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analysis of bar formation under breaking waves was carried out in a small-scale wave tank. Although the 1/100
SIze scale of the tank was unusual for sediment transport study, the results were in agreement with field studies
concerning wave breaking criteria and the direction of sand transport. This size permitted accurate simultaneous
~easurement.of the spatia~ and temporal variations of both the wave height and the bathymetric profile. This study
IS the extension of a preVIOUS one concerned with non-breaking conditions. The role of the nonlinear wave-wave
interactior:s,. reinforc~d under breaking waves, was displayed in the bar formation. Finally, it was suggested that a
more realistic modeling of the mean flows distribution in the bottom boundary layer (difference in direction and
in.te~sity between the ~pper and the lower parts) owing to the superposition of the undertow and nonlinearity effects,
will Improve the modehng of bar formation.

ADDITIONAL INDEX WORDS: Bar formation, non-breaking waves, breaking waves, nonlinear wave-wave interactions,
bedload, suspended load, undertow, wave flume.

INTRODUCTION
The prediction of shoreline evolution is one of the main
challenges in coastal engineering owing to the important social and economic development of the coastal zone. This is
particularly relevant for sandy coasts, which may get weakened by any perturbation, one of them, but not the least, may
be the sea-level rise induced by the forecast climate changes.
Sand bars are often observed in sandy coastal zones as result of several hydrodynamic forcings (waves, tide, currents)
(RUESSINK, 1998). Their sediment budget is related to the
evolution of the beach (SCOTT, 1954; SHORT, 1975). A better
understanding of sand bar formation would then contribute
to better understand and predict shoreline evolution. The
field study of bar formation is a very difficult task and is thus
often complemented with laboratory experiments (HULSBERGEN, 1974; CHESNUTT, 1975; ROELVINK and STIVE, 1989;
ARCILLA et al., 1994; DETTE et al., 1998) and numerical simulations (ZHENG and DEAN, 1997; DEIGAARD et al., 1999;
LARSON et al., 1999; BROWDER and DEAN, 2000). Although a
considerable effort has been devoted, bar formation is still not
well understood and several mechanisms are yet proposed.
These mechanisms are reviewed by DEAN et al. (1992) and
also by VANRIJN (1998). All these different mechanisms were
00172 received 27 December 2000; accepted in revision 18 November
2001.

validated in the field or in the laboratory, and the relevance
of each of them depends on the initial wave and bottom conditions (DULOU, 2000). The spatial variation of the wave
height, which induces both erosion and acretion zones, is involved in all of them. A simple illustration is the bar formation under a partially-standing and non-breaking regular
wave (MEl, 1983; O'HARE and DAVIES, 1990; REY et al.,
1995). This non-breaking case allowed to predict the bar formation directly from the wave envelope and so displayed effects of the spatial variation of the wave height on bar formation, which can be present in nature. Thus, the role of
nonlinear wave-wave interactions (already present under
breaking waves) on bar formation has been studied under
non-breaking conditions (Dur.or: et al., 2000). Under breaking conditions, the simplest proposed mechanism proceeds
from the breaking point hypothesis (DYHR-NIELSEN and
S0RENSEN, 1970; DEAN et al., 1992): convergence of the
Stokes's drift (in the direction of wave advance) and of the
undertow (in the opposite direction) at the breaking point.
ROELVINK and STIVE (1989) enhanced this hypothesis by including long-wave flow induced by wave group, but bar formation modeling deduced from this mechanism does not
show accurate results at the breakpoint or upstream (ZHENG
and DEAN, 1997).
This paper presents a small-scale experimental study of
bar formation under breaking waves based on an accurate
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and simultaneous analysis of both the spatial variations of
the wave height and of the bathymetric profile. It aims to
correlate spatial wave and bottom modulations, which was
displayed under non-breaking wave conditions (DULOU et al.,
2000). Three sediment sizes were used allowing the observation of erosional, acretional and intermediate beach states,
which in nature are obtained as response to characteristic
wave climates (WRIGHT and SHORT, 1984; LARSON and
KRAus, 1993). This work is reported as follow: the experimental facilities are exposed in a first part, the main results
obtained under non-breaking conditions are recalled in a second part, the breaking case is presented and discussed in a
third part.
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EXPERIMENTAL FACIliTIES
Both non-breaking and breaking experiments were carried
out in a small-scale glass-walled wave flume. The flume is
4.7 m long, 0.39 m wide and the maximum water depth is
0.15 m (Figure 1). A piston-type wavemaker produces a regular wave with a fundamental (or first harmonic) frequency
fo = 1.5 Hz (with an accuracy of 0.001 Hz). Generally, a spurious free wave having twice the frequency of the fundamental regular wave is observed through a beating in the envelope of the second harmonic (DULOU et al., 1998). This spurious wave is generated by the wavemaker (MADSEN, 1971;
HULSBERGEN, 1974; SCHAFFER, 1996) and has the same frequency as the bound second harmonic of the regular wave,
but with a different phase velocity . This spurious wave can
be suppressed by placing a sill in front of the wavemaker
(HULSBERGEN, 1974; DULOU et al., 2000).
The generated wave, with an initial maximum height of H o
= 0.02 m, propagates first in a zone of constant water depth,
h o = 0.08 m, of extend 1.2 m until the toe of a sloping sandy
bottom (Figure 1). In the breaking case, a plane sloping
(l3b"ak;ng - 0.025) sandy bed was used, which extend to above
the water surface. For the non-breaking case, the slope was
more gentle (I3nan-b"a.hng - 0.01), and a solid sloping bed of
length 0.26 m replaced the sand in the upper part (h < 0.04
m), In that case, breaking occurred far downstream of the
sand bed (DULOU et al., 2000). In both series of our smallscale experiments, spilling breaking were observed for the
initial plane sloping beds. Both breaking mode and location
satisfied the criteria of MICHE (1951) and OSTENDORF and
MADSEN (1979).
The sediment was an artificial non-cohesive sand formed
of glass spheres of density p, = 2.7 103 kg.m:'. Three sizes
(of diameters 0.08, 0.12 and 0.20 mm) were used for the
breaking case and only the 0.08 mm one for the non-breaking
case.
The wave height and the bottom location were measured
using ultra-sonic sensors: an aerial one for the air-water interface and a submerged one for the water-sediment interface
(DULOU, 2000). These sensors allowed measurements of
small variations of the bottom or of the free surface with an
accuracy of 10- 4 m. Both sensors were mounted on a carriage
which could be translated along the flume by a stepping motor. With this equipment, the envelope of the wave and the
bottom profile could be measured easily and precisely.

Figure 1. Sketch of the wave flume in the breaking configuration.

EXPERIMENTS WITH NON-BREAKING WAVES
The occurrence of multiple-bar formation, presumably due
to non-breaking wave conditions, is observed in nature
(SHORT, 1975; DETTE, 1980; MEl, 1983). It was studied extensively in laboratory (SCOTT, 1954; O'HARE and DAVIES,
1990; REY et al., 1995), but these studies were done under
constant depth and weakly nonlinear conditions. Additional
studies were carried on by DULOU et al. (2000) by considering
a gently sloping sand bed and also weakly nonlinear waves.
We now recall the main results of DULOU et al., (2000), which
are needed to better understand laboratory bar formation under breaking waves .
In the previous experiments carried out in our small wave
tank (REY et al., 1995; DULOU et al., 2000), it was found that
the final bathymetric profile was a replica of the first harmonic spatial modulations. If spatial modulations of half the
surface wavelength are explained by a linear approach for
partially-standing waves, additional spatial modulations
were evidenced in the latest experiments (DULOU et al.,
2000), which cannot be explained through linear wave analysis. In particular, the role of nonlinear wave-wave interactions in bar formation was demonstrated for bichromatic
waves (monochromatic wave of wavenumber k and frequency
f perturbed by a parasitic wave of wavenumber K and frequency 2f). Indeed, in addition to spatial modulations of
wavenumbers close to 2k, modulations of wave numbers close
to K and K - 2k where also observed in the final bathymetric
profile. Such modulations were analytically recovered in the
envelope ofthe fundamental (or first harmonic) wave as demonstrated hereafter. The free surface elevation Tj(x, t) of an
incident bichromatic wave is given by:
Tj(x, t) =
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Table 1. Parameters introduced in the model after a least square method
fit.

Parameters

Case 1

Case 2

0.76
0.04
5.95
0.31
0.69
0.3
3.3

0.77
0.12
1.25
0.40
3.80
0.24
1.54

2.5

a (ern)
a r (ern)
<p{ (rad)

R6
<p (rad)
Rz
<Pz (rad)

A(w'(x)

=

al

[l + m + 2R"COS(2 J
+

Figure 2. (case 1) Comparison of the envelope of both first and second
harmonics for a gently sloping bottom and without any parasitic wave:
(--) model, measurements (0) first harmonic, (- - -) second harmonic.

k dx +

'P)

~r( 2R"cos 'Prcos(J K dx + 'P)
+ cos(J (K - 2k) dx - 'PI)

where a , cosuoz - J kdx) and a z cos2(wt - J kdx) are, respectively the first harmonic and the second harmonic of the regular wave, w is the wave radian frequency, k the wave number, J kdx is the phase lag at location x. a"eos(2wt - JKdx +
'PI) is the parasitic free wave, of wave number K and phase
lag 'Pr at location x = O. The nonlinear difference interaction
between the components of the bichromatic wave is expressed
in the term A r cos(wt - j(K - k)dx + 'Pr)'
For a partially-standing monochromatic wave perturbed by
a spurious wave, the envelope of the first and second harmonics can be calculated by using a form of the Boussinesq
equation (MADSEN and SORENSEN, 1993; DULOU, 2000). Writting Tj(x, t) = A(w'(x)cos(wt) + A(Zwl(X)cos(2wt) + ..., the envelope of the first and second harmonic wave are then given
at leading orders by:

r
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where O(A/a l ) = a/h), R" is the modulus of the beach reflection coefficient and
is the phase lag between incident
and reflected waves. R z is the reflection coefficient of the parasitic wave and 'Pz its phase lag.
Eq. 2 shows that the envelope of the first harmonic is a
combination of cosine components, of respective wavenumbers close to 2k, K and K - 2k, depending on the reflection.
Figures 2 and 3 show the good agreement between the model
and measurements of the envelope of the first harmonic, respectively without (case 1) and with (case 2) the presence of
a parasitic wave. The different parameters were obtained by
using a least square method and the results are presented in
Table 1.

'P

'40

'60

200

Figure 3. (case 2) Comparison of the envelope of both first and second
harmonics for a gently sloping bottom and without any parasitic wave:
(--) model, measurements (0) first harmonic, (- - -) second harmonic.
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Figure 5. Final bathymetric profiles under breaking conditions for D, =
0.08 mm a nd t)JD, = 34.3 (suspended load ) (a), D, = 0.12 mm and t)JD. =
22.9 (intermediate) (b) and D, = 0.20 mm and ~JD, = 13.7 (bedload)' (c)
(R a = 1.9 em, H; = 2.5 cm and h.; = 2.9 ern).

The comparison of both model and experimental envelope
of the second harmonic is less accurate because only one spurious wave was taken into account. More accurate results
would need to consider also parasitic waves of higher fr equencies or spatial varying free wave amplitudes .
Eq. 2 shows that if the reflection is close to zero that is if
wave conditions are close to the natural case of a g~ntle be~ch
slope, only one spatial modulation is present in the envelope
of the first harmonic: the biggest one, 2'IT/(K - 2k), which
represents the nonlinear interaction between both free
waves. Effectively, this theoretical result is confirmed by the
Figure 4 which presents the final equilibrium profile modulated with the same length than the one of the interaction
which corresponds to the spatial wavelength 2'IT/(K - 2k)
(which is 8.77 m ", K = 37.89 m " ! and k = 14.56 m " ! for the
mean water depth h = 0.05 m, corresponding to the wavelength 0.7164 rn). This last result displayed the role of the
nonlinear wave-wave interactions in sediment transport and
finally in bar formation.
As these nonlinear interactions increase with the decreasing water depth and are particularly important in the shoaling and breaking zones , we then studied bar formation under
breaking wave conditions.

EXPERIMENTS WITH BREAKING WAVES
We remind that for the breaking case, a gently sloping sand
bed (13 = 0.025) is located from h o = 0.08 m of water depth
to the shoreline. So, the breaking occurs above the sediment
layer. In these experiments, the incoming wave was monochromatic by suppressing the parasitic wave.

The three grain sizes (of respective mean diameter D] =
0.08 nun, D 2 = 0.12 mm, D s = 0.20 mrn ) were used to study
the effect of transport modes on bar formation. The observation showed a lot of suspension with the finest sediment
W] = 0.08 mm) and no suspension for the biggest one W 3 =
0.20 mm). For the intermediate one D 2 = 0.12 mm ), suspension was only observed around the breakpoint. The final profiles obtained under the same wave conditions (incident wave
height H o = 1.9 em, breaking wave height H; = 2.5 em and
water depth at breaking h.; = 2.9 em) are presented in the
Figure 5. The breakpoint was located at X b = 205 em. In term
of mobility number (NIELSEN, 1992 ), tV = (U5 )1(S - 1)gD 5o)
(where u., is maximum velocity just above the boundary layer,
s = pjp is relative density, g is gravity constant and D 50 is
mean grain diameter of the sediment) varied from 34.3 to
13.7 for respectively the finest to the biggest sediment. The
non dimensional parameter fl = H / (w,T) , where co, is sediment fall velocity and T is wave period, is often used for classifying bar and berm profiles (WRIGHT and SHORT, 1984) : bar
formation (erosion) if fl > 6, berm formation (acretion) if fl
< 1 and intermediate state (bar and berm formation) if 1 <
fl < 6.
Figure 5 shows that the direction of sand propagation depends on the nature of transport under breaking wave conditions. In suspension-dominated case (fl D , = 6.3), a bar is
formed upstream from the breaking point whereas a bar is
formed after the breaking point in the bedload-dominated
case (flD , = 1). We found an intermediate case (Figure 5b),
where a bar and a berm were formed (fl D , = 2.8).
This observation is in accordance with the field observations where a berm is formed by low wave amplitude and an

Journal of Coastal Research, Vol. 18, No.4, 2002

806

Dulou, Belzons and Rey

c::=:::>

2.5

waves

~

upper bottom boundary layer

(a)

2

~1.5

+

E

~ 1

J:

0.5

+

0
0

drift
----------------------------------.------------/------_.
_-------_._-_._----~
suspensron
~

.

"./

"

n pples

100

150

200

300

2.5

..

Q)~·'·7~~:~::"·~

50

(b)

E

..

Sl!
J:

1

0.5
0
0

vortex

Figure 6. Vertical repartition of mean flows in the bottom boundary layer far upstream from the breaking point.

offshore bar is formed by storm since according to the nondimensional form of fl, an increase of the wave energy at a
fixed sediment size corresponds to a decrease ofthe sediment
size at fixed wave energy. It is also in accordance with the
classification by synthesis of many field data of WRIGHT and
SHORT (1984).
Moreover, DAVIES and VILLARET (1999) have calculated
the Eulerian drift induced by asymmetrical progressive and
non-breaking waves in the bottom boundary layer above rippled and very rough beds. They found that the near-bed flow,
bedload precursor, was in the direction of the wave advance,
and the flow at the edge of the boundary layer was in the
opposite direction. Figure 6 is an illustration of these results.
Our small-scale observations seem to confirm these theoretical results.
The suspension-dominated case (D, = 0.08 mm) is now considered and compared with the non-breaking and low reflection experiments. Figure 7 presents both initial and final envelopes and the final bathymetric profile . In the initial wave
envelope (Figure Tn), the height of the first harmonic of the
wave starts to decrease from x = 120 em, whereas the height
of the second harmonic increases until the breakpoint (x, =
205 em), and then decreases, in the same way as the first
harmonic. The final wave envelope (Figure 7b) looks like the
non-breaking one (Figure 4b): upstream from the breakpoint,
there is a beating in the envelope of the second harmonic and
a bar is observed in that zone, as in the bichromatic nonbreaking case. In both cases the configurations of the envelope-bar system over the extend of the beating are very similar.
Although, no parasitic wave was initially present in the
breaking case (no beating appears initially in the envelope of
the second harmonic), whereas it was present in the nonbreaking case, the final envelope of the second harmonic reveals the appearance of an additional free harmonic through
the beating observed from x = 50 em to x = 150 em.
To resume, non-breaking experiments showed that, in the
case of low reflection and in presence of a parasitic wave, a
beating was observed in both the initial and final envelope of

i!l~
o

50

100

150
AbscIssa (ern)

200

250

300

Figure 7. Envelope of the initial wave (a). and final (b) and bathymetric
profile (c) after 4660 min of wave action under breaking conditions (Ho =
1.9 em, D 1 = 0.08 mrn).

the second harmonic. DULou et al. (2000) have demonstrated
that the parasitic wave, due to the wave maker, perturbed the
first harmonic envelope which drove bar formation. The bar
was then of the same length as the beating. In the breaking
experiment, both a beating and a bar ofthe same length scale
were observed in the final measurements although no beating was present in the initial envelope. So, the questions are:
is it the same mechanism of bar formation as in the nonbreaking case? What is the origin of the beating in the final
envelope?
From the above described experimental results, the strongly nonlinear part of the wave just before the breaking point
(decrease of the first harmonic amplitude) was suspected to
play an important role in bar formation. In order to check
this hypothesis, the initial bottom was modified to preserve
highly nonlinear wave conditions but in a zone located far
away from breaking and thus poorly affected by the undertow. This was obtained by placing an horizontal sandy zone
(of 0.8 m long) prolonged downstream with an inclined solid
plate where the breaking occurred.
Figure 8 shows the wave envelope and both the initial profile and the profile after 60 min. The wave is very nonlinear
above the horizontal part (both first and second harmonics
have a similar amplitude) and the breaking occurs only when
the bathymetry is again decreasing, that is on the solid plate
of which slope is about 0.10. After 60 min, small length scale
bars are formed with a length of half the local wavelength of
the wave, according to Bragg conditions (Dtn.otr et al., 2000).
These bars could contribute to the increase of the reflection
(MEl, 1983; O'HARE and DAVIES, 1990; DULou et al., 2000).
A beating is observed in the envelope of the second harmonic
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Figure 8. (a) Envelope of (+) the total wave and of (0) first and (*)
second harmonics at 60 min, above (b) the initial bathymetric profile
(- - -) and at 60 min ( - ) (Ho = 1.6 em and D1 = 80 urn.

from x = 100 em to x = 220 em suggesting a local production
of free harmonics which interact with the bound ones. In the
non-breaking case this production was external and forced by
the wavemaker, whereas in this case the production of free
harmonic is natural and locally induced by bathymetric
changes. Indeed, several experimental (BATTJES and BEJI,
1992; ARCILLA et al., 1994) and numerical studies (MADSEN
et al., 1997; GRILLI and HORRILLO, 1999) have shown the
release of bound harmonics in the deshoaling zone.
The final envelope of the second harmonic (Figure 9a)
shows the same length scale beating from x = 120 em to x =
220 em. In the final bathymetric profile (Figure 9b), smallscale bars have disappeared and only a larger bar is present
from x = 80 em to x = 170 em. The bar length is then of the
same order as the beating length, like in the standard breaking case. The sediment was transported in the offshore direction.
Finally, the bar was formed as in the standard breaking
case, under the same nonlinearity conditions, but with a
strongly diminished action of the undertow, which means
that the sediment was transported in the seaward direction
by another mechanism than undertow, Then, this offshore
mean current was only due to the nonlinearity, in total agreement with the results of DAVIES and VILLARET (1999) in the
suspension-dominated case. The volume of the bar was also
smaller than in the standard breaking case. It is certainly
due to the larger sandy surf zone and to the superposition of

200

260

300

(om)

Figure 9. (a) Envelope of (+) the total wave and of (0) first and (*)
second harmonics at 1320 min, above (b) the initial bathymetric profile
(- - -) and at 1320 min ( - ) (H o = 1.6 em and D , = 80 urn.

the undertow and of the offshore drift due to the nonlinearities over a rippled bed in the standard case. This superposition could also explain the large value of the mean flow in
the seaward direction measured far upstream from the
breakpoint (TING and KIRBY, 1994) whereas some experimental or theoretical considerations concluded that the undertow stops at the breakpoint (LONGUET-HIGGINS, 1983).
Figure 10 resumes the mean flows considerations around the
breaking point.

CONCLUSION
The density and the accuracy of the measurements in a
small-scale wave flume allowed observations of the spatial
and temporal evolution of bar formation resulting from the
wave-sand bed interaction under breaking wave conditions.
Whereas the hydrodynamic scale of this study is very small
(= 11100), bar and berm formations seem to be in accordance
with field studies. This study has shown the dependency of
bar formation on the mode of sediment transport, which
means that the mean flow in the bottom boundary layer is
stratified: there is a difference in the direction of the mean
flow between the upper part of the boundary, where suspension is located, and the near bed mean flow where bedload
dominates. This reversal of flow direction was also present in
the surf zone, even under the action of the undertow.
The second important result of this study concerns the suspension-dominated case and the role of both the nonlinear
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wave-wave interactions and the undertow in bar formation.
Indeed, by increasing complexity of the experimental conditions (non-breaking waves ~ breaking waves), we observed
that the formation of a long bar is associated with a beating
in the wave envelope of the second harmonic, under both non breaking and breaking wave conditions. The last experi m en t
has demonstrated that a bar is formed even under lowered
action of the undertow, thanks to the nonlinearities that control the mean flows. This result could explain bar formation
far from the breakpoint or the offshore migration of the bars .
In any case, it demonstrated that spatial modulations in the
wave envelope may be at the origin of bottom evolution,
which cannot be predicted by linear wave analysis (con tr a ry
to modulations due to partially-standing waves).
The breaking point mechanism of bar formation could be
improved by considering the near bed flow , which ca n be different in direction, and an additional flow in the same direction as the undertow. Nevertheless, these mean flows are related to the position of the breakpoint which means that this
position is indeed an important parameter in bar formation .
The next stage of this study would be then the issue of the
influence of the breakpoint location on bar formation under
action of bichromatic wav e s or irregular wave group.
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