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When tsunami wave fronts reach the shore, theyewalve into a large range of bore types, from uadabn-
breaking bore to purely breaking bore. It is thenptex competition between non-linearities, dispersffects
and energy dissipation which will govern their stormations, making the prediction of their evaatia
challenging task for numerical models. In this pape investigate the ability of a fully nonlinear Bssinesq
model, SURF-WB, to predict bore dynamics in a la@yege of Froude numbers. The model is first appited
the formation of undular bores, and compared vetiotatory data. Its ability to predict the differéore shapes

is then investigated. Finally, the effects of thmebtransformation on wave run-up over a slopingcheare

considered.

ADDITIONAL INDEX WORDS: Undular bore, hydraulic jump, Froude number, run-up, dispersive effects,

Green-Naghdi equations.

INTRODUCTION

Tsunamis propagating in the open ocean are basicalh
dispersive long waves. However, the integration weéak
dispersive effects can become significant when grapagation
takes place over a long time, and end up modifyivegtsunami
waves. Dispersive effects finally become significan shallow-
water regions (see Dalrympke al. 2006, Lavholtet al. 2008,
Grueet al. 2008). In the nearshore, the competition betwesn n
linearities, dispersive effects and energy disgypatvill govern
the transformation of tsunami wave fronts. They eaolve into a
large range of bore types, from undular non-brealiore to
purely breaking bore. For instance, during the 198Ban Sea
tsunami, tsunami-made waves ascended differentstiexolving
into breaking bores either followed or not by arduilated wave
train (Tsuji et al., 1990). The propagation of tsunami waves
river channels was also recently studied by Yaga@40), who
applied his Boussinesq-type model to undular bagsslting from
the September 2003 Tokachi-oki tsunami. The natdisdster
caused by the 26 December 2004 Indian Ocean Tsurasied to
numerous studies, with emphasis on the potentinérgéion of
disastrous flood waves. During this event, undudares were
observed in the Strait of Malacca. Video recordisgewing the
run-up of 15 to 20s period waves associated withuithdular bore
motivated a recent study by Gree al. (2008). They studied
numerically how the initial tsunami wave can tuntoian undular
bore while propagating along this shallow straitey showed that
the formation of undulations leads to a significamtrease of
surface elevations, and that all the individualat®n waves will
eventually develop into solitary waves at the drdwever, wave
breaking was not taken into account in these ssudiel should

significantly affect the transformation of the ufatubore while
propagating shoreward. The prediction of bore faansations in
the nearshore is therefore a difficult task, bis &n essential step
for a better understanding of tsunami run-up anghich on coastal
structures.

Laboratory experiments (among others Favre, 193BskKE,
1994, Chanson 2009) showed that the wave Froude eufb
controls the bore shape. In the supercritical reg{fr>=1.4), the
bore consists of a steep front, while undulatioresgrowing at the
bore head in the near-critical statex(Ex. However the transition
between these states is still poorly understood, @an become
very complex for coastal applications with evolvinathymetries.
As it involves the complex interaction between iroggr,
dispersive and dissipation effects, the descriptibthe different

ifpore types is a very challenging test case for mizalemodels.
To our knowledge, previous numerical studies camogr bore
dynamics using depth-averaged models were devateeither
purely breaking bores, or non-breaking undular $oBreaking
hydraulic bores are traditionally solved using $foapturing
models based on nonlinear shallow-water equatisges Brocchini
and Dodd, 2008), while test cases concerning undidees have
been used to validate several Boussinesq-type mddgjsWei et
al., 1995, Soares-Frazao and Zech, 2008, Gaueal., 2008,
Madsenet al., 2008).Recently, Mignotet al. (2009) investigated
the ability of a fully-nonlinear Boussinesq modeld@scribe river
flows including shocks. They showed that their maudas able to
reproduce the overall wave front dynamics, but Ijgited some
potential drawbacks of their viscous-like breakingpdel for
riverine applications including shocks.
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In this study, we assess the ability of the 1D yibnlinear
Boussinesq model introduced in Bonnetginal. (2010a,b) and

Tissieret al. (2010) to predict bore dynamics in a large ranfje o

Froude numbers. This model has been developed egtansion
of the shock-capturing shallow-water model SURF-ViBaiche
et al., 2007), using hybrid finite-volume finite-differe@ schemes.
The numerical strategy was developed such as #epres the
initial properties of SURF-WB concerning its naturgatment of
wave breaking (see Bonnetenal., 2010a). The model is briefly
described in the first section. Undular bore depmlent and
evolution are studied in the next section, usingeexnental data.
We then study the transition from one type of bredhe other,
and evaluate the hydrodynamical conditions thattrobnthe
transition for idealized cases. Finally, the runafpan undular
bore over a sloping beach is considered and comptrethe
predictions given by a nonlinear shallow water niode

NUMERICAL MODEL
We briefly present in this section the main chamastics of our
numerical model. The reader is referred to Bonnetah (2010a)
and Chazeét al. (2010) for further details.

Governing equations
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Figure 1. Water level evolution as a function afdiat 6 gauges.

The model is based on the Serre Green-Naghdi (S-GNjomparisons between experimental data (dashed lifles)

equations, considered as the basic fully nonlineaakly

Soares-Frazao and Zech (2002) and model predidjiein

dispersive equations (Lannes and Bonneton, 2009)esérh_lines). Fr=1.104.

equations can be formulated in terms of the comsiew variables
(h,hv) in the following nondimensionalized form (see Betun et
al., 2010a):

dh+ed0hv) =0
d,(hv) + gh0¢ + &0 [{hv O v) = -D,

where( is the surface elevatioh=1+¢(-b the water depthh the

1)

described as shocks by the model), as well as rgostiorelines
without any tracking method.

Wave breaking
By skipping locally the dispersive step when thevevis ready
to break, we switch from GN equations to NSWE fogiaen

variation of the bottom topography awe(u,v) the depth averaged wave front. Energy dissipation due to wave breakiagthen

velocity. e=H/hy is the non-linear parameter with H the wavepredicted by the shock theory,

height and h the typical water depthD characterizes non-
hydrostatic and dispersive effects, and has bedtemwrin a way
that it does not require the computation of anydthorder

and no complex ad-ho
parameterization is required.

More precisely, the first step S1 is used to deirsemvhere to
suppress the following dispersive step (S2) at ¢imeh step. We

derivative. It is noteworthy that B=0, we obtain the Nonlinear compute the local energy dissipatiddi(x,t) during S1, and

Shallow Water Equations (NSWE) in their consenaform. The
formulation is therefore well-suited for a splifinapproach
separating the hyperbolic (NSW) and dispersive spaft the
equations, allowing for an easy coupling of thes sdtequations.
The strategy for wave breaking is based on thewotlg idea:
breaking waves will be described locally as shogith the NSW
equations, whereas non-breaking waves will be destwith the
S-GN equations.

Numerical strategy

At each time step dt, we decompose the solutiomabpeS(s)
associated to the equations (1) by the followingosd order
splitting scheme:

S(dt) = S1(dt/2) S2(dt) S1(dt/2), )]
where S1 and S2 are respectively associated toygherbolic and
dispersive parts of the S-GN equations. S1 is dtkatsing a
shock-capturing finite-volume method, while S2reated using a
classical finite-difference method.

The numerical methods used in S1 are those dewtlopthe
well-validated NSW code SURF-WB (Marchet al., 2007,

Berthon and Marche, 2008). These schemes are hdgr-or

positive preserving well-balanced shock-capturicigemes. They
are able to handle breaking bore propagation withany
parameterization of the energy dissipation (brepkivaves are

integrate it over each front. After normalizatiop the theoretical
dissipation across the shock, this parameter canudesl to
characterize the wave fronts, sirlgg, Di(x,t)dx /Dy, is close to
one for fully broken waves, and close to zero fon4breaking
waves. We also compute the front slapet the end of S1, and
define two anglespi and ®t, corresponding to the initiation and
termination of breaking (Schaffet al., 1993). We choos®i=30°
and ®t=8°, which are the optimal angles determined by
Cienfuegos et al. 2010 for their S-GN model. Finally, the
following method is applied in order to decide i€ wwitch for a
given wave front from one set of equations to tthep(Tissieret
al., 2010). If [iouDi(x)dX/Dy, > 0.5 and®d>df: the wave is
broken and will keep breaking (as longdas®df). The wave front
is locally governed by NSWE. j§quDi(x.)dx/Dy, < 0.5 andb<di:
the wave is not breaking. The wave is governed b8NS
equations. The switch to NSWE will eventually ocdurd gets
larger thanDi.

This model was successfully applied to the shoalagl
breaking of periodic waves on sloping beaches, wbarrespond
to breaking bores with high values of the Froudenber. The
model was also validated for the description ofreliime motions,
showing a very good agreement with laboratory datahe next
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Figure 2. Free surface profiles at t=24s of hydcabbres with
Froude numbers varying from 1.10 to 1.35.
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section, we assess the ability of our model to mlescbore
dynamics for moderate Froude numbers (close tgunit

FROM UNDULAR TO BREAKING
HYDRAULIC BORE

Development of an Undulated Wave Train

Pioneering experimental works concerning the deraknt of
undular bores were performed by Favre (1935), whdisd their
formation due to a rapid opening or closure of &eg&imilar
experiments were conducted by Soares-Frazdo and 26€02),
and studied numerically in Soares-Frazado and Gy2@@8). The
experimental data are used here to validate ouNS¥@del. For
this experiment, we consider a channel initiallyrest with an
initial water height k0.251m. At t=0s, we impose a discharge

Fr=1.104. For the simulations, the grid size of tmesh is
dx=0.2m and we consider a Courant number of 0.Qurgi 1
compares experimental and numerical time-series water
elevation at the wave gauges. It shows that theempredicts
accurately the bore celerity, and that the agreémegood in term
of amplitude and wavelength of the secondary waltesan be
noticed that the growth of the first wave is faster the
experiments than predicted by our numerical mod&milar
results were obtained by Soares-Frazdo and Gu@ifi8] with
their Boussinesq model.

Transition from Undular to Purely Breaking Bore
We consider in this section the transformationaroiitial step
over a flat bottom defined by:

1
h(x,0)==(d, -d,)(1-tanh(x/a)}+d,,
(x,0) 2( b~ da)( (x/a))+ 3)
V(x,0) = % (U, - u,)(1- tanh(x/a)* U,
for Froude numbers varying from 1.10 to 1.8Q.andd, are the

water depth in front and behind the bore,, and y the
corresponding depth-averaged velocities. We ge0 {channel

initially at rest), g=1m and a=2m. For each Froude number, we Madsenet al. (2008) studied how a long wave can disintegrate

a
the gate @0.06n7.s*. The Froude number of the resulting bore i
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Figure 3. Free surface profiles at t=24s of hydcabbres with
Froude numbers varying from 1.38 to 1.90.

For Fr<1.40, the initial step evolves into an umdyump. We
observe that the wavelengths of the secondary wdeesease
with increasing Froude number, while their amplésidncrease
(see Figure 2). This is a well-known result whicds theen for
instance presented in Treske (1994) or Chanson9§20Bor
Fr=1.40, a wave train is again formed but its fagzebroken.
Although the first wave seems too damped in cormspariwith
experimental results, the overall shape is qualiébt well-
reproduced (see for instance the bore picture afl.B5 from
Treske (1994), or the longitudinal profiles from Bia and
Orkney (1955)). For higher Froude numbers, we abtapurely
breaking bore. It can be observed that some distoés occur

ehind the breaking fronts. Their physical relevastll needs to

£e explored.
A review of the recent experimental results conicgrrydraulic
bores is given in Chanson (2009). He observed thatwave
amplitude data showed a local maximum value forlE2# to 1.7,
depending upon experimental conditions such as ctiennel
width, and that the undulated wave train was disagpg for
Fr=1.5 to 3. Our model predicts that the maximunplaode of
the secondary waves is obtained for Fr=1.38, aadrtmsition to
a purely breaking bore starts for Fr=1.40, whichtherefore in
good agreement with experimental data.

RUN-UP OF AN UNDULAR BORE OVER A
PLANAR BEACH

In the previous sections we have shown that ouNSy®del is
able to reproduce accurately the main featuresifédreint bore
types. Hereafter, we consider the effects on wawveup of the
transformation of an initial soliton into an undutsore. In order to
quantify the importance of dispersive effects fohege
transformations, we also compute the evolutiorhefgame initial
wave without considering the dispersive effects, solving only
the NSW part of the equations (same code but cernsgD=0,
see Equation (1)). The computations without dispersffects are
represented by dashed-lines in Figures 4 to 6.

then compute gand y by solving the mass and momentuminto an undular bore close to the beach. In ordeolitain a

conservation conditions across the bore. Figura®2ashow the
bore shapes at t=24s for the different Froude nusabe

realistic undulated incoming wave for our run-uplation, we
first perform a computation similar to the one présd in Madsen
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Figure 4. Disintegration of a long wave£a&2m, T=780s) propagating over a flat bottom wige20m. Plain lines: computed with our S-

GN model. Dashed-lines: NSW model.
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Figure 5. Propagation of the undular bore overdloping beach (a) At t=t0+124.25s; (b) At t=tO+X&. Plain lines: S-GN model.

Dashed-lines: NSW model.

et al. (2008). We consider the evolution of a long wesaching a et al. (2008), that is to say that the development oftehavaves

shallow flat region where non-linearity is signéit. The input

riding on the top of a tsunami may not impact digantly the

wave is a sihwave with amplitude @2.0m and period T=780s run-up caused by the main tsunami. However, theldpment of
propagating over a constant depfx20m. The wave period was the secondary waves and the subsequent elevatis® o& the

chosen to match the observations during the 20@8#&mnOcean
tsunami.

The wave profiles at different times are represgimie-igure 4,
with (plain lines) and without dispersive effectdaghed lines).
The S-GN model predicts the formation of an undwlatvave
train, which starts developing at the wave frorfteApropagating

main front will certainly have a local effect onutemi wave
impact on coastal structures, and is thereforergoitant feature.

CONCLUSIONS

In this paper, we investigated the ability of thllyf nonlinear
Boussinesq model SURF-WB (Bonnetenal. (2010a,b), Chazel

2370.2s, the resulting wave is about 1.5 timesérighan the one et al. (2010) and Tissiegt al. (2010)) to predict bore dynamics for

predicted by the NSW model. The individual elevatimaves
could eventually evolve into solitary waves if theyere
propagating long enough in shallow water, but, ediog to

a large range of Froude numbers. Promising resudi® found
concerning the ability of our model to reproduce tmansition
from purely undular bore to strongly breaking bdbespite our

Madsenet al. (2008), it rarely happens because of geophysicgliyhy idealized simulations (no friction effectsross-shore

constraints. This case is therefore not considiréhis study, and
we use the wave profiles at t=2370.2s (see Figuas4he initial
conditions for the run-up simulations (with andhaitit dispersive
effects).

At t=0, the undular bore is located at the toe df@&0 sloping
beach. For the simulation, the grid size of thehriegdx=1m and
the time step dt=0.07s. Figure 5 shows the trangdtion of the
bore as it propagates shoreward, during shoalpgfa breaking
(b). The wave height predicted with the S-GN mqgdst before
breaking (see Figure 5b) is about 2.3 times theewhgight
obtained without dispersive effects. Figure 6 corapahe time-
evolution of the run-up predicted by the S-GN cadd the NSW
code. When we do not account for the dispersivecedf (no
secondary waves develop), the run-up is underetgtinaf only
11%. It seems to confirm what has been hypothedigeldladsen

model) the characteristic Froude number for thensiteon
(Fr=1.40) was close to the typical values obtaingdaring
laboratory experimentse. Treske, 1994). To our knowledge,
SURF-WB is the first Boussinesq model able to repredilis
transition, which is a challenging task since iwdlves the
complex interaction between nonlinearities, dispersffects and
energy dissipation.

Finally, the transformation of an undulated wave ilevh
propagating over a 1:60 sloping beach was considdter this
simulation, the maximum wave height predicted watir S-GN
model was up to 2.3 times the one predicted byN8&V part of
the code onlyj.e. without accounting for the dispersive terms of
the equations. The run-up was computed in both scasal
compared. We showed that the main characterisfitiseorun-up
were well-reproduced by the NSW code only, with an
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underestimation of the maximum run-up of about 11%he run-
up is therefore mainly determined by the main tsuingave and
not by the short waves riding on the top of theagsui. This result

effects in the mass conservation equatiqlournal of
Waterway, Port, Coastal, and Ocean Engineering, 136(1), 10-
26.

is in agreement with Madse al. (2008), who suggested that theChanson, H., 2009. "Current Knowledge In Hydraulimpgs And

effect on wave run-up of the disintegration of o waves
while propagating shoreward was often overestimatemvever,
the modeling of this transformation remains impotitasince the

formation of secondary waves, and the subsequerdadse of the

tsunami front height, will certainly have an a sfigrant impact on
coastal structures.

Recent intensive high temporal and spatial resoiufield
works on the dynamics of tidal bores (Bonnetbal., 2011) will
give us a new opportunity to validate our modeicsitidal bores
exhibit similar behaviors as tsunami waves propagatin
shallow-water estuaries.

250 300 350 400

time (s)
Figure 6. Run-up of the undular tsunami on the siggieach
(plain line) computed by our S-GN model. Dashe@:lisame

simulation without dispersive effects.

150 200
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