water waves.
Introduction

Typical dam break experiments show a rapidly moving tongue of
water generated by the instantaneous release of a given volume of
water confined in a rectangular channel. Ritter �1892� introduced
a theoretical description of the two-dimensional dam break prob-
lem for an inviscid fluid on a dry bed by solving the nonlinear
shallow water equations. The solutions provide a parabolic water
surface profile that is concave upward. The front travels down-
stream with a celerity c=2�gd0, where g=acceleration due to
gravity, and d0= initial quiescent water depth behind the dam.
Although the theoretical approach assumes no boundary friction,
experiments show good agreement with the theory, except for the
leading edge of the wave as bottom friction affects the leading tip
significantly. Actually, for a horizontal dry channel, the wave
front celerity was observed to depend on time. The problem be-
comes much more complex when the dam break wave propagates
over preexisting still water �with an initial depth d�0 �Hender-
son 1966; Montes 1998�. In this case, the wave front celerity can
be fitted in terms of d and d0. Leal et al. �2006� examine the
influence of erodible beds. In spite of previous studies, the dy-
namics of dam breaks are far from being completely understood,
especially when the wave front advances over a wet bed. Apart
from the theoretical interest of this configuration, it can also con-
tribute to the understanding of tsunamigenic waves when reach-
ing the shoreline as mentioned in Chanson et al. �2003�.

1Graduate Student, Grupo de Física de la Atmósfera y del Océano,
Facultad de Ciencias, Univ. de Vigo, 32004 Ourense, Spain. E-mail:
alexbexe@uvigo.es

2Professor Titular, Grupo de Física de la Atmósfera y del Océano,
Facultad de Ciencias, Univ. de Vigo, 32004 Ourense, Spain. E-mail:
mggesteira@uvigo.es

3Hackerman Professor, Dept. of Civil Engineering, Johns Hopkins
Univ., 3400 N. Charles St., Baltimore, MD 21218 �corresponding author�.
E-mail: rad@jhu.edu

Note. Discussion open until April 1, 2009. Separate discussions must
be submitted for individual papers. The manuscript for this paper was
submitted for review and possible publication on November 14, 2006;
approved on April 4, 2008. This paper is part of the Journal of Water-
way, Port, Coastal, and Ocean Engineering, Vol. 134, No. 6, November

1, 2008. ©ASCE, ISSN 0733-950X/2008/6-313–320/$25.00.

JOURNAL OF WATERWAY, PORT, COASTAL, AND OC
Models based on smoothed particle hydrodynamics �SPH� are
an option to address dam break evolution. SPH is a Lagrangian
method developed during the 1970s �Lucy 1977; Gingold and
Monaghan 1977� in astrophysics, which can be easily applied to
other fields due to its conceptual simplicity. Thus, the method has
been used to simulate impacts in solids �Benz and Asphaug 1994,
1995� and free surface hydrodynamics problems �Monaghan
1996; Monaghan et al. 1999; Monaghan 1994; Monaghan and
Kos 1999, 2000�. In particular, the method has shown to be well
suited to analyze wave impact on offshore structures �Dalrymple
et al. 2002; Gómez-Gesteira and Dalrymple 2004; Gómez-
Gesteira et al. 2005, Crespo et al. 2007b�. The Lagrangian nature
of SPH provides the method with some advantages when com-
pared to the usual limitations in Eulerian methods. On the one
hand, the density number of particles increases in regions where
the fluid is present, in such a way that the computational effort is
mainly concentrated in those regions. On the other hand, there are
no constraints imposed either on the geometry of the system
or in how far it may evolve from the initial conditions, such that
the initial conditions can be easily programmed without the need
of complicated gridding algorithms as used in finite-element
methods.

However, the method also presents some intrinsic limitations.
For example, boundary condition implementation is a hard task
and fluid particles penetration into boundaries must be avoided. In
addition, the interpolation method used in SPH is very simple and
it will be strongly affected by particle disorder. SPH gives rea-
sonable results for the first-order gradients �although Bonet and
Lok �1999� recommend gradient corrections�, but they can be
worse for higher order derivatives. Sometimes it is necessary to
use special techniques when second derivatives are included.
Finally, the method is typically slower computationally when
compared to other modern grid-based methods, as the time step
is based on a sound speed in the fluid—although new research
has been developed during the last few years to overcome these
limitations.

A dam break over a dry bed has been previously treated using
SPH techniques �Monaghan 1994; Colagrossi and Landrini 2003;
Gómez-Gesteira and Dalrymple 2004; Violeau and Issa 2006;
Crespo et al. 2007a� showing reasonable accuracy with experi-

ments. However, as far as we know, the method has only been
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previously applied to wet beds in Gómez-Gesteira and Dalrymple
�2004�, although they considered a very thin water layer close to
the bed.

The aim of this paper is the study of the dam break problem
and the effect of standing water in front of the dam with the SPH
model. The method will be shown to accurately fit the experimen-
tal results. In addition, the model captures most of the features of
a dam break over a wet bed; in particular, it allows analyzing the
mixing and dissipation associated with the interaction between
the dam break and the still water placed near the bed.

Experiment

Here we use laboratory experiments by Janosi et al. �2004� to
validate a SPH model of dam break evolution over a wet bed. The
schematic arrangement of their experimental tank, which has two
parts, is shown in Fig. 1. The channel, beginning at x=38 cm, is
955 cm long and 15 cm wide. The bottom and side walls of the
channel were constructed with glass; the second part, comprising
the lock and lock gate, is 38 cm long and made from Plexiglas.
The initial fill height of the lock �d0� for our comparisons is taken
as 0.15 m. The initial water depth in the channel downstream of
the lock was varied depending on the experiment. The
experiments were recorded by two charge-coupled device �CCD�
cameras: a fixed fast-shutter camera �Sensicam, PCO Imaging�,
which provided the side or plan views and another small portable
camcorder �Sony DCRPC115E� was fixed on a trolley that was
moved along the tank, following the front. The position of the
water front as a function of time was determined from digitized
pictures. The gate separating the lock from the rest of the tank
was removed from above at an approximate constant velocity
�Vgate=1.5 ms−1�.

SPH Methodology

The main features of the SPH method, which is based on integral
interpolants, are described in detail in Monaghan �1982, 1992�,
Benz �1990�, and Liu �2003� and we will only refer here to the
representation of the constitutive equations in SPH notation. The
key idea is to consider that a function A�r� can be interpolated by

A�r� =� A�r��W�r − r�,h�dr� �1�

where h=smoothing length. This approximation, in discrete nota-

Gate

0.38 m

d
d0

9.55 m

X

Z

Fig. 1. Schematic arrangement and geometric dimensions of dam-
break experiments
tion, leads to
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A�r� = �
b

mb

Ab

�b
Wab �2�

where a and b=particles, mb and �b=mass and density, respec-
tively, and Wab=W�ra−rb ,h�=weight function or kernel.

Choice of Weight Function

Weight functions, or kernels, determine the intensity of the inter-
action between adjacent fluid masses �particles�. Although the
kernel definition is not unique, it mainly depends on the experi-
ence of the different researchers �Monaghan 1992; Benz 1990,
Liu 2003�: all kernels should fulfill the following mathematical
constraints: positivity, compact support, normalization, monotoni-
cally decreasing, and delta function behavior �in the limit of infi-
nitely small support�. The smoothing length h determines the area
around particle a where a test particle b has a non-negligible
effect on the dynamics of particle a. The cubic spline kernel
developed by Monaghan and Lattanzio �1985� was used in our
simulations

Wab =
1

�h3�1 −
3
2q

2 + 3
4q

3 if 0 � q � 1
1
4 �2 − q�3 if 1 � q � 2

0 otherwise
� �3�

where q=r /h; r=distance between particles a and b; and h
=smoothing length in SPH and a measure of the compact support.
Other kernels such as those described in Liu �2003� can be used
with similar results. Due to the particular choice of this kernel,
whose first derivative goes to zero with q, the tensile instability
correction proposed by Monaghan �2000� was used to prevent
particle clumping. In addition, the constant correction proposed
by Bonet and Kulasegaram �2000� was used to normalize the
kernel. In the following, Wab, will refer to the corrected kernel.

Momentum Equation

Different approaches have been considered in the SPH method to
describe the momentum equation due to the different formulations
of the diffusive terms.

The artificial viscosity proposed by Monaghan �1992� has
been classically used due to its simplicity. In SPH notation, the
momentum equation can be written as

dva
dt

= − �
b

mb�Pb

�b
2 +

Pa

�a
2 + 	

ab

�aWab + g �4�

where g= �0,0 ,−9.81� ms−2=gravitational acceleration, �ab

=viscosity term

	
ab

= �− �cab�ab + ��ab
2

�ab

vabrab 	 0

0 vabrab � 0
� �5�

with �ab=hvabrab /rab
2 +
2, where rab=ra−rb and vab=va−vb; rk

and vk=position and the velocity corresponding to particle k �a or
b�; cab=ca+cb /2, 
2=0.01 h2; and � and �=parameters with dif-
ferent values according to each problem. Following Monaghan
�1992�, � will be considered to be zero.

Continuity Equation

In the SPH method, the fluid is assumed to be weakly compress-

ible, which allows the use of an equation of state to determine
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fluid pressure rather than solving another differential equation.
However, the compressibility is adjusted to slow the speed of
sound so that the time step in the model �based on the speed of
sound� is reasonable. Since the speed of sound is not important in
this problem, we can slow the speed of sound to be a value no
lower than ten times the speed of the dam break tongue, based on
Monaghan’s �1994� empirical rule of thumb to mimic incom-
pressible fluid behavior.

Changes in the fluid density were calculated by means of

d�a

dt
= �

b

mbvab�aWab �6�

instead of using a weighted summation of mass terms �Monaghan
1992�, which leads to an artificial density that decreases near fluid
interfaces.

Equation of State

Following Monaghan et al. �1999� and Batchelor �1974�, the re-
lationship between pressure and density was assumed to follow
the expression

P = B�� �

�0

�

− 1� �7�

where �=7 and B=c0
2�0 /�, �0=1,000 kg m−3=reference density,

and c0=c��0�=speed of sound at the reference density.

XSPH Correction

Particles are moved using the XSPH variant due to Monaghan
�1989�

dra
dt

= va + ��
b

mb

�ab

vbaWab �8�

where �=0.5, and �ab= ��a+�b� /2. This method moves the par-
ticle with a velocity that is close to the average velocity in its
neighborhood.

SPH Implementation

Initial Conditions: Fluid Particles

Fluid particles were initially placed on a staggered grid with zero
initial velocity. Nodes of the grid are located at R= ldxi+mdzk
with a two-point basis �0,0� and �dx /2, dz /2� referred to the
corner defined by R. l and m=integers, i, k=unitary vectors in X,
Z directions, and dx=dz=0.005 m. A smoothing length
h=0.006 m, was considered in all simulations.

The particles are assigned an initial density �0 based on hy-
drostatic pressure as given by

��x,z� = �0�1 + �0g�H�x� − z�
B


1/�

�9�

where H�x�=water column height at position x, and z=vertical
distance from the bottom.

Boundaries

Due to the particular geometry of the numerical experiment, two

different boundary conditions were considered: fixed particles and
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gate particles. All of them are treated as dynamic boundary par-
ticles �Gómez-Gesteira and Dalrymple 2004; Gómez-Gesteira
et al. 2005�, since they follow the continuity equation and the
equation of state, but they do not follow the momentum equation
and the XSPH variant, in such a way that their position and ve-
locity are externally fixed. See Crespo et al. �2007a� for a com-
plete description of dynamic boundary particles. Fixed particles
�including bottom and fixed walls� are placed in two rows form-
ing a staggered grid with dx=dz=0.005 m and zero initial veloc-
ity. Their positions and velocities remained unchanged during the
numerical experiment.

Gate particles are initially placed in a single row with a finer
interparticle spacing �dx /2, dz /2� to prevent particle penetration.
Their velocities and positions are externally imposed to mimic the
experimental movement of the gate according to �Vx�t�
=0.0 ms−1; Vz�t�=1.5 ms−1�. The movement of this gate will play
a key role when fitting numerical results to experimental ones,
since the gate velocity is on the same order of magnitude as the
wavefront celerity c2�gd02 ms−1, in such a way that the ex-
perimental and numerical conditions are far from the usual dam
break approach, where the gate between the lock and the channel
is not considered.

Numerical Parameters

The parameter B in the equation of state �Batchelor 1974� was
chosen to guarantee that the speed of sound is a factor of ten
larger than the velocities in the model. This can be achieved by
taking B=100gHref�0 /�, where Href=maximum water height in
the tank �0.15 m in the numerical experiments�. The viscosity
term given by Monaghan �1992� was calculated using �=0.08
and �=0. In addition, fluid particles were moved using the so
called XSPH �Monaghan 1989� with �=0.5.

The numerical tank was 9 m long and 0.16 m deep. The num-
ber of boundary particles was 3,879. The number of fluid particles
depends on the experiment �specifically, the thickness of the
water layer �d� in the channel before the gate is lifted�. It ranges
from 4,484 for dam break movement on a dry bed to 30,884
with a water layer comparable to the initial dam break height
�d=0.078 m�.

Time Stepping

The Verlet algorithm �Verlet 1967�, was used in our numerical
simulations. The basic idea of the algorithm is to write two third-
order Taylor expansions for the positions, one forward and one
backward in time

va
n+1 = va

n−1 + 2tFa
n

ra
n+1 = ra

n + tVa
n + 0.5t2Fa

n �10�

where Fa= �dva� / �dt� and Va=dra /dt.
Time-step control involves the Courant condition, the force

terms, and the viscous diffusion term �Monaghan 1989�. A vari-
able time step �t was calculated according to �Monaghan and Kos

1999�
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�t = 0.3 · min��tf,�tcv� �tf = min
a
�� h

�fa�



�tcv = min
a

h

cs + max
b
�hvabrab

rab
2 � �11�

Here �tf is based on the force per unit mass fa �which corresponds
to all forces exerted on the particle a following Eq. �4��, and �tcv
combines the Courant and the viscous time-step controls. Typi-
cally, during the numerical runs, the time step decreases as the
water velocity and the force per unit mass increase.

Model Validation

Wave Profiles

Experimental wave profiles �Janosi et al. 2004� were digitized for
comparison with SPH results. The dimensions of the digitized
snapshots are 0.38 m�X�1.04 m and 0.0 m�Z�0.13 m. Dis-
tances were measured from the lower left corner of the tank.

Two cases �Fig. 2� with different d values �0.018 and 0.038 m�
were considered to compare numerical results and experiments.
Experimental values are represented by dots and SPH values by a
line. The model is observed to reproduce the experimental profiles
in both cases. For d=0.018 m �left column� the water initially
placed behind the gate pushes the still water �first and second
snapshots�, generating the “mushroom” jet mentioned by Janosi et
al. �2004� and first reported by Stansby et al. �1998�, which suf-
fers successive breakings. Bubble capture is reproduced by the
model. A similar accuracy in numerical results is observed for
d=0.038 m �right column�. Only wave breaking is observed in
this case.

Apart from this visual comparison, the observed difference
between numerical and experimental results can be quantified
considering two statistical parameters, comprised of experimental

Fig. 2. Comparison between experimental and numerical profiles of
dam-break evolution over wet bed, left column �d=0.018 m�; right
column �d=0.038 m�, experimental values are represented by dots
and numerical ones by line
and numerical values
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A =��
i=1

N

�Vali
num�2��

i=1

N

�Vali
exp�2

P =��
i=1

N

�Vali
num − Vali

exp�2��
i=1

N

�Vali
exp�2 �12�

A perfect agreement between experiment and numerical model
should result in A→1 and P→0. The good results obtained for
d=0.018 m �left column in Fig. 2: A=1.014, P=0.076� and
d=0.038 m �right column in Fig. 2: A=1.012, P=0.058� show the
accuracy of the method.

Wave Front Velocity

The experimental and numerical velocities were averaged in
space along the first 3 m of the tank �Fig. 3�. Numerically, the
position of the leading edge was calculated every 0.06 s and ve-
locity was obtained by linear fitting. Both velocities and distances
are depicted in a dimensionless form. Velocity is normalized with
c=�gd0 and d /d0 is the ratio between the depth of the fluid layer
near the bed and the initial dam height. The normalized velocity is
observed to decrease with d. The agreement between experimen-
tal measurements �light dots� and numerical results �dark squares�
is excellent in most of the cases. Note that SPH velocity for a dry
bed is higher than observed in the experiments, since experiments
were not performed on a real dry bed, due to the impossibility of
completely drying the tank.

Dam-Break Analysis

Now that SPH has been shown to provide accurate results on
dam-break propagation, it can be used to analyze the dynamics of
that propagation.

Mixing Process

Dam-break propagation on a wet bed is strongly dependent on the
interaction between both fluids. From now on, we will refer to the
water initially placed behind the gate as lock water and to the still
water initially placed beyond the gate as tank water.

As SPH is a Lagrangian method, the trajectories of all the fluid

0.6

0.8

1

1.2

1.4

1.6

1.8

-0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

experimental velocity SPH velocity

0dg
v
⋅
><

0d
d

Fig. 3. Comparison between experimental �light circles� and
numerical �dark squares� dam-break velocity. Velocity was averaged
in space during first 3 m in both cases.
particles is known. In the Janosi et al. �2004� experiments, clear
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water was released into a channel filled with dyed water. SPH is
able to accurately reproduce the interface between both liquids as
is shown in Fig. 4 corresponding to d=0.015. The numerical in-
terface between lock water �light color� and tank water �dark
color� coincides with the experimental interface �black line� cal-
culated from the Janosi et al. �2004� experiments �see Fig. 14 in
their manuscript�.

Of course, the model does not pretend to reproduce the disper-
sion observed near the interface in the experiments. The existence
of an area of partially dyed water—light colors in Fig. 14 �Janosi
et al. 2004�—comes from the mixing between dyed �dark colors�
and clear water �transparent�. This mixing cannot be obtained in
numerical simulations, where colors represent the origin of par-
ticles. Thus, the presence of a few clear particles in the dyed area
�or vice versa� is masked by the massive presence of dyed par-
ticles in that area.

Fig. 5 represents different instances during the dam-break
propagation for different fluid depths �d�. The dimensions of the
snapshots are 0.0 m�X�1.6 m and 0.0 m�Z�1.6 m. The ob-
served behavior depends on the thickness of the water layer near
the bed. For d=0.018 m, lock water lifts the tank water near the
contact point, which results in successive wave breakings as pre-
viously shown in Fig. 2. A similar behavior with only a break was
observed for d=0.038 and 0.058 m. Nevertheless, the generation
of a wave train was observed for d=0.078 m. In spite of different
transient behaviors observed for each configuration, the overall
behavior is similar in all cases: lock water mainly pushes tank
water without significant mixing. Only for d=0.018 m is there
some mixing close to the lock water tip due to the successive
breakings as previously shown by Janosi et al. �2004�. In addition,
the higher the fluid level in the channel d, the smaller the dis-
placement of the lock water �see different columns in Fig. 5� as

Fig. 4. Experimental and numerical interface between lock and tank
water �d=0.015 m�; light colors correspond to lock water, dark colors
to tank water, and black line to experimental interface
pointed out by Janosi et al. �2004�.
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Dam-Break Evolution

The advance of a dam break on a wet bed is far from being a
stationary process, especially at the beginning of the movement,
where the interaction between both fluids gives rise to different
behaviors depending on the depth ratio d /d0 as previously shown.
Thus, different propagation regimes can be observed depending
on the zone: the observed horizontal velocity is considerably
faster along the first 3 m �dark squares in Fig. 6� than along the
first 6 m �light circles in Fig. 6�. In addition, the fastest propaga-
tion corresponds along the first 3 m to the dry bed and decreases
with d. Note that the initial interaction between both fluids results
in strong vertical displacements and vorticity generation, which
tend to slow down horizontal propagation. The opposite behavior
is observed when averaging in space along the first 6 m. The
slowest propagation in the X direction corresponds to the dry bed
in this case. Movement is mainly controlled by bottom friction
during the second 3 m, which is enhanced when reducing the
standing water depth.

We should note that the average velocity in space is almost
independent of the water level in the channel if d /d0�0.1, this
result is consistent with theoretical predictions �Klemp et al.
1997�.

Changes in horizontal velocity can be dramatic when lock
water starts propagating �along the first 3 m�. Thus, the mean

time=0.14 s time=0.54 s time=0.94 s

d=18mm

d=38mm

d=58mm

d=78mm

Fig. 5. Different instances of dam evolution for different fluid
depths; light colors correspond to lock water and dark colors to tank
water

0.4

0.6

0.8

1

1.2

1.4

1.6

-0.1 0 0.1 0.2 0.3 0.4 0.5 0.6

velocity 3m velocity 6m

0dg
v
⋅
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Fig. 6. Spatial average of velocity along first 3 m �dark squares� and
first 6 m �light circles� for different fluid depths
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values shown in Fig. 6 are far from instantaneous velocities,
which are strongly dependent on the interaction between both
fluids. Fig. 7 shows the instantaneous horizontal velocity mea-
sured during the first 3 m. Fig. 7�a� corresponds to a comparison
between the dry bed and d=18 and 38 mm, and Fig. 7�b� corre-
sponds to a comparison between the dry bed and d=58 and
78 mm. First of all, the velocity corresponding to the dry bed
�black solid line� is considerably faster than in the rest of the
cases. Velocity is observed to increase slightly during the first
1.25 m and decreases from then on. The velocities corresponding
to wet beds are considerably slower and present marked oscilla-
tions. These oscillations are especially marked for shallow water
layers, d=18 and 38 mm �Fig. 7�a��, where local minima in ve-
locity correspond to wave breakings shown in Fig. 2. Thus, for
example, the strong velocity decrease observed from 0.8 to 1.2 m
corresponds to the first wave breaking and eddy generation.

Energy Dissipation

The transition between both propagation regimes can be studied
in terms of the dissipated energy. This energy can be defined as

E�t� = ��
i=1

N

Ei
kinetic�t = 0� + �

i=1

N

Ei
potential�t = 0�


− ��
i=1

N

Ei
kinetic�t� + �

i=1

N

Ei
potential�t�
 �13�

where N=number of fluid particles. Note that this definition �in
terms of an increment� allows us to compare different experi-
ments, where the amount of fluid and hence the number of fluid
particles is different.

Fig. 8 shows the energy dissipated in different experiments
over a wet bed �d=0.018, 0.038, 0.058, and 0.078 m� and over a
dry bed �d=0 m�. Energy dissipation is observed to increase in

0
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1

1.5
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0.25 0.5 0.75 1 1.25 1.5 1.75 2 2.25 2.5 2.75 3

x (m)

d=0mm d=18mm d=38mm

(a)

0

0.5

1

1.5

2

2.5

0.25 0.5 0.75 1 1.25 1.5 1.75 2 2.25 2.5 2.75 3
x (m)

d=0mm d=58mm d=78mm

(b)

Fig. 7. Velocity evolution with distance for different d values
time in all cases. In addition, when considering experiments over
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a wet bed, the energy dissipation measured at each particular
instant is observed to be higher for small d values, decreasing
monotonically with d. The behavior observed over a dry bed is
completely different, where energy dissipation measured at the
beginning of the movement is lower than in the rest of the cases
since the interaction between both fluids constitutes the dominant
dissipation mechanism. However in time, bottom friction be-
comes the main dissipation mechanism in such a way that energy
dissipation becomes higher over a dry bed than over wet beds.
Vorticity is analyzed for different fluid depths to better understand
this effect.

Vorticity

As SPH is a Lagrangian method, the trajectories of each particle
are known every instant and the vorticity of particle a is estimated
by Monaghan �1992�

wa = �� � v�a = �
b

mb

va − vb
�a

� Wab �14�

The next figures �Figs. 9–11� show the Y component of vor-
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Fig. 8. Energy dissipation for different d values

Fig. 9. Vorticity plot for d=0 m
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ticity �perpendicular to the X and Z planes, see Fig. 1�. Positive
vorticity values �dark colors� correspond to clockwise rotation
and negative ones �light colors� correspond to counterclockwise
rotation. The dimensions of the snapshots are 0.0 m�X�1.6 m
and 0.0 m�Z�0.16 m.

First, vorticity was calculated in dam-break evolution for a dry
bed �Fig. 9�. The highest negative values appear in the tip of
the dam and positive values appear near the bed due to bottom
friction.

Fig. 10. Vorticity plot for d=0.018 m �d /d0=0.12�

Fig. 11. Vorticity plot for d=0.058 m �d /d0=0.39�
JOURNAL OF WATERWAY, PORT, COASTAL, AND OC
Analyzing different instants for d=0.018 m �Fig. 10�, the
wave formation is observed in this case. The water initially placed
behind the gate pushes the initially still water �first snapshot�,
generating the “mushroom” jet mentioned by Janosi et al. �2004�.
Negative vorticity appears on the left side of this “mushroom”
�light colors� due to counterclockwise water rotation. T=0.35 s
shows first breaking that then generates the first positive eddy
�dark colors in T=0.50 s�. T=0.65 s shows the second breaking
that is going to generate a second positive eddy �dark colors in
T=0.80 s�.

Vorticity for d=0.058 m is also calculated �Fig. 11�. Positive
values appear mainly near the bed due to close to bottom friction.
There is no wave breaking so there are no positive eddies. Water
initially placed behind the gate pushes the still water initially
placed beyond the gate without significant mixing. The interface
of the two water masses is clear and it coincides with the negative
vorticity �light colors�.

Conclusions

The two-dimensional �2D� version of the SPH model proved to be
a suitable tool to reproduce a dam break evolution over dry and
wet beds. Experimental profiles and horizontal velocities are
properly reproduced by the model.

The mixing process observed in the experiments over a wet
bed between lock and tank water is almost negligible. Actually,
the basic propagation mechanism is due to the pressure exerted by
lock water on tank water. Some mixing is observed in experi-
ments with a shallow water layer, where the successive wave
breakings result in eddy generation.

Two regimes are defined in dam evolution. Initial propagation
�dam release� in the horizontal direction is faster than observed
for longer distances where velocity is mainly reduced by bottom
friction. The difference between both regimes is higher for dry
beds and shallow water layers.

Energy dissipation was observed to be responsible for both
regimes. Energy dissipation for wet beds is higher at the begin-
ning of the experiments, since breaking constitutes the main dis-
sipation mechanism. However in time, bottom friction becomes
the main dissipation mechanism, which is especially important for
dry beds.

Vorticity is shown to depend on the fluid depth �d�. Thus,
when the dam break propagates over a dry bed, positive vorticity
is mainly observed near the bed due to bottom friction. Low nega-
tive values are only observed at the leading tip. Vorticity over a
wet bed depends on water height: eddy formation with positive
vorticity is observed for d�d0 due to wave breaking. Negative
vorticity is also observed in this case due to the so called “mush-
room” jet. The breaking process is stopped when increasing d, in
such a way that negative vorticity is only observed at the interface
between both fluids.
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