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ABSTRACT

A tidal bore is a series of waves propagating upstream as the tidal flow turns to rising, forming
during spring tide conditions when the tidal range exceeds 4 to 6 m and the flood tide is confined to
a narrow funnelled estuary. After the formation of the bore, there is an abrupt rise in water depth at
the bore front that is discontinuity in the water depth, and pressure and velocity fields. To date, the
field observations of tidal bores are very limited, and most studies were conducted with a very-
coarse resolution in terms of temporal and spatial scales: it is challenging to analyse conclusively
these data. In the present study, some detailed turbulence field measurements were conducted
continuously at high-frequency (64 Hz) in the tidal bore of the Garonne River in September 2010.
The turbulent velocity components were sampled with an acoustic Doppler velocimeter (ADV) with
its sampling volume located 0.8 m beneath the free-surface. The tidal bore propagation in the
Garonne River was observed on both 10 and 11 Sept. 2010. The tidal bore was undular as it passed
in front of the sampling site. The passage of the tidal bore was characterised by a pseudo-chaotic
wave motion lasting for several minutes after the bore. At the sampling location, the free-surface
elevation rose very rapidly. The tidal bore Froude number was estimated from the channel
bathymetry and tidal bore observations: it was equal to 1.30 and 1.20 on 10 and 11 Sept. 2010
respectively. The turbulent velocity data showed the marked impact of the tidal bore propagation.
The longitudinal velocity component highlighted some rapid flow deceleration during the passage
of the tidal bore, associated with a sudden rise in the free surface elevation, and a flow reversal after
the tidal bore front passage. The observations were consistent with some earlier field and laboratory
results. The tidal bore passage was further characterised by some large fluctuations of all three
turbulent velocity components. The Reynolds stress data indicated some large and rapid turbulent
stress fluctuations during the tidal bore and flood flow. The Reynolds stress magnitudes were
significantly larger than during the ebb tide, and some substantial normal and tangential stress
fluctuations were observed. The ADV backscatter intensity was calibrated in terms of the
suspended sediment concentration in laboratory using the soft mud bed material. The results
provided an unique characterisation of the turbulence and sediment flux beneath to the free-surface
during the tidal bore. The arrival of the tidal bore was characterised by a rapid reversal in
suspended sediment flux. Prior the tidal bore, the net sediment mass transfer per area was positive
downstream. After the passage of the bore, the net sediment mass transfer per unit area was
negative and its magnitude was 30 times larger than the ebb tide net flux. A striking feature of the
present field data set was the large and rapid fluctuations in turbulent velocities and suspended
sediment flux during the tidal bore and flood flow. This was not documented to date, but an
important difference between the present ADV data set from earlier reported field measurements
was that the present data were collected continuously at relatively high frequency (64 Hz) during a
relatively long period (at least 2 hours).

Keywords: Tidal bore, Garonne River, Field measurements, Turbulence, Turbulent mixing,
Suspended sediment concentration, Sediment processes, Acoustic Doppler velocimetry.
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LIST OF SYMBOLS

The following symbols are used in this report:

Fr
Fri

channel cross-section area (m?);

initial channel cross-section area (m?®) immediately prior to the tidal bore passage;
channel cross-section area (m?) immediately after to the tidal bore passage;
ADV signal amplitude (counts);

free-surface width (m);

initial free-surface width (m) immediately prior to the tidal bore passage;
backscatter intensity defined as:

BSI :10 -5 % 100.043xAmp|

water depth (m);

initial water depth (m) immediately prior to the tidal bore passage;

Froude number;

tidal bore Froude number defined as:
V.
Fr,=—2= Y

VO xd;

gravity acceleration (m/s?);

acoustic backscatter intensity;

number of data points;

dimensionless exponent;

instantaneous advective suspended sediment flux per unit area (kg/m?/s) defined as:
g, =SSCx V,

suspended sediment concentration (kg/m°);

relative density of wet sediment;

time (s);

integration period (s);

tidal bore celerity (m/s) for an observer standing on the bank, positive upstream;
flow velocity (m/s);

initial flow velocity (m/s) immediately prior to the tidal bore passage;
instantaneous longitudinal velocity component (m/s);

instantaneous transverse velocity component (m/s);

instantaneous vertical velocity component (m/s);

variable interval time-averaged velocity (m/s)
instantaneous velocity fluctuation (m/s) : v=V - V;
instantaneous fluctuation (m/s) of Vy;

instantaneous fluctuation (m/s) of Vy;

instantaneous fluctuation (m/s) of V;

longitudinal distance (m) positive downstream;

transverse distance (m) positive towards the Arcins island;



z vertical distance (m) positive upwards;

u effective viscosity (Pa.s);

p water density (kg/m®);

T shear stress (Pa);

Tc apparent yield stress (Pa);

To boundary shear stress (Pa);

(To)c critical boundary shear stress (Pa) for bed load motion;
Subscript

X longitudinal direction positive downstream;

y transverse direction positive towards the Arcins island;
z vertical direction positive upwards;

1 flow property immediately prior to the tidal bore passage;
2 flow property immediately after the tidal bore passage;

Abbreviations

ADV acoustic Doppler velocimeter;
BSI acoustic backscatter intensity;
h hour;

IGN Institut National Géographique;
min. minute;

Nb number;

SSC suspended sediment concentration;
Std standard deviation;

S second

VITA variable-interval time average.
Note

All times are expressed in local French times (GMT + 1).

Vi



GLOSSARY

Aggradation: raise in channel bed elevation caused by deposition of sediment material. Another
term is accretion.

Bed load: sediment material transported by rolling, sliding and saltation motion along the bed.

Bélanger equation: momentum equation applied across a hydraulic jump in a horizontal channel;
the equation was named after Jean-Baptiste BELANGER (1841) (CHANSON 2009).

BERNOULLI: Daniel BERNOULLI (1700-1782) was a Swiss mathematician, physicist and
botanist who developed the Bernoulli equation in his "Hydrodynamica, de viribus et motibus
fluidorum” textbook (1st draft in 1733, 1st publication in 1738, Strasbourg).

BIDONE: Giorgio BIDONE (1781-1839) was an Italian hydraulician. His experimental
investigations on the hydraulic jump were published between 1819 and 1826.

BORDA: Jean-Charles de BORDA (1733-1799) was a French mathematician and military engineer.
He achieved the rank of Capitaine de Vaisseau and participated to the U.S. War of Independence
with the French Navy. He investigated the flow through orifices and developed the Borda
mouthpiece.

BOSSUT: Abbé Charles BOSSUT (1730-1804) was a French ecclesiastic and experimental
hydraulician, author of a hydrodynamic treaty (BOSSUT 1772).

BRESSE: Jacques Antoine Charles BRESSE (1822-1883) was a French applied mathematician and
hydraulician. He was Professor at the Ecole Nationale Supérieure des Ponts et Chaussées, Paris
as the successor of J.B. BELANGER. His contribution to gradually-varied flows in open channel
hydraulics is considerable (BRESSE 1860).

BUAT: Comte Pierre Louis George du BUAT (1734-1809) was a French military engineer and
hydraulician. He was a friend of Abbé C. BOSSUT. Du BUAT is considered as the pioneer of
experimental hydraulics. His textbook (BUAT 1779) was a major contribution to flow resistance
in pipes, open channel hydraulics and sediment transport.

CARNOT: Lazare N.M. CARNOT (1753-1823) was a French military engineer, mathematician,
general and statesman who played a key-role during the French Revolution.

CAUCHY: Augustin Louis de CAUCHY (1789-1857) was a French engineer from the Corps des
Ponts-et-Chaussées. He devoted himself later to mathematics and he taught at Ecole
Polytechnique, Paris, and at the Collége de France. He worked with Pierre-Simon LAPLACE
and J. Louis LAGRANGE. In fluid mechanics, he contributed greatly to the analysis of wave
motion.

CHEZY: Antoine CHEZY (1717-1798) (or Antoine de CHEZY) was a French engineer and
member of the French Corps des Ponts-et-Chaussées. He designed canals for the water supply of
the city of Paris. In 1768 he proposed a resistance formula for open channel flows called the
Chézy equation. In 1798, he became Director of the Ecole Nationale Supérieure des Ponts et
Chaussées after teaching there for many years.
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Conjugate depth: In open channel flow, the solution of the momentum equation at a transition
between supercritical and subcritical flow gives two flow depths (upstream and downstream flow
depths). They are called conjugate or sequent depths.

CORIOLIS: Gustave Gaspard CORIOLIS (1792-1843) was a French mathematician and engineer
of the Corps des Ponts-et-Chaussées who first described the Coriolis force (i.e. effect of motion
on a rotating body).

DARCY:: Henri Philibert Gaspard DARCY (1805-1858) was a French civil engineer. He studied at
Ecole Polytechnique between 1821 and 1823, and later at the Ecole Nationale Supérieure des
Ponts et Chaussées (BROWN 2002). He performed numerous experiments of flow resistance in
pipes (DARCY 1858) and in open channels (DARCY and BAZIN 1865), and of seepage flow in
porous media (DARCY 1856a,b). He gave his name to the Darcy-Weisbach friction factor and to
the Darcy law in porous media.

DUPUIT: Arséne Jules Etienne Juvénal DUPUIT (1804-1866) was a French engineer and
economist. His expertise included road construction, economics, statics and hydraulics.

Estuary: water passage where the tide meets a river flow. An estuary may be defined as a region
where salt water is diluted with fresh water and the effects of the tides are felt.

Eteules: French for whelps.

EYTELWEIN: Johann EYTELWEIN (1764-1848) was a German mathematician and engineer.

Fawer jump: undular hydraulic jump.

FROUDE: William FROUDE (1810-1879) was a English naval architect and hydrodynamicist who
invented the dynamometer and used it for the testing of model ships in towing tanks. He was
assisted by his son Robert Edmund FROUDE who, after the death of his father, continued some
of his work, and he used REECH's law of similarity to study the resistance of model ships
(FROUDE 1872).

Froude number: The Froude number is proportional to the square root of the ratio of the inertial
forces over the weight of fluid. The Froude number is used generally for scaling free surface
flows, open channels and hydraulic structures. Although the dimensionless number was named
after William FROUDE, several French researchers used it before. BELANGER (1828),
DUPUIT (1848) and BRESSE (1860) highlighted the significance of the number to differentiate
the open channel flow regimes, and BAZIN (1865) confirmed experimentally the findings.
Ferdinand REECH introduced the dimensionless number for testing ships and propellers in 1852
(REECH 1852). The number is called the Reech-Froude number in France.

Gradually varied flow: A gradually varied flow is characterised by relatively small changes in
velocity and pressure distributions over a short distance (e.g. long waterway).

Hydraulic jump: stationary transition from a rapid, high-velocity flow to a slower fluvial flow
motion.

LAGRANGE: Joseph-Louis LAGRANGE (1736-1813) was a French mathematician (CHANSON
2007). During the 1789 Revolution, he worked on the committee to reform the metric system. He
was Professor of mathematics at the Ecole Polytechnique from the start.

Left bank: looking downstream, towards the river mouth, the left bank is on the left.
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Mascaret: French for tidal bore.

Mile: See nautical mile.

MONGE: Gaspard MONGE (1746-1818), Comte de Péluse, was a French mathematician who
invented descriptive geometry and pioneered the development of analytical geometry. He was a
prominent figure during the French Revolution, helping to establish the Systeme métrique and
the Ecole Polytechnique, and being Minister for the Navy and colonies between 1792 and 1793.

Nautical mile: a nautical mile equals 1,852 m.

PITOT: Henri PITOT (1695-1771) was a French mathematician, astronomer and hydraulician. He
was a member of the French Académie des Sciences from 1724. He invented the Pitot tube to
measure flow velocity in the Seine river, with the first presentation in 1732 at the Académie des
Sciences de Paris.

POISSON: Siméon Denis POISSON (1781-1840) was a French mathematician and scientist. He
developed the theory of elasticity, a theory of electricity and a theory of magnetism.

Pororoca: tidal bore of the Amazon river in Brazil.

Positive surge: a positive surge results from a sudden increase in flow depth. It is an abrupt wave
front. The unsteady flow conditions may be solved as a quasi-steady flow situation and a positive
surge is called a hydraulic jump in translation.

PRONY: Gaspard Clair Frangois Marie Riche de PRONY (1755-1839) was a French
mathematician and engineer. He succeeded A. CHEZY as director general of the Ecole
Nationale Supérieure des Ponts et Chaussées, Paris during the French Revolution.

Rapidly varied flow: open channel flow characterised by large changes over a short distance (e.g.
sharp-crested weir, sluice gate, hydraulic jump).

REECH: Ferdinand REECH (1805-1880) was a French naval instructor who proposed first the
Reech-Froude number in 1852 for the testing of model ships and propellers (REECH 1852).

Rapidly varied flow: A rapidly varied flow is characterised by large changes over a short distance
(e.g. luice gate, hydraulic jump, tidal bore front).

Right bank: looking downstream, towards the river mouth, the right bank is on the right.

Roller: in hydraulic engineering, a series of large-scale turbulent eddies: e.g., the roller of a
hydraulic jump.

Shock waves: in high-velocity, supercritical flows, a flow disturbance (e.g. change of direction,
contraction) induces the development of shock waves propagating at the free-surface across the
channel. Shock waves are called also lateral shock waves, oblique hydraulic jumps, Mach waves,
cross-waves, diagonal jumps.

Sequent depth: in open channel flow, another name for conjugate depth.

Stilling basin: hydraulic structure for dissipating the energy of the flow downstream of a spillway,
outlet work, chute or canal structure. In many cases, a hydraulic jump is used as the energy
dissipator within the stilling basin.

Supercritical flow: open channel flow characterised by a Froude number greater than unity.

Tidal bore: positive surge of tidal origin developing in an estuary as the tide turns to rising.



Undular hydraulic jump: stationary hydraulic jump characterised by steady free-surface undulations
downstream of the jump and by the absence of a formed roller. An undular jump flow is called a
Fawer jump in homage to Carlos FAWER's (1937) work.

Weak jump: A weak hydraulic jump is characterised by a marked roller, no free-surface undulation
and low energy loss. It is usually observed after the disappearance of undular hydraulic jump
with increasing upstream Froude numbers.

Whelps: waves behind the leading edge of the tidal bore front. For an observer standing on the
bank, the whelps are the wave trains (incl. secondary waves) seen after the surge front passage.

TIDAL BORE VOCABULARY

Language Positive surge of  Local bore names Undular waves  Chaotic wave
tidal origin motion
English tidal bore undulations
whelps
French mascaret barre ou flot éteules éteules
(Seine) ressac
montant (Garonne)
Portuguese pororoca pororoca
(Brazil) (Amazon, Guama,
Araguari ...)
Spanish burro (Colorado)
Gallic aegir (or eagre)
Malay benak
Papua ibua ibua
Bengali ban
(Bangladesh)
India bahu
Language Low freshwater Spring tides Neap tides Tidal range
inflow conditions
English spring tides neap tides tidal range
French étiage grandes marées mortes eaux marnage
Language Dam break wave
English dam break wave
French onde de rupture de
barrage
German Dammbruchwellen



1. INTRODUCTION

1.1 PRESENTATION

A tidal bore is a series of waves propagating upstream as the tidal flow turns to rising. It forms
during spring tide conditions when the tidal range exceeds 4 to 6 m and the flood tide is confined to
a narrow funnelled estuary. With time, the leading edge of the flood tidal wave becomes steeper and
steeper until it forms a wall of water: i.e., the tidal bore. After the formation of the bore, there is an
abrupt rise in water depth at the bore front that is discontinuity in the water depth, and pressure and
velocity fields. Figure 1-1 shows the tidal bore of the Qiantang River in China, of the Dordogne
River in France and of the Sélune River in the Baie du Mont Saint Michel in France.

A tidal bore induces a strong turbulent mixing in the estuarine zone, and the effects may be felt
along considerable distances. For example, the Hooghly bore (India) may propagate more than 80
km flowing past the port of Calcutta. All the observations suggest that the tidal bores have a
significant effect on the natural waterways and their ecology. The arrival of the tidal bore is
associated with some intense mixing and upstream advection of the suspended material
(BRANNER 1884, TESSIER and TERWINDT 1990, WOLANSKI et al. 2001,2004). The
evidences of turbulent mixing induced by tidal bores are challenging (KJERFVE and FERREIRA
1993, TULL 1997, CHEN 2003). The tidal bore affected estuaries are the natural habitats of several
fish species and aquatic life forms (RULIFSON and TULL 1999, CHANSON and TAN 2010).
These estuaries are the natural habitat, the feeding zone and breeding grounds of several forms of
wildlife. In Sumatra, for example, the Rokan River estuary is renowned for its abundance of fish,
the organic matter being continually brought by the river while the turbulent mixing and aeration
induced by the tidal bore contribute to the growth of many species of finfish and shrimps
(BUTCHER 2004). A tidal bore is also an integral part of the cultural heritage in many regions: the
Qiantang River bore in China, the Severn River bore in UK, the Dordogne River in France for
example.

To date, the field observations of tidal bores are very limited (Table 1-1). Table 1-1 lists a few field
experiments. Most studies were conducted with a very-coarse resolution in terms of temporal and
spatial scales, and it is challenging to analyse conclusively the data. The data sets cannot give a

complete description of the whole flow field, and more detailed informations are needed.



(A) Tidal bore of the Qiantang River (China) on 23 July 2009 (Courtesy Jean-Pierre GIRARDOT) -
The bore front advances from top left to bottom right

(B) Tidal bore of the Dordogne River at Port de Saint Pardon (France) on 11 Sept. 2010 at 07:11

(sunrise) - Bore propagation from left to right



(C) Breaking tidal bore of the Sélune River downstream of Pointe du Grouin du Sud on 24 Sept.
2010 at 19:29 - Bore propagation from right to left at sunset - Note the Mont Saint Michel in the
background left and an old WWII German truck in the foreground right

Fig. 1-1 - Photographs of tidal bores

1.2 TIDAL BORES IN FRANCE

A number of French rivers and estuaries are affected by a tidal bore process (Fig. 1-2A). A famous
tidal bore was the mascaret of the Seine River (MALANDAIN 1988). It had had a sinister
reputation because its height could reach up to 7.3 m and the bore front travelled at a celerity of
about up to 10 m/s (BAZIN 1865, TRICKER 1965). In the Baie du Mont Saint Michel, several tidal
bore processes are experienced in rivers and creeks (TESSIER and TERWINDT 1994, CHANSON
2004,2008) (Fig. 1-1C). There, the largest bores are those of the Couesnon, Sélune and Sée Rivers,
although the Couesnon River bore is now affected by major works (*) in 2007-2011 with the
destruction of part of the digue and of the barrage, and the completion of a new flushing system in
2009. In Brittany (Bretagne), smaller tidal bores are observed in the Baie de la Frénaye, in the Baie
de I'Arguenon and at Saint Briac sur Mer (CHANSON 2008). In the South-West of France, some
large tidal bores are observed in the Gironde estuary, and the Dordogne and Garonne Rivers. In the
Gironde Estuary, a tidal bore develops during spring tides and continues upstream into the
Dordogne and Garonne Rivers. Surfers and kayakers regularly ride the Dordogne and Garonne
River tidal bores (Fig. 1-1B), and this has been the topic of several television documentaries.

! Travaux de Rétablissement du Caractére Maritime du Mont-Saint-Michel (LEFEUVRE and BOUCHARD
2002).



Table 1-1 - Field observations of tidal bores

Reference Initial flow Instrument Channel geometry Remarks
V1 dl
m/s m
@ @ 0 4) (©) ©)
LEWIS (1972) Oto 09to Hydro-Productstype  Dee River (UK) near Field experiments
+0.2 14 451 current meter Saltney Ferry between March and
footbridge. September 1972.

Trapezoidal channel

KJERFVE and
FERREIRA (1993)

Interocean S4 electro-
magnetic current
meters (sampling: 1-2
Hz)

Rio Mearim (UK)

Field experiments on
19-22 Aug. 1990 & 28
Jan.-2 Feb. 1991.

NAVARRE (1995)

0.65t0 1.12to

Meerestechnik-

Dordogne River

Field experiments on

0.7 1.15 Electronik GmbH (France) at Portde 25 & 26 April 1990.
model SM11J acoustic  Saint Pardon. Width ~
current meter 290 m
(sampling 10Hz)
WOLANSKI et al. -- 0.45  Analite nephelometer  Ord River (East Arm) Field experiments in
(2001) (Australia). Width ~  August 1999.
380 m
CHEN (2003) -- -- -- North Branch of the  Experiments in April
Changjiang River ~ 2001.
Estuary (China)
SIMPSON et al. 0.1 ~0.8 ADCP (1.2 0 MHz) Dee River (UK) near Field experiments in
(2004) (sampling rate:1 Hz)  Saltney Ferry Bridge. May and September
Trapezoidal channel  2002.
(base width ~ 60 m)
WOLANSKI et al. 0.15 15to4  Nortek Aquadopp  Daly River (Australia). Field experiments in
(2004) ADCP (sampling Width ~ 140 m July and September
rate:2 Hz) 2002, and on 2 July
2003.
Present study ADV Nortek Vector (6 Arcins channel, Both studies were
MHz) (sampling: 64 Garonne River conducted at the same
Hz) (France) location.
Width ~ 76 m
0.33 1.40 10 Sept. 2010.
0.30 1.43 11 Sept. 2010.

Notes: d: initial water depth; V;: initial flow velocity; (--): information not available.



Seine River
Baie du Mont mouth

Saint Michel VJ) \

] 7
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(A) Map of France and tidal-bore affected estuaries

Pont F. Mitterrand Arcins
Bordeaux
Begles —f 2
Baurech
Ile de la Lande - Langoiran
Port de
Portet
Pont de Podensac
Port de
Podensac Béguey
Cadillac

(B) Aerial photograph of the Garonne River between Bordeaux and Cadillac (Google Earth™ on 29

Sept. 2008) - At the bottom right, the scale corresponds to 9.28 km
Fig. 1-2 - Map of France and aerial photograph of the Garonne River estuarine zone

The Gironde estuary flows northwest between Bec d'’Ambeés at the confluence of the Garonne and

Dordogne Rivers, and the Pointe de Grave for about 72 km. It is navigable for oceangoing vessels

up to Bordeaux, despite sandbanks and strong tides. Its funnel shape and bathymetry amplifies the

5



tidal range. For example, when the tidal range is 5.25 m at Pointe de Grave, at the mouth of
Gironde, the tidal range at Bordeaux is 6.59 m (?). The Garonne River is 575 km long excluding the
Gironde Estuary and is affected by the tides from the confluence with the Dordogne River at Bec
d'’Ambés up to Castets. Its catchment area is 56,000 km? with its spring in the Spanish central
Pyrenees. The tidal bore of the Garonne River occurs typically between Pont F. Mitterand in
Bordeaux and upstream of Cadillac (Fig. 1-2B). A number of visual observations highlighted the
rapid evolution of the tidal bore shape and appearance in response to the estuarine bathymetry
(CHANSON 2008). In regions of deeper water, the bore may disappear, while it may strengthen in
regions of shallow waters and sand banks.

1.3 STRUCTURE OF THE REPORT

In the present study, some detailed turbulence field measurements were conducted continuously at
high-frequency (64 Hz) prior to, during and after the tidal bore of the Garonne River in September
2010. An acoustic Doppler velocimeter (ADV) was fixed on a large, heavy pontoon and the
instrument sampled the turbulent velocity components about 0.8 m beneath the free-surface. The
ADV backscatter intensity was calibrated in terms of the suspended sediment concentration in
laboratory using the soft mud bed material. The results provided an unique characterisation of the
turbulence and sediment flux close to the free-surface during a tidal bore event. The field
investigation and instrumentation are described in section 2. The main results are presented in
sections 3 to 5, and summarised in section 6. Appendix A lists the field work participants. Appendix
B shows a number of photographs of the field study. Appendices C and D present respectively the
ADV system configurations and the experimental calibration of the ADV system in terms of
suspended sediment concentration. Appendix E shows the Reynolds stress tensor results and
Appendix F gives a complete derivation of the continuity and momentum principles applied to a

tidal bore in an irregular channel.

2 Predicted tidal ranges on 10 Sept. 2010.



2. FIELD INVESTIGATION AND INSTRUMENTATION

2.1 FIELD INVESTIGATION AND SAMPLING SITE

The field study was conducted in the Garonne River (France) in the Bras d'Arcins (Arcins channel)
between Tle d'Arcins (Arcins island) and the right bank close to Lastrene. The location (44°47'58"N,
0°31'07"W) is seen in Figure 1-2B (Top left). The Arcins channel is about 1.8 km long, 70 m wide
and about 1.1 to 2.5 m deep at low tide (Fig. 2-1). Figure 2-1 shows some photographs of the
channel and further photographs are presented in Appendix B. Figure 2-2 presents a cross-sectional
survey conducted on 10 Sept. 2010 where z is the vertical elevation. In Figure 2-2, the details of the
ADV sampling volume location are presented.

Although the tides are semi-diurnal, the tidal cycles have slightly different periods and amplitudes
indicating some diurnal inequality (Fig. 2-3). Figure 2-3 presents the water elevation observations at
Bordeaux that are compared with the water elevations recorded on-site prior to and shortly after the
passage of the tidal bore on 10 and 11 Sept. 2010. The water elevations are presented in m NGF
IGN69 ().

The field measurements were conducted under spring tidal conditions on 10 and 11 September
2010. The tidal range data are summarised in Table 2-1 (column 2). During the study, the water
elevations and some continuous high-frequency turbulence data were recorded prior to, during and
after the passage of the tidal bore for a few hours each day. The start and end times are listed in
Table 2-1 (columns 6 & 8) for each study.

(A) View from Arcins Island at low tide on 7 Sept. 2010 before the tidal bore between 14:34 and

15:33 - The ADV was on the extreme left of the right bank pontoon seen in the background

® The NGF IGN69 Datum is 1.84 m above the datum of the Bordeaux tidal gauge.
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(B) Looking downstream at the tidal bore on 7 Sept. 2010 at 15:45

(C) Looking downstream at the tidal bore on 7 Sept. 2010 at 15:47

Fig. 2-1 - Bras d'Arcins (Arcins channel)
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Fig. 2-3 - Measured water elevations at Bordeaux (44°52'N, 0°33'W) (Data: Vigicrue, Ministére de
I'Environnement et du Développement Durable) and observations in the Arcins channel on 10 and
11 Sept. 2010

Table 2-1 - Tidal bore field measurements in the Arcins channel (Garonne River, France)

Date Tidal | ADV |Sampling|Sampling| Start | Tidal | End Sampling volume
range | system rate duration | time | bore | time
(m) (H2) time
@ 2 (©) 4) (©) ©® | @ | ® ©)
10/10/2010| 6.03 | Nortek 64 2h 45 |17:15|18:17 | 20:00 | About 7 m from right bank
Vector min waterline (at low tide), 0.81
(6MH2z) m below water surface.
11/09/2010| 5.89 | Nortek 64 2h 20 |18:00|18:59 |20:10 | About 7 m from right bank
Vector min waterline (at low tide), 0.81
(6MHZz) m below water surface.

Notes: Tidal range: measured at Bordeaux; All times are in French local times (GMT+1).

2.2 INSTRUMENTATION

The free surface elevations were measured manually using a survey staff. During the passage of the
tidal bore, a video camera recorded the water level and the data were collected frame by frame at 25
fps. The survey staff was mounted 1 m beside the ADV unit towards the right bank, to minimise
any interference with the ADV sampling volume.

During the investigations, the turbulent velocities were measured with a Nortek™ Vector ADV (6

MHz, serial number VEC3332). The ADV system was equipped with a 3D downlooking head
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(Head ID VECA4665) and the unit was self-logging. The system was fixed at the downstream end of
a 23.55 m long heavy, sturdy pontoon. It was mounted vertically and the positive direction head
was pointing downstream. Figure 2-2 shows the location of the ADV sampling volume in the
surveyed cross-section. The probe was located between the hulls of the pontoon and the sampling
volume was about 0.8 m below the free-surface (Table 2-1, column 9 & Fig. 2-2B). Further details
on the ADV settings are reported in Appendix C. All the ADV data underwent a thorough post-
processing procedure to eliminate any erroneous or corrupted data from the data sets to be analysed.
The post processing was conducted with the software WinADV™ version 2.026, and it included the
removal of communication errors, the removal of average signal to noise ratio data less than 15 dB
and the removal of average correlation values less than 60% (McLELLAND and NICHOLAS
2000). In addition, the phase-space thresholding technique developed by GORING and NIKORA
(2002) was applied to remove spurious points.

Further observations were recorded with a digital camera Pentax'™ K-7, a digital video camera
Canon™ MV500i, a digital video camera JVC™ GR-D225E and a HD digital video camera
Canon™ HF10E.

2.3 CHARACTERISATION OF THE BED MATERIAL

Some Garonne River bed material was collected at low tide on 11 September 2010 next to the
pontoon on the right bank at Arcins. The soil sample consisted of fine mud and silt materials
collected on the stream bed just above the low water mark (%), although the granulometry was not
tested. A series of laboratory tests were conducted to characterise the bed material: some rheometry
and acoustic backscatter experiments.

The rheological properties of mud samples were tested with a Rheometer TA-ARG2 (Serial
5L.2980) equipped with a plane-cone setup (& = 60 mm, cone angle: 20.005°). The gap truncation
was 52 um (°). The tests were performed under controlled strain rate for relatively short durations at
constant temperature (20 Celsius). Between the sample collection and the tests, the mud was left to
consolidate for 3 days. Prior to each rheological test, a small mud sample was placed carefully
between the plate and cone (Fig. 2-4). The specimen was then subjected to a controlled strain rate
loading and unloading between 0.01 s and 1,000 s* with steady state flow steps. Figure 2-4
presents some photographs of the tests.

*The mud sample was soft and could be considered somehow as a form of mud cream (créme de vase).

>The gap was selected to be at least 10 times the mean particle size.
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Fig. 2-4 - Photographs of the rheometry tests - From Top left, clockwise: mud sample on the plate
prior to test, controlled strain rate test (loading), mud pattern on the plane at end of test, mud pattern

on the lifted cone at end of test

The calibration of the ADV was accomplished by measuring the signal amplitude of known,
artificially produced concentrations of material obtained from the bed material sample, diluted in
tap water and thoroughly mixed. All the experiments were conducted within a couple of days from
the sample collection. The laboratory experiments were conducted with the same Nortek™ Vector
ADV (6 MHz, serial number VEC3332) system using the same settings as for the field observations
on 10 and 11 Sept. 2010 (App. C).

For each test, a known mass of sediment was introduced in a water tank which was continuously
stirred with two propeller mixers (Fig. 2-5). The propeller blades were located at 85 and 60 mm
above the tank bottom while the ADV sampling volume was 57 mm above the bottom. In addition
the tank was stirred manually during the most turbid water tests to check and prevent any sediment
deposition on the tank bottom. The mass of wet sediment was measured with a Mettler™ Type
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PM200 (Serial 86.1.06.627.9.2) balance, and the error was less than 0.01 g. The mass concentration
was deduced from the measured mass of wet sediment and the measured water tank volume. During

the tests, the suspended sediment concentrations ranged from less than 0.02 g/l to 74 g/l.

(A) SSC = 0 g/l (no added sediment) - The ADV system is in the middle with two water mixers on

each side behind

(B, Left) SSC =18.09 g/l
(C, Right) SSC =60.8 g/l
Fig. 2-5 - Photographs of the laboratory experiments

The acoustic backscatter amplitude measurements were conducted with the ADV (6 MHz) system
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using the same configuration employed in the field (pulse length, scan rate, velocity range) (°) (App.
C). The ADV signal outputs were scanned at 64 Hz for 3 minutes for each test. The average
amplitude measurements represented the average signal strength of the three ADV receivers. They
were measured in counts (). The backscatter intensity was deduced from the average amplitude as:
BS| =105 x 100043xAmpl (2-1)

where the backscatter intensity BSI is dimensionless and the average amplitude Ampl is in counts.
The coefficient 10 is a value introduced to avoid large values of backscatter intensity (NIKORA
and GORING 2002, CHANSON et al. 2008). Note that the ADV data were post-processed with the
removal of average signal to noise ratio data less than 15 dB, average correlation values less than

60%, and communication errors. No further processing was performed.

2.4 REMARKS

2.4.1 ADV synchronisation
The water elevation measurements and ADV data were synchronised within a second. All cameras

and digital video cameras were also synchronised together with the same reference time within a

second.

2.4.2 Data accuracy

The accuracy on the ADV velocity measurements was 1% of the velocity range (+ 2 m/s) (Nortek
2005). The accuracy of the water elevation was 0.5 cm prior to the tidal bore and 1-2 cm during the
tidal bore passage.

The mass of wet sediment was measured with an accuracy of less than 0.01 g, and the SSC was

estimated with an accuracy of less than 0.00025 g/I.

2.4.3 ADV settings and problem

The ADV settings are documented in Appendix C. The main difference between the two

configurations was the control volume size: 3.5 mm on 10 Sept. 2010 and 6.6 mm on 11 Sept. 2010.
The present experience showed that the original ADV settings on 10 Sept. 2010 yielded some very
noisy and spiky velocity data, although the signal amplitude, SNR and backscatter data appeared to

®The tank was strongly agitated by two mixers. Typically the standard deviations of the velocity components
were vy =~ 0.25-1.0 m/s, vy’ = 0.25-1.0 m/s, and v,' = 0.10-0.24 m/s depending upon the experimental
conditions.

’One count equals 0.45 dB (Nortek 2005).
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be correct. A spectral analysis of all velocity components indicated some unacceptable noise for
frequencies larger than 0.02 to 0.1 Hz. While the exact cause of the problem remains unknown, it is
thought that the ADV system on 10 Sept. 2010 was overloaded with the small control volume (App.
C).

As a result, a slightly different set-up was selected on 11 Sept. 2010 with a 6.6 mm control volume
size. The change yielded good quality data sets including for the turbulent velocity. In the section 4,
only the velocity data set collected on 11 Sept. 2010 will be discussed. Some comparison between

the signal outputs on 10 and 11 Sept. 2010 is presented in Appendix C.
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3. GENERAL OBSERVATIONS

3.1 PRESENTATION

The tidal bore propagation in the Arcins channel was observed on both 10 and 11 Sept. 2010, and
some similar patterns were seen. The tidal bore formed first at the downstream end of the channel
about 4 min 45 s before it reached the sampling location (Fig. 3-1A & 3-2A). The tidal bore
expanded rapidly across the entire channel width as a breaking bore (Fig. 3-1B & 3-2B). As the
bore propagated upstream, its shape evolved in response to the local bathymmetry. About 200 m
downstream of the sampling point, the bore became undular and its front was flatter (Fig. 3-1C & 3-
2C). The tidal bore was undular as it passed in front of the sampling location, and the bore front is
well marked by the surfer(s) riding ahead of the first wave crest in Figures 3-1D and 3-2D. Some
basic tidal bore characteristics are summarised in Table 3-1. The bore continued to propagate up to
the upstream end of the channel for another 4 minutes. Upstream of the sampling location, the tidal
bore was undular (Fig. 3-1E & 3-2E).

The passage of the tidal bore was characterised by a pseudo-chaotic wave motion lasting for several
minutes after the bore. At the sampling location, the free-surface elevation rose very rapidly by 0.50
m and 0.41 m in the first 5 seconds on 10 and 11 Sept. 2010 respectively. For the next 35 minutes,
the water elevation rose further by 1.69 m and 1.59 m on 10 and 11 Sept. 2010 respectively. More
details on the water elevation data are described in the next paragraphs.

Figures 3-1 and 3-2 present some photographs of the tidal bore propagation for each field study.
Figures 3-1A to 3-1E, and 3-1A to 3-2E, show the tidal bore propagation in the channel. Figure 3-
1F illustrates the Arcins channel about 105 minutes after the passage of the tidal bore.

(A) Tidal bore formation at the channel downstream end at 18:13:00
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(B) Breaking tidal bore at 18:15:14

(C) Undular tidal bore downstream of the sampling location at 18:17:18- Frédéric DANEY surfed
close to the Arcins island

(D) Undular tidal bore shortly after passing the ADV sampling location (Bottom right) at 18:17:42 -
Pierre LUBIN held the survey staff used to record the water depth (bottom right corner)
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(E) Undular tidal bore propagating upstream at 18:18:01 - The upstream end of the channel is seen
in the background (Top left)

(F) Looking downstream at 19:58
Fig. 3-1 - Field study in Bras d'Arcins (Arcins channel) on 10 Sept. 2010
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(A) Tidal bore formation at the channel downstream end at 18:54:42 - Note the Airbus Industry

barge in the background starting its journey upstream to Langon behind the tidal bore

(B) Breaking tidal bore at 18:57:53

(D) Undular tidal bore shortly before passing the ADV sampling location (Bottom right) at
18:59:29
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(E) Undular tidal bore propagating upstream at 19:00:10
Fig. 3-2 - Field study in Bras d'Arcins (Arcins channel) on 11 Sept. 2010

3.2 TIDAL BORE PROPERTIES

3.2.1 Tidal bore celerity and Froude number

A tidal bore is a hydrodynamic shock. The front is characterised by a sudden rise in free-surface
elevation and a discontinuity of the pressure and velocity fields. In a tidal bore, the flow properties
immediately before and after the bore front must satisfy the equations of conservation of mass and
momentum (HENDERSON 1966, LIGGETT 1994, CHANSON 2004). In the system of reference
in translation with the bore front, the integral form of the equations of conservation of mass and
momentum gives a series of relationships between the flow properties in front of and behind the
bore:

(Vi +U)xA; =(V, +U)xA, (3-1)

px (Vy +U)x Ay x (By x (Vy +U) =B, x (V, +U)) = [[PxdA - [[PxdA (3-2)

where p is the water density, g is the gravity acceleration, U is the bore celerity for an observer
standing on the bank, positive upstream, V is the cross-sectional averaged velocity positive
downstream towards the river mouth, A is the flow cross-section, § is a momentum correction
coefficient, P is the pressure, the subscript 1 refers to the initial flow conditions and the subscript 2
refers to the flow conditions immediately after the passage of the front. Equation (3-2) is based the
assumptions of a quasi-horizontal channel bed and negligible friction losses, and the water density
is assumed constant. In the right handside, the first term is the pressure force acting on the flow
cross-section behind to the tidal bore, while the second term is the pressure force acting in front of
the tidal bore.

The difference in pressure forces may be derived assuming a hydrostatic pressure distribution in

front of and behind the tidal bore front. Neglecting the effect of the velocity correction coefficient
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(i.e. B = 1), the solution of the momentum principle is:

( Js /xFrl (2-8)

A, 1
A, 2 (3-3)
B
where B; is the initial free-surface width, and the characteristic width B and B' are defined as:

A, —A

B= 2 1 _
d,—d, (3-4)
AZ
[[(d; —y)xdA

B=2 (3-5)

1
Ex(dz _d1)2

with d; and d; the initial and new flow depths respectively in front of and immediately behind the
bore front, and y is the distance normal to the bed (Fig. 3-3) (App. F). The tidal bore Froude number
Fry is defined as:

V,+U
Fr, = —— Irregular channel (3-6a)

Al
gx —
Bl
where A; is the initial flow cross-section and B; is the initial free-surface width (Fig. 3-3). The ratio

A4/B; represents an equivalent cross-sectional averaged water depth.

B
U
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A T —
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d 2
d;
Vo
Vi, —r
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Fig.3-3 - Definition sketch of a tidal bore propagation in an irregular channel

For a rectangular horizontal channel, assuming some hydrostatic pressure distributions, Equations
(3-1) and (3-2) yield the classical Bélanger equation:
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.%%:%X(J1+8xFq2—1j (3-7)
1

that is a simplification of Equation (3-3). The tidal bore Froude number defined in the system of co-
ordinates in translation with the bore front is simply:

Fr, otV Rectangular channel (3-6b)
1= ectangular channe -
VO xd;

In a tidal bore, the Froude number Fry is always greater than unity. For Fr; < 1, the tidal wave
cannot become a tidal bore. For 1 < Fr; < 1.5 to 1.8, the tidal bore is undular, and a breaking bore is
observed for Fr; > 1.5 to 1.8. For an observer travelling with the flow upstream of the tidal front at a
downstream velocity Vi, the celerity of the bore relative to the upstream flow may be derived from
some continuity and momentum considerations (App. F) (*):

1 gxA B' B'
U+V1:\/Exrxéx((z—EjXA]_‘i‘ExAzj (3'8)

Since A; > Ay, the relative bore celerity satisfies: U+V; > /g x A, /B, . For a small wave (i.e. A; =

A + 3A), the relative celerity (U+V,) tends to the celerity of a small disturbance /g xA; /B, inan

irregular channel.

Table 3-1 - Tidal bore properties in the Arcins channel (Garonne River, France) at the sampling

location during the field experiments

Date Tidal V; U d; A B, | Ai/B; Fr; Remarks
range | channel | channel | next to Eqg. (3-6b)
CL CL ADV
(m) | (mis) | (mis) | (m) | (m’) | (m) | (m)
@ (2 3 @) O] (6) ) 8 ©) (10)
10/10/2010| 6.03 | +0.33 45 1.77 106 | 75.4 | 1.40 1.30 Undular bore.
11/09/2010| 5.89 | +0.30 4.2 1.81 109 | 75.8 | 1.43 1.20 |Undular bore.

Notes: Tidal range: measured at Bordeaux; A;: channel cross-section area immediately prior to the
bore passage; B;: free-surface width immediately prior to the bore passage; d;: water depth next to
ADV immediately prior to the bore passage; Fry: tidal bore Froude number (Eqg. (3-6b)); U: tidal

bore celerity positive upstream on the channel centreline; Vi: downstream surface velocity on the

! For a rectangular channel, A,/B; = d; and Equation (3-8) becomes:

U+V, =,0gxd, x l><d—2>< 1+d—2
2 d d,
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channel centreline immediately prior to the bore passage.

During the present field experiments, the tidal bore was undular at the sampling location, and the
tidal Froude number was estimated from the surveyed channel cross-section, water level
observations and tidal bore celerity observations (Table 3-1). Equation (3-6a) yields Fr; = 1.30 and
1.20 for the field observations on 10 and 11 Sept. 2010 respectively.

Similarly the momentum considerations predict a bore celerity U (Eg. (3-8)) equals to 4.3 m/s on

both 10 and 11 Sept. 2010 respectively, that is close to the field observations (Table 3-1, column 4).

3.2.2 Free-surface properties

The water depth was recorded using a survey staff placed about 1 m beside the ADV towards the
right bank. The staff is visible in Figure 3-1D (bottom right). The data were recorded visually, using
a video camera (25 fps) during the bore passage. Figure 3-4 presents the recorded water depth just
beside the ADV for both field measurements. Figures 3-4A and 3-4B show the entire records and
the horizontal axis corresponds to 10,000 s (2 h 47 min). Figures 3-4C and 3-4D highlight the 60 s
period around the tidal bore front passage.

The water depth data showed consistently the same trends, qualitatively and quantitatively, for both
field experiments. The water depth decreased slowly during the end of the ebb tide prior to the tidal
bore arrival. The passage of the bore was associated with a very rapid rise of the water elevation
(Fig. 3-4C & 3-4D) and some pseudo-chaotic wave motion shortly after. A frequency analysis
showed no dominant wave frequency, but a superposition of a range of wave periods.

During the following flood flow, the water depth increased rapidly with time: i.e., nearly 3 m in 90

minutes.

23



Water depth (m)

0 |

62000 64000 66000 68000 70000 72000
Time (s) since 00:00 on 10 Sept. 2010

(A) On 10 Sept. 2010

65000 67000 69000

Water depth (m)
w
T

0

71000 73000

75000

Time (s) since 00:00 on 11 Sept. 2010

(B) On 11 Sept. 2010

2.5 T T T 1
241

231 T BT B

N
(V)
1

[N
|

Water depth (m)
N
-
T

191

18

] I I I I I
65780 65790 65800 65810 65820 65830

Time (s) since 00:00 on 10 Sept. 2010

(C) On 10 Sept. 2010

65840

Water depth (m)

25 ,
24

23

s
e

221

211

191

Oo0er
GO0y
P OBOCO e B0 EE ey
@Eﬂnmnang

o

18F -

=)

1.7

68295 68305 68315 68325 68335

68345 68355

Time (s) since 00:00 on 11 Sept. 2010

(D) On 11 Sept. 2010

Fig. 3-4 - Time variations of the water depth during the field experiments - Survey staff records

24



4. TURBULENCE CHARACTERISTICS

4.1 TURBULENT VELOCITY FIELD

On 11 Sept. 2010, the turbulent velocity data showed the marked impact of the tidal bore
propagation (Fig. 4-1). Figure 4-1 presents the time-variations of the three velocity components,
where the longitudinal velocity component Vy is positive downstream (towards Bordeaux), the
transverse velocity component Vy is positive towards the Arcins island, and the vertical velocity
component V; is positive upwards. The time-variations of the water depth at the survey staff are
shown together with the ADV sampling volume depth. The latter was deduced from the ADV
pressure sensor assuming a hydrostatic pressure distribution. Some free-surface velocity
observations are also included (Fig. 4-1A): these were recorded with stop watches using floating
debris on the channel centreline and close to the right bank between the pontoon and the right bank.
The turbulent velocity data showed the marked effect of the passage of the bore front at t = 68,302 s
(Fig. 4-1). The longitudinal velocity component highlighted some rapid flow deceleration during the
passage of the bore front. As the bore front reached the sampling volume (t = 68,302 s), a sudden
rise in the free surface elevation took place associated with a sharp decrease in longitudinal velocity
component and a flow reversal (Fig. 4-1). The observations were consistent with the earlier results
of WOLANSKI et al. (2004) and SIMPSON et al. (2004) in the field, and HORNUNG et al. (1995),
KOCH and CHANSON (2009) and CHANSON (2010) in laboratory. The tidal bore passage was
further characterised by some large fluctuations of all three turbulent velocity components.

The longitudinal flow component changed from +0.3 m/s (oriented downriver) to -1 m/s (oriented
upriver) immediately after the passage of the bore, with turbulent fluctuations between 0 to -2 m/s
(Fig. 4-1A). The large velocity fluctuations lasted for the entire sampling duration. The longitudinal
velocity results were consistent with the free-surface observations before and after the tidal bore
passage, although the surface current was stronger on the channel centreline than close to the right
bank. At times, the authors noted some recirculation patterns next the waterline mark on the right
bank, where the surface velocity flowed at time downstream against the main flood flow direction.
After the passage of the bore, the transverse velocity data fluctuated between +0.6 and -1.1 m/s, and
the time-averaged transverse velocity component was -0.28 m/s (Fig. 4-1B). The finding implied
some net transverse circulation towards the right bank next to the free-surface. This flow pattern
was linked possibly with the irregular channel cross-section and the existence of some secondary
flow motion.

The vertical velocity data highlighted a marked effect of the tidal bore. After the bore passage, the
vertical velocity fluctuated between +0.1 and -0.8 m/s, with a time-averaged value of about -0.28
m/s (Fig. 4-1C).
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Note that the ADV sampling volume depth ranged from 0.7 to 0.9 m for the entire study duration
(Fig. 4-1B). The velocity data characterised therefore the turbulence in the upper water column.
Further the ADV was fixed to a pontoon. Although heavy and sturdy, the vertical motion of the

pontoon cannot be ignored.
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Figure 4-2 presents further the dimensionless water depth and turbulent velocity components during
the passage of tidal bore front. The data are dimensionalised in terms of the initial cross-sectional
averaged depth A;/B; (Table 3-1). The arrival of the bore was characterised with a gentle rise of the
water elevation associated with a flow deceleration, the entire process lasting about 2-3 s. The sharp
rise in water elevation was linked with large and rapid fluctuations of all three velocity components.
These large and rapid fluctuations lasted several minutes after the bore passage.

Note that the vertical velocity data presented some quasi-periodic fluctuations with periods of about
1.2 s (Fig. 4-2B, right) starting about 400 s after the bore passage. These were believed to be linked

with some free-surface waves, with a similar period, that were visually seen.

Discussion

The ADV sampling volume was located relatively close to the bank, and the flow patterns at this
position might have been affected by the channel bank at low tide. This could be consistent with the
comparison between the ADV data and surface velocity observations seen in Figure 4-1A. Some
future studies may include several ADV systems located at different transverse locations.

A comparison between Figure 4-1C and Figures 4-1A and 4-1B indicates that the vertical velocity
component V, exhibited less fluctuation than the V, and V, velocity components. The reason
remained unknown although a later field work experience suggested that this velocity component

was less "noisy" than the other two.
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4.2 TURBULENT SHEAR STRESSES

The turbulent Reynolds stresses characterise a transport effect resulting from turbulent motion
induced by velocity fluctuations with its subsequent increase of momentum exchange and of mixing
(BRADSHAW 1971, PIQUET 1999). A Reynolds stress is proportional to the product of two

velocity fluctuations, where the turbulent velocity fluctuation is the deviation of the instantaneous

velocity from an "average" velocity component V.Inan unsteady flow, V is the low-pass filtered
velocity component, also called the variable interval time average VITA (PIQUET 1999). A VITA
method was applied to the field data using a cut-off frequency derived upon a sensitivity analysis
conducted between an upper limit of the filtered signal (herein 32 Hz, the Nyquist frequency) and a
lower limit corresponding to a period of about 1-2 s of some residual undulations. The results
yielded an optimum threshold of F.wir = 1 Hz, and the filtering was applied to all velocity
components. Note that KOCH and CHANSON (2008) and DOCHERTY and CHANSON (2010)
selected similarly a cutoff period 1/Fqwof that was between the undulation period and half the
undulation period, as in the present study.

The filtering was applied to all velocity components, and the turbulent Reynolds stresses were
calculated from the high-pass filtered signals. Figure 4-3 presents some results in terms of normal
and tangential Reynolds stresses, and the full data set is presented in Appendix E. The present data
showed large and rapid turbulent Reynolds stress fluctuations below the tidal bore front and flood
flow (Figure 4-3). The Reynolds stress levels were significantly larger than during the ebb tide, with
normal stress magnitudes up to 400 Pa and tangential stress magnitudes up to 250 Pa. These values
were significantly larger than previous laboratory data (KOCH and CHANSON 2009, CHANSON

2010). Furthermore some substantial normal and tangential stress fluctuations were observed.
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Fig. 4-2 - Dimensionless water depth and turbulent velocity components during the tidal bore

passage on 11 Sept. 2010 - Post-processed ADV data, sampling rate: 64 Hz

Discussion

The present field measurements demonstrated the intense turbulent mixing beneath the tidal bore.
Some large magnitude and rapid fluctuations of turbulent Reynolds stresses were observed. For a
non-cohesive sediment material, the Shields diagram gives a critical shear stress for sediment bed
load motion about: (t,)c = 0.1 to 6 Pa for quartz particles with sizes between 0.1 and 10 mm (GRAF
1971, JULIEN 1995). Herein the instantaneous turbulent shear stress magnitudes ranged up to more
than 400 Pa. The Reynolds stress levels were two to three orders of magnitude larger than the
critical threshold for sediment motion and transport.

This comparison is limited however. First the bed material was cohesive (section 5) and had a
thixotropic behaviour. Second, in a tidal bore, the large scale vortices play an important role in
terms of sediment material pickup and upward advection (CHANSON 2001,2008). This type of
sediment motion occurs by convection since the turbulent mixing length is much larger than the
sediment distribution length scale. The validity of the Shields diagram and of the critical shear
stress estimate is debatable.

Despite some differences in geometry and flow conditions, a comparison between field and
laboratory data for comparable Froude number is pertinent. For an undistorted Froude similitude,
the shear stress scaling ratio equals the geometric scaling ratio (LIGGETT 1994, CHANSON 2004).
The geometric scaling ratio between the present field study and the experiments of KOCH and

CHANSON (2009) was 17.5:1. The present shear stress magnitudes were typically 100 to 200 times
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larger than the laboratory data, suggesting some limitations of the Froude similarity, although no

systematic study was conducted to date to assess the scale effects affecting the turbulent mixing in

tidal bore flows.
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5. SEDIMENT PROPERTIES, SUSPENDED SEDIMENT CONCENTRATION
AND SEDIMENT FLUXES

5.1 PRESENTATION

The bed sediment material was characterised by a series of laboratory experiments. The density of
the wet sediment was s = 1.418. The bed material was a cohesive mud mixture but the granulometry
was not tested.

The rheometry tests provided some information on the apparent yield stress of the fluid t. and the
effective viscosity u. Note that a more complete characterization of the rheological behaviour of
such thixotropic material would require the determination of the parameters of a thixotropic model.
Such a work was carried out successfully for a bentonite suspension (ROUSSEL et al. 2004).
Within the frame of the present work, a more rapid but also more approximate characterization of
the material was used. The yield stress and apparent viscosity were estimated during the unloading
phase, to be consistent with earlier thixotropic experiments (ROUSSEL et al. 2004, CHANSON et
al. 2006). The yield stress and viscosity results were derived by fitting the rheometer data with a
Herschel-Bulkley model. In a Herschel-Bulkley fluid, the relationship between shear stress t and

shear rate 6V/dy is assumed to be:

T="T, + ux[a—\/}m (5-1)
oy

where 0 <m <1 (e.g. HUANG and GARCIA 1998, WILSON and BURGESS 1998). For m =1,
Equation (5-1) yields the Bingham fluid behaviour and p is a material parameter.

The experimental results are presented in Figure 5-1. The behaviour of the mud material highlighted
some differences between the loading and unloading sequence. The magnitude of the shear rate
during unloading was smaller than the shear rate magnitude during loading for a given shear stress.
For shear rates larger than 300 s, the two tests gave close results, suggesting a conservation of the
macroscopic structure possibly in the form of particle arrangement into thin layers. In average over
the tests, the apparent viscosity was 0.1 Pa.s, the yield stress was about 223 Pa and m ~ 1.06.

31



1000 _IIIII T T IIIIIII T T IIIIIII T T IIIIIII T T IIIIIII T T IIIIII-
700} 3
00 [ i* I
* .
500 | X% Loading :
a0 Moy . . E!&
X, ko - X XK R &
300 Xoge ¥ XXX ii} -
_ Koy ¥y ok mmmm HETD
& 200} X-x. ,?Mo—eo"e .
CxXwo
@ Un-loading 5
= -loadi
5 o0} / 7 -
(7] B O -
0} a8y 1
mpmp"o/mn® P -
50F ¢ o0 00 o2 © 14/9/2010 Rheometry
40 F - - - - - Loading Sample 2
— M — Un-loading Sample 2
0r - - % - - Loading Sample 3
—< — Un-loading Sample 3
20 IIIII 1 1 IIIIIII 1 1 IIIIIII 1 Ll L1l

0.005 002 00501 02 05 1 2 345710 203050 100 200 5001000
Shear rate (1/s)
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Discussion

For future tests, it would be interesting to compare the particle concentration with another
independent measurement system, like a laser LS to compare with the ADV data. Further
information on the granulometry would be further valuable

Since there is a relationship between concentration and viscosity, it would be useful to know the
real weight of the mud material (i.e. density of dry mud), assuming that the mud does not evolve
during the drying process. Some information on the pH of the water at the time of the measurements
would be valuable.

5.2 ACOUSTIC BACKSCATTER INTENSITY AND SUSPENDED SEDIMENT
CONCENTRATION

5.1 Experimental calibration

The acoustic Doppler velocimeter (ADV) is designed to record the instantaneous velocity
components at a single-point with relatively high frequency. Additionally the ADV signal strength,
or acoustic backscatter strength, may be related to the instantaneous suspended sediment
concentration (SSC) with proper calibration (KAWANISI and YOKOSI 1997, FUGATE and
FRIEDRICHS 2002). Although the method was initially developed for non-cohesive sediments, it
was recently extended successfully to cohesive materials (CHANSON et al. 2008, HA et al. 2009).
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Some thorough experiments indicated that the acoustic backscatter intensity increased monotically
with increasing SSC for relatively low suspended sediment loads (FUGATE and FRIEDRICHS
2002, CHANSON et al. 2008). For high suspended loads, the ADV backscatter intensity decreased
with increasing SSC. The trend is believed to highlight some signal saturation linked to multiple
scattering and associated sound absorption (HA et al. 2009).

Within the experimental conditions (section 2.3), the relationships between acoustic backscatter
amplitude (Ampl), acoustic backscatter intensity (BSI) and suspended sediment concentrations
(SSC) were tested systematically for SSCs between 0 and 74 g/l. The experimental results are
summarised in Figure 5-2. The full data sets are reported in Appendix D.

First the results were independent of the ADV settings. No difference was observed between the
ADV settings on 10 Sept. and 11 Sept. 2010. Second there was a good correlation between all the
data showing two characteristic trends. For SSC < 0.48 g¢/I, the data yielded a monotonic increase in
suspended sediment concentration with increasing backscatter intensity. The relationships between
SSC and amplitude, and SSC and BSI, were roughly linear. For larger SSCs (i.e. SSC > 0.48 g/l),
the experimental results demonstrated a decreasing backscatter intensity with increasing SSC.

For the laboratory tests with low suspended loads (SSC < 0.48 g/l), the best fit relationships were:
SSC =0.0367 x Ampl — 6.02 SSC <0.48 g/l (5-2a)

SSC =0.0019x BSI -0.189 SSC <£0.48 g/l (5-2b)
where the suspended sediment concentration SSC is in g/l, and the amplitude Ampl is in counts and
the backscatter intensity BSI is defined using Equation (2-1). Equations (5-2a) and (5-2b) were
correlated with a normalised correlation coefficient of 0.886 and 0.915 respectively.

For large suspended sediment loads (i.e. SSC > 0.48 g/l), the data were best correlated by

SSC =381.7 —2.17 x Ampl SSC >0.48 g/l (5-3a)

SSC = 79.15 x exp(—0.010 x BSI) SSC >0.48 g/l (5-3b)
with a normalised correlation coefficient of 0.994 for both correlations. Equations (5-2) and (5-3)
are compared with the data in Figure 5-2. For large suspended sediment concentration within 0.4 <
SSC < 75 g/l, the results showed a good correlation between the acoustic backscatter strength and
the SSC, although the ADV signal was saturated.

During the present field investigations, the authors observed that the Arcins channel waters were
very turbid before, during and after the tidal bore. In the waters, they could not see their fingers
below 1-3 cm from the water surface (*). In the Gironde estuary and Garonne River estuarine zone,
the currents exceed the critical erosion except during neap tides (CANCINO and NEVES 1999). A

! Further, the people who went into the water got covered by fine sediment materials.
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number of field measurements showed that, during low flow periods similar to the present
investigations, the SSC in the upper Gironde estuary and lower Garonne River exceeded 1 g/l
(SOTTOLOCHIO and CASTAING 1999). Recent SSC observations reported typically values from
0.5 to 2.5 g/l close to the surface (DOXARAN et al. 2009). Therefore Equations (5-3a) and (5-3b)
were considered to be representative of the relationship between the suspended sediment
concentration (SSC) and the acoustic backscatter intensity (BSI) in the Arcins channel on 10 and 11
Sept. 2010.
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Fig. 5-2 - Relationship between suspended sediment concentration, acoustic signal amplitude and
acoustic backscatter intensity with the sediment mud collected at Arcins - Comparison between the
data and Equations (5-2) and (5-3)

5.2 Field observations

The time-variations of the acoustic backscatter amplitude, and the corresponding suspended
sediment concentration (SSC) deduced from Equation (5-3a), are presented in Figure 5-3 for the
field studies on 10 and 11 Sept. 2010. The water depth and longitudinal velocity data are reported
also in Figure 5-3.

The complete data set showed some increase in SSC with decreasing water depth prior to the tidal
bore arrival (Fig. 5-3). The trend could be linked with the larger depth-averaged shear stress in the
shallower water column. The passage of the tidal bore was associated with large fluctuations of the
backscatter amplitude and SSC including during the flood flow motion. Some unusual event was
observed about 100 s after the tidal bore front on both days, lasting for more than 10 minutes (e.g. t
= 68,400 to 69,000 s in Fig. 5-3B). The details are shown in Figure 5-4.

For both studies, the event details indicated a sharp decrease in SSC about 50-70 s after the bore
front passage (e.g. t = 68,355 s in Fig. 5-3B), followed by a major event with large and rapid
fluctuations in SSC: e.g., between t = 68,380 and 68,800 s in Figure 5-3B.

Visually, the authors observed some turbulent patches of mud flocs at the free-surface during the
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flood flow during the two hours after the tidal bore. The waters were very murky and Figure 5-5
illustrates two examples on 10 September 2010.

6 ) T T T T T T T T T T T T T 120
ffffff Amplitude
Water depth | |

108

Amplitude/100 (counts), Water depth (m)
w
()]
(2]
o
SSC (g/l)

63000 64000 65000 66000 67000 68000 69000 70000 71000 72000
Time (s) since 00:00 on 10 Sept. 2010
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Fig. 5-3 - Time variations of the suspended sediment concentration (SSC) on 10 & 11 Sept. 2010 -
Post-processed ADV data, sampling rate: 64 Hz
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(A) Murky flood flow past the ADV - Flood flow direction from left to right

-

(B) Turbulent patches of sediment at the free-surface just downstream of the pontoon

Fig. 5-5 - Photographs of murky waters and sediment patches at the water surface about 50 minutes
after the tidal bore on 10 Sept. 2010

5.3 SUSPENDED SEDIMENT FLUX
The present results were used to estimate the instantaneous advective suspended sediment flux per

unit area g, calculated as:

q, =SSCx V, (5-4)
where s and Vy are positive in the downstream direction. In Equation (5-4), the suspended
sediment concentration SSC is in kg/m®, the longitudinal velocity component Vy is in m/s and the

sediment flux per unit area is in kg/m%s. The suspended sediment concentration (SSC) was
calculated using Equation (5-3) applied to the post-processed backscatter amplitude signal. The
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results are presented in Figure 5-6 in terms of the instantaneous sediment flux qg.

The sediment flux data showed typically a downstream positive suspended sediment flux during the
end of the ebb tide prior to the tidal bore (Fig. 5-6). The arrival of the tidal bore was characterised
by a rapid flow reversal and the suspended sediment fluxes were negative during the flood tide after
the tidal bore passage. The instantaneous sediment flux data gs showed some large and rapid time-
fluctuations that derived from a combination of velocity and suspended sediment concentration
fluctuations. The suspended sediment flux data demonstrated some high-frequency fluctuations
with some form of sediment flux bursts that were likely linked to and caused by some turbulent
bursting phenomena next to the boundaries. Some low-frequency fluctuations in sediment flux were
also observed (Fig. 5-6).

For the study, the sediment flux data were integrated with respect of time. The result gives the net

sediment mass transfer per unit area during a period T:

[ssCxV, xdt (5-5)
:

Prior the tidal bore (65,000 < t < 68,200 s), the net sediment mass transfer per area was positive and
Equation (5-5) yielded +4,770 kg/m? during the 53 minutes of data prior the tidal bore. Immediately
after the passage of the bore, the net sediment mass transfer per unit area was negative and equal to
186,120 kg/m? for 68,300 < t < 72,500 s (i.e. 70 minutes). That is, the net sediment flux was about
30 times larger in magnitude than the sediment flux prior to the tidal bore.
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Fig. 5-6 - Time variations of the suspended sediment flux per unit area (SSCxVy) and water depth
on 11 Sept. 2010 - Post-processed ADV data, sampling rate: 64 Hz
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Discussion

The effects of tidal bores on sediment processes were studied in Alaska, China and France in
particular (CHEN et al. 1990, TESSIER and TERWINDT 1994, GREB and ARCHER 2007). Some
anecdotal evidences encompassed KJERFVE and FERREIRA (1993) in the Rio Mearim (Brazil),
and CHANSON (2001,2008) in the Dordogne River (France). Altogether past studies indicated that
the arrival of the bore front was associated with intense bed material mixing and with upstream
advection of suspended material behind the bore front. The present data set supported the same
trend (Fig. 5-6).

A striking feature of the analysed data set was the large and rapid fluctuations in suspended
sediment flux during the tidal bore and flood flow. This feature was not documented, but an
important difference between the ADV data set used in this study from earlier reported field
measurements was that the present data were collected continuously at relatively high frequency (64
Hz) during a relatively long period (at least 2 hours). It is however acknowledged that the present
investigation was a point measurement about 0.8 m beneath the free-surface. Any extrapolation

would imply that the sampling volume was representative of the entire channel cross-section.
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6. CONCLUSION
Some detailed turbulence field measurements were conducted continuously at high-frequency (64
Hz) prior to, during and after the tidal bore of the Garonne River in September 2010. The turbulent
velocity components were sampled with an acoustic Doppler velocimeter (ADV) with its sampling
volume about 0.8 m beneath the free-surface. The field site was located in the Arcins channel that is
about 1.8 km long, 70 m wide and about 1.1 to 2.5 m deep at low tide.
The tidal bore propagation in the Arcins channel was observed on both 10 and 11 Sept. 2010. The
tidal bore was undular as it passed in front of the sampling site. The passage of the tidal bore was
characterised by a pseudo-chaotic wave motion lasting for several minutes after the bore. At the
sampling location, the free-surface elevation rose very rapidly by 0.50 m and 0.41 m in the first 5
seconds on 10 and 11 Sept. 2010 respectively. For the next 35 minutes, the water elevation rose
further by 1.69 m and 1.59 m on 10 and 11 Sept. 2010 respectively. The tidal bore Froude number
was estimated from the channel bathymetry and tidal bore observations. It was equal to 1.30 and
1.20 on 10 and 11 Sept. 2010 respectively.
The turbulent velocity data showed the marked impact of the tidal bore propagation. The
longitudinal velocity component highlighted some rapid flow deceleration during the passage of the
tidal bore, associated with a sudden rise in the free surface elevation, and a flow reversal after the
tidal bore front passage. The observations were consistent with the earlier field and laboratory
results. The tidal bore passage was further characterised by some large fluctuations of all three
turbulent velocity components. The Reynolds stress data indicated some large and rapid turbulent
stress fluctuations during the tidal bore and flood flow. The Reynolds stress magnitudes were
significantly larger than during the ebb tide, and some substantial normal and tangential stress
fluctuations were observed.
The ADV backscatter intensity was calibrated in terms of the suspended sediment concentration in
laboratory using the soft mud bed material. The results provided an unique characterisation of the
turbulence and sediment flux beneath to the free-surface during the tidal bore. The sediment flux
data showed a downstream positive suspended sediment flux during the end of the ebb tide prior to
the tidal bore. The arrival of the tidal bore was characterised by a rapid reversal and the suspended
sediment fluxes were negative during the flood tide. Prior the tidal bore, the net sediment mass
transfer per area was positive. After the passage of the bore, the net sediment mass transfer per unit
area was negative and its magnitude was 30 times larger than the ebb tide net flux.
A striking feature of the present field data set was the large and rapid fluctuations in turbulent
velocities and suspended sediment flux during the tidal bore and flood flow. This was not

documented to date, but an important difference between the ADV data set used herein from earlier
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reported field measurements was that the present data were collected continuously at relatively high
frequency (64 Hz) during a relatively long period (at least 2 hours). However the present
investigation was a point measurement 0.8 m beneath the free-surface, and any extrapolation to the
entire channel cross-section would be inappropriate.

This study must be complemented by further field works conducted in the same system under
different tidal and fluvial conditions. These studies may include several ADV systems located at
different transverse and vertical locations. Further new studies should be conducted in different
estuarine systems, including shallow water bays, with different topographies and different sediment
materials (cohesive and non-cohesive). Importantly any future studies should include a detailed
characterisation of the water physical properties before, during and after the tidal bore, including
water temperature, conductivity, turbidity, pH, dissolved oxygen... These measurements should be

performed at different vertical elevations.
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APPENDIX A - LIST OF FIELD WORK PARTICIPANTS (FIELD STUDY
G10, 10 AND 11 SEPTEMBER 2010)

FRIDAY 10 SEPT. 2010
Hubert CHANSON
Pierre LUBIN
Bruno SIMON
Cedric LE BOT
Stephane GLOCKNER
Etienne AHUSBORDE
Arthur SARTHOU
Frederic DANEY
Patrick VIALLE
Valérie THOUARD

SATURDAY 11 SEPT. 2010
Hubert CHANSON
Pierre LUBIN
Bruno SIMON
Cedric LE BOT
Stephane GLOCKNER + Andrea
Arthur SARTHOU
Stephen VINCENT + Christelle
David REUNGOAT + Wife & Family
Valérie THOUARD + Husband & Family
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(A) On 10 Sept. 2010 before the tidal bore - From left to right: Cedric LE BOT, Etienne
AHUSBORDE, Stephane GLOCKNER, Bruno SIMON and Pierre LUBIN behind the pylon

(B) Channel cross-section surveying by Arthur SARTHOU and Frederic DANEY (from left to
right) on 10 Sept. 2010




(C, Left) Patrick VIALLE on 10 Sept. 2010
(D, Right) On 11 Sept. 2010 before the tidal bore - From left to right: David REUNGOAT,
Christelle, Stephane GLOCKNER, Pierre LUBIN (in the water), Bruno SIMON, Cedric LE BOT

D L

(E) David REUNGOAT measuring the surface velocity on 11 Sept. 2010 after the tidal bore
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(F) On 11 Sept. 2010 looking downstream with Pont Francois Mitterand in the background - From
left to Right: Stephane GLOCKNER, Stephane VINCENT, Pierre LUBIN, Christelle, Cedric LE
BOT, Arthur SARTHOU

Fig. A-1 - Photographs of the participants
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APPENDIX B - PHOTOGRAPHS OF THE FIELD STUDY G10 (10 AND 11
SEPTEMBER 2010)

e -~
., ]

(A) Looking upstream at the Bras d'Arcins with Tle d'Arcins on the right on 9 Sept. 2010 at low tide

- The ADV was fixed on the pontoon on the left next to the right bank - Photograph taken from
Pont Mitterand

(B) Looking downstream at the Bras d'Arcins with Tle d'Arcins on the left on 11 Sept. 2010 at low

tide with Pont Mitterand in the background - The ADV was fixed on the pontoon on the right next
to the right bank
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(C) View from the right bank on 11 Sept. 2010 at 16:30 - The ADV was fixed between the two

hulls of the pontoon in front of the pylon

(D) Details of the ADV - On 10 Sept. 2010 at 19:05 about 50 minutes after the tidal bore - Flow
velocity from left to right - Note the dark brown colour of the waters highlighting the large
suspended sediment load

Fig. B-1 - Sampling site on the Garonne River between Tle d'Arcins and Latresne
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(A) Bore formation at the channel downstream end at 18:12:50

(B) At 18:13:00




(C) Breaking bore front at 18:13:55

(D) At 18:15:45




(E) Tidal bore at 18:17:06 - Note the undular bore front but close to Tle d'Arcins - Frederic DANEY

is surfing the bore at the "shoulder™ between the breaking and undular front

(17

(F) Tidal bore passing the sampling site at 18:17:40 - Note Frederic DANEY surfing the bore close

to Tle d'Arcins - On the right, Pierre LUBIN hold the survey staff used to record the water level
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(G) At 18:17:45

(H) Whelps at the sampling site at 18:18:30- On the right, Pierre LUBIN hold the survey staff used
to record the water level and the ADV is behind him in between the hulls the pontoon
Fig. B-2 - Tidal bore on 10 Sept. 2010
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(A) Bore formation at the channel downstream end at 18:54:20

(B) At 18:54:50 - Note the Airbus barge in the background travelling upstream to Langon behind

the tidal bore, and the surfers in the foreground standing next to their surf boards




(C) Breaking bore front at 18:55:50

(D) Surfing the bore at 18:58:10




NN

(F) Tidal bore passing the sampling site at 18:59:30 - Note the surfers close to Tle d'Arcins

56



(H) Whelps at 18:59:51 - Stephane VINCENT held the survey staff used to record the water level,
with Pierre LUBIN behind him
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(I) Whelps at 19:01:41 - Stephane VINCENT held the survey staff and discussed with Pierre
LUBIN on his left
Fig. B-3 - Tidal bore on 11 Sept. 2010
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APPENDIX C - ACOUSTIC DOPPLER VELOCIMETER

CONFIGURATIONS (FIELD STUDY G10, 10 AND 11 SEPTEMBER 2010)
C.1 PRESENTATION
During the field investigation, a Nortek™ Vector ADV (6 MHz, serial number VEC3332) was
deployed. The ADV was equipped with a 3D downlooking head (Head ID VEC4665). The ADV V
direction (receiver head with red mark) was pointed downstream.
The ADV was fixed at the downstream end of a 23.55 m long heavy, sturdy pontoon and it was self
logging. The probe was located between the hulls and the sampling volume was 0.8 m below the
free-surface. Figure C-1 shows the turbulent velocity data sets. The paragraphs C.2 and C.3 list the
ADV settings for the 10 and 11 Sept. 2010 respectively.

Discussion

The main difference between the two configurations was the control volume size: 3.5 mm on 10
Sept. 2010 and 6.6 mm on 11 Sept. 2010. The present experience showed that the original ADV
settings (10 Sept. 2010) yielded some very noisy and spiky velocity data, although the signal
amplitude, SNR and backscatter data appeared to be correct. A spectral analysis of all velocity
components indicated some significant noise for frequencies larger than 0.02 to 0.1 Hz (Fig. C-2).
This is seen in Figure C-2 where the power spectrum density functions for the longitudinal velocity
component are compared.

As a result, a slightly different set-up was selected on 11 Sept. 2010 with a 6.6 mm control volume
size. The change yielded a good quality data set including for the turbulent velocity. Figure C-1
illustrates the contrast in terms of un-processed velocity components. In Figure C-1B, the passage
of the tidal bore is seen to be associated with a rapid flow reversal.

While the exact cause of the problem remains unknown, it is thought that the ADV system was
overloaded with the smaller control volume on 10 Sept. 2010.
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Fig. C-2 - Power density spectrum of the longitudinal velocity component Vy - Post-processed data

C.2 CONFIGURATION FRIDAY 10 SEPT. 2010

User setup

Sampling rate 64 Hz

Nominal velocity range 2.00 m/s
Burst interval CONTINUOUS
Samples per burst N/A
Sampling volume 3.5 mm
Measurement load 178 %
Transmit length 2.0 mm
Receive length 0.00 m

Output sync VECTOR
Analog output DISABLED
Analog input 1 NONE
Analog input 2 NONE

Power output DISABLED
Output format VECTOR
Velocity scaling 1 mm
Powerlevel HIGH

Coordinate system XYZ
Sound speed MEASURED
Salinity 0.0 ppt

Distance between pings 1.01 m

Number of beams 3
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Software version 1.32
Wrap mode OFF
Deployment time 10/09/2010 5:15:00 PM

Hardware configuration
Serial number VEC 3332

Internal code version 13

Revision number 60
Recorder size 154 MByte

Firmware version 1.21

Head configuration

Pressure sensor YES

Compass YES

Tilt sensor YES

System 10

Head frequency 6000 kHz

Serial number VEC 4665

Transformation matrix 2.7312 -1.3479 -1.3835
0.0217 2.3530 -2.3708

0.3440 0.3389 0.3479

Pressure sensor calibration 0 0 4472 24558

Number of beams 3

C.3 CONFIGURATION SATURDAY 11 SEPT. 2010

User setup

Sampling rate 64 Hz

Nominal velocity range 2.00 m/s
Burst interval CONTINUOUS
Samples per burst N/A
Sampling volume 6.6 mm
Measurement load 62 %
Transmit length 2.0 mm
Receive length 0.00 m

Output sync VECTOR
Analog output DISABLED
Analog input 1 NONE
Analog input 2 NONE

Power output DISABLED
Output format VECTOR
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Velocity scaling 1 mm

Powerlevel HIGH

Coordinate system XYZ

Sound speed MEASURED

Salinity 0.0 ppt

Distance between pings 1.01 m
Number of beams 3

Software version 1.32

Wrap mode OFF

Deployment time 11/09/2010 18:00:00

Hardware configuration

Serial number VEC 3332
Internal code version 13
Revision number 60
Recorder size 154 MByte

Firmware version 1.21

Head confiquration

Pressure sensor YES

Compass YES

Tilt sensor YES

System 10

Head frequency 6000 kHz

Serial number VEC 4665

Transformation matrix 2.7312 -1.3479 -1.3835
0.0217 2.3530 -2.3708

0.3440 0.3389 0.3479

Pressure sensor calibration 0 0 4472 24558

Number of beams 3



APPENDIX D - EXPERIMENTAL DATA: ACOUSTIC BACKSCATTER

INTENSITY VERSUS SUSPENDED SEDIMENT CONCENTRATION

D.1 PRESENTATION
Some Garonne River bed materials were collected at low tide on 11 September 2010 next to the
right bank at Arcins. The soil sample consisted of fine mud and silt materials collected on the
stream bed just above the low water mark. The mud sample was soft and could be considered
somehow as a form of mud cream (créme de vase), although the granulometry was not tested. A
series of laboratory tests were conducted with the Nortek™ Vector ADV (6 MHz, serial number
VEC3332) system using the same settings as for the field observations on 10 and 11 Sept. 2010
(App. C). The ADV was calibrated by measuring the signal amplitude of known, artificially
produced concentrations of material obtained from the bed material sample, diluted in tap water and
thoroughly mixed. For each test, a known mass of sediment was introduced in the water tank which
was stirred continuously with two propeller mixers (Fig. D-1). The mixers' blades were located at
85 and 60 mm above the tank bottom, and the ADV sampling volume was 57 mm above the tank
bottom. The tank was strongly agitated by the two mixers. Typically the standard deviations of the
velocity components were: vy' = 0.25-1.0 m/s, vy' = 0.25-1.0 m/s, and v;' = 0.10-0.24 m/s depending
upon the experimental conditions.
The mass of wet sediment was measured with a Mettler™ Type PM200 (Serial 86.1.06.627.9.2)
balance, and the error was less than 0.01 g. The mass concentration was deduced from the measured
mass of wet sediment and the measured water tank volume. The acoustic backscatter amplitude
measurements were conducted with the ADV (6 MHz) system using the same configuration
employed in the field (pulse length, scan rate, velocity range). The ADV signal outputs were
scanned at 64 Hz for 3 minutes for each test. The average amplitude measurements represented the
average signal strength of the three ADV receivers. They were measured in counts, with one count
equal to 0.45 dB (Nortek 2005). The backscatter intensity was deduced from the average amplitude
as:

BS| =105 x 100043xAmpl (D-1)
where the backscatter intensity BSI is dimensionless and the average amplitude Ampl is in counts.
The coefficient 107 is a value introduced to avoid large values of backscatter intensity (NIKORA
and GORING 2002, CHANSON et al. 2008). Note that the ADV data were post-processed with the
removal of average signal to noise ratio data less than 15 dB, average correlation values less than
60%, and communication errors. No further processing was performed.
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Fig. D-1 - Photograph of the laboratory experiment with the ADV on the right and the two mixers
on the centre and left - SSC = 60.8 g/l

D.2 EXPERIMENTAL RESULTS

Location : The University of Bordeaux (France)

Dates : 13-15 September 2010

Experiments by :  |H. CHANSON and D. REUNGOAT

Data  processing|H. CHANSON

by:

Soil and water|Tap water.

samples : Mud samples collected in the Arcins channel (Garonne River, France) next

to the right bank just above the low water line on 11 Sept. 2010 at about
18:15 before the tidal bore passage.

Instrumentation :

Nortek™ Vector ADV (6 MHz, serial number VEC3332) with a three-
dimensional down-looking head (Head ID VEC4665) scanned at 64 Hz for
3 minutes for each test.

ADV settings: 10 Sept. 2010 & 11 Sept. 2010 (App. C).

Comments :

Soil sample collection on a sunny day.
All the samples were kept in sealed, water tight containers until testing.
Water temperature: 17 to 20.5 C.
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Laboratory tests - Vector ADV system measurements - Configuration Friday 10 Sept. 2010

Test SSC Avg AvgBSI Avg Avg Percent. AvgV, AvgV, AvgV, StdV, StdV, StdV,

Ampl Correl SNR  good
samples
g/l counts Eq. (B- % dB % cm/s cm/s cm/s cm/s cm/s  cm/s
1))

4 0.00 163.7 109.9 97.7 70.4 939 -11.18 1098 -496 2027 2121 372
5 0.02 1626 97.6 97.7 69.9 939 -583 763 -470 206.7 2112 372
12 006 1686 1774 97.7 72.5 939 -1012 6.27 -393 2049 2092 372
13 0.13 1683 173.1 97.7 72.4 939 -932 999 -368 2082 2099 37.2
20 027 1682 1715 97.7 72.3 939 -989 442 -6.82 2071 2129 36.6
21 048 1754 3475 97.8 75.4 939 -1294 832 -7.63 2009 2044 363
25 087 1742 310.7 97.7 74.9 939 925 1758 -422 201.2 203.7 36.8
28 158 1747 323.6 97.8 75.1 939 -1242 1325 -410 1989 2039 36.1
29 292 1738  298.3 97.7 74.8 939 -13.15 1681 -426 1984 2022 36.5
32 479 1746 3210 97.7 75.1 939 -1645 1811 -5.00 1857 190.0 33.9
33 761 1729 2724 97.7 74.4 939 -12.02 1911 475 1851 183.0 334
36 1352 1698 199.6 97.7 73.0 939 -1655 2241 -500 1786 1804 322
37 18.09 167.1 1531 97.7 71.9 939 -1526 2172 -583 1755 1768 318
50 18.09 167.2 1543 97.7 71.9 939 -1572 1359 -559 1732 1827 321
53 2337 1645 1182 97.7 70.7 939 -17.68 19.05 -11.62 127.7 1304 249
54 3335 1614 86.8 97.7 69.4 939 -17.02 19.18 -10.86 1278 1322 253
57 46,50 156.2 51.9 97.8 67.2 939 -16.02 1859 -11.87 1254 1283 245
58 60.83 148.6 244 97.8 63.9 939 -19.97 19.95 -10.90 1343 1401 26.0
61 73.79 1435 14.8 97.8 61.7 939 -13.89 1830 -1049 1251 1281 251

Notes: 3D Vector ADV data scanned at 64 Hz for 3 minutes; Ampl: acoustic backscatter amplitude
(counts); Avg: time-averaged; Correl: correlation; Percent. good samples: percentage of good ADV

samples after post-processing; SNR: signal to noise ratio; Std: standard deviation.
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Laboratory tests - Vector ADV system measurements - Configuration Saturday 11 Sept. 2010

Test SSC Avg AvgBSI Avg Avg Percent. AvgV, AvgV, AvgV, StdV, StdV, StdV,

Ampl Correl SNR  good
samples
g/l counts Eq. (B- % dB % cm/s cm/s cm/s cm/s cm/s  cm/s
1))

3 0.00 1653 1282 88.0 71.1 99.1 -14.88 1254 -438 1302 1375 243
6 002 1623 954 86.8 69.8 98.7 -1413 1506 -354 1376 1470 255
11 006 1692 1879 883 72.7 99.1 -1354 1084 -234 1211 1262 226
14 0.13 168.7 179.2 89.0 72.5 99.2 -1423 1016 -231 1220 1273 228
19 027 1685 1763  86.2 72.5 985 -2266 1166 -7.81 1283 1362 244
22 048 1756 3565 83.8 75.5 96.7 -23.05 1115 -995 1200 1248 23.1
26 087 1747 3248 852 75.1 979 -16.80 1952 -296 1143 1172 214
27 158 1748 3268 849 75.1 976 -1793 2191 -3.77 1124 1144 211
30 292 1747 3248 843 75.1 96.8 -17.38 2286 -3.23 1028 1059 19.7
31 479 1734 2856 826 74.6 949 -13.06 2432 -526 999 1005 20.0
34 761 1726 2633 808 74.2 93.0 -1885 26.60 -576 83.2 84.0 17.0
35 1352 1698 2004 815 73.0 93.7 -20.01 2780 -6.47 73.0 74.9 155
38 18.09 1671 1529 815 71.9 938 -1885 2634 -6.68 66.5 68.3 14.8
51 18.09 166.1 1389 832 71.4 959 -23.67 1934 -1136 49.6 52.6 13.2
52 2337 1644 1170 845 70.7 974 -21.36 1838 -1157 29.7 29.5 10.9
55 3335 1612 856 85.7 69.3 98.0 -19.70 15.79 -10.63 28.7 27.6 10.6
56 46,50 156.1 517 86.8 67.1 98.6 -1450 15.63 -7.56  26.2 25.7 10.0
59 60.83 1436 14.9 77.8 61.7 87.0 -2463 2457 -9.58 559 58.0 13.9
60 73.79 1414 12.0 80.8 60.8 926 -26.40 2187 -11.89 40.2 40.6 12.7

Notes: 3D Vector ADV data scanned at 64 Hz for 3 minutes; Ampl: acoustic backscatter amplitude
(counts); Avg: time-averaged; Correl: correlation; Percent. good samples: percentage of good ADV

samples after post-processing; SNR: signal to noise ratio; Std: standard deviation.

D.3 DISCUSSION

The experimental data showed that the results were basically independent of the ADV settings for
the two selected configurations (App. C). Further the data showed a monotonic increase in ADV
amplitude counts with increasing SSC up to 0.48 g/l. The trend was consistent with earlier results
with cohesive sediments including CHANSON et al. (2008) and HA et al. (2009).

For larger suspended sediment concentrations (SSC > 0.48 g/l), some signal amplitude attenuation
was observed and believed to be linked multiple scattering and associated sound absorption. The

ADV backscatter intensity was saturated and decreased with increasing SSC.
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APPENDIX E - UNSTEADY TURBULENT REYNOLDS STRESSES DURING
THE TIDAL BORE ON 11 SEPT. 2010
E.1 PRESENTATION
Some detailed turbulence field measurements were conducted continuously at high-frequency (64
Hz) prior to, during and after the tidal bore of the Garonne River on 11 September 2010. An
acoustic Doppler velocimeter (ADV) was fixed on a large, heavy pontoon and the instrument
sampled the turbulent velocity components about 0.8 m beneath the free-surface. The ADV data
underwent a thorough post-processing procedure to eliminate any erroneous or corrupted data from
the data sets to be analysed. The post processing was conducted with the software WinADV™
version 2.026, and it included the removal of communication errors, the removal of average signal
to noise ratio data less than 15 dB and the removal of average correlation values less than 60%. In
addition, the phase-space thresholding technique developed by GORING and NIKORA (2002) was
applied to remove spurious points.
The turbulent Reynolds stresses characterise a transport effect resulting from turbulent motion
induced by velocity fluctuations with its subsequent increase of momentum exchange and of mixing
(BRADSHAW 1971, PIQUET 1999). The Reynolds stresses are proportional to the product of two
velocity fluctuations, where the turbulent velocity fluctuation is the deviation of the instantaneous
velocity from a low-pass filtered velocity component, also called the variable interval time average
VITA. The VITA method was applied using a cut-off frequency derived upon a sensitivity analysis
conducted between an upper limit of the filtered signal (herein 32 Hz, the Nyquist frequency) and a
lower limit corresponding to a period of about 1-2 s of some residual undulations. The results
yielded an optimum threshold of Fcwir = 1 Hz, and the filtering was applied to all velocity
components. Note that KOCH and CHANSON (2008) and DOCHERTY and CHANSON (2010)
selected similarly a cutoff period 1/Fcuors that was between the undulation period and half the
undulation period, as in the present study. The filtering was applied to all velocity components (%),
and the turbulent Reynolds stresses were calculated from the high-pass filtered signals.

The experimental results are presented in the next section.

! Prior to the filtering, the erroneous data points were replaced by linear interpolation between the end points

of the removed data interval.
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E.2 EXPERIMENTAL RESULTS

E.2.1 Normal Reynolds stresses

800 I
2
pVx
2] Water depth
640
560
480 [ }

< L [ [ |

a TR T TH Vo
> 400 | ow oy ey b
< Lo ‘w u; iy 3\ B W “l‘
o [ Vot u’ ‘Hmn‘ \ | w “1‘

il m uu I w,‘(h‘ u, mhu 0y

320
240

i m | wm ‘lu
1
b 1 mh [N My‘ﬂh W M‘Hm [E R LT ‘M\IHNH

]
I wmh ‘)U lmm, 'ty w iy g 1] Hm. Ll whtu W

mu M‘mmw Wy b ml\.‘hn |
Ll ke
“y |,Aw. b it ‘(H‘, \

it :

iy
‘ h

iy

‘“ ‘\ I3
b ’L’lNM ! b | h ”:w
ALY YRR i o0 e

65500

66500

67500

\

:”\‘”' ,u‘\, i 1‘ I m Nu, Aﬁ i ,uy W\Wul(“ hr;‘ : H\L:M W “W‘W“ i w-kh‘tuw
1 | w e

. B 27" 7]

| oo ]
[ a0’ =
N oageot —
i - ]
: 1 noe” —
o Lat , -

1 o 2 i , !

T
Py }\ﬁ i v . o b pyoo=
| ,‘)‘H i L N b b e ! [ A
! 1 Aonn ;‘;w)“h iy ‘\UH P 1 et ulh‘l‘ !
| -:\ 4o \;:;u mh}‘ N “‘H“H i : " h,l\m | : mw H Ml‘ i
\ f 4 M\‘HHH 1] NW"‘ I hm‘ 1 lmmn”H | m[\m ' \MHH IR .*.
H\ ‘u” ,I\ il ‘i‘nwl\‘\nwwm b ‘w( | : I un ml},u M 1\\ i :d LH:H‘:\ y ji EJ 1)\ f k‘\m:\l\ \mh ;\ Iyt ] H m M)u‘ﬁ 3\.:&“1 1”31“": m

u ' i iy

WWH

i S

wmum

! w'K ‘““\ '\ {or

‘wv MJ

68500 69500 70500 71500

Time (s) since 00:00 on 11 Sept. 2010

1.5

72500

,,,,,, pvy2
- - -= - - Water depth

pvv (Pa)

65500

66500 67500

o
b
1111

68500 69500 70500 71500

Time (s) since 00:00 on 11 Sept. 2010

800 > T T T T T T T T I
T pVZ mg2” ]

7200 o Water depth = 8 _
640 [ L -
560 [ 2

. 480 | e -
g B Poogg”? —
S of r =
< 320} ey i
240 |- -
woF -

80 |- IR R ]

o bttt bbbl it i i b

65500 66500 67500

68500 69500 70500 71500

Time (s) since 00:00 on 11 Sept. 2010

69

45
42
3.9
3.6
3.3
3

2.7
24
21
1.8
15

72500

Water depth (m)

Water depth (m)

Water depth (m)



E2.2 Tangential Reynolds stresses

500 | | | | | | | | —— 45
PVxVy ——
400f. . Water depth = g 4.2
300 F i | 3.9
200 il ‘ 3.6
— 100 3.3
g
<z 0 3
2 I I
-100 [t H 2.7
-200 2.4
-300 } 2.1
-400 IR L. 18
500 1 1 1 1 1 1 1 1 1 1 1 1 1 15
65500 66500 67500 68500 69500 70500 71500 72500
Time (s) since 00:00 on 11 Sept. 2010
500 | | | | | | | | T 4.5
pVxVz o ]
400 . . Water depth Lseo s 4.2
300 fF — -39
200 |- 36
. 100} L 33
E it il
= e 3
< 100 27
-200 - —24
-300 - } —21
-400 |- e 418
500 ] ] ] ] ] ] ] ] ] ] ] ] ] 15
65500 66500 67500 68500 69500 70500 71500 72500
Time (s) since 00:00 on 11 Sept. 2010
500 T T T T T T T T —— 4.5
PVyV; aos® -
4001 .. Water depth 5o g 4.2
300 F e -39
200 |- 36
. 100} i 33
[ o
[ 0 Lo 3
2
< 100} 27
-200 - —H24
-300 i —H21
-400 |- e H18
500 ] ] ] ] ] ] ] ] ] ] ] ] ] 15
65500 66500 67500 68500 69500 70500 71500 72500

Time (s) since 00:00 on 11 Sept. 2010

70

Water depth (m)

Water depth (m)

Water depth (m)



APPENDIX F - APPLICATION OF THE CONTINUITY AND MOMENTUM
PRINCIPLES TO A TIDAL BORE PROPAGATING IN A CHANNEL OF
IRREGULAR CROSS-SECTIONAL SHAPE (BY H. CHANSON)

F.1 PRESENTATION

A tidal bore is a hydraulic jJump in translation. Its front is characterised by a sudden rise in free-
surface elevation and a discontinuity of the pressure and velocity fields: it is a hydrodynamic shock
(LIGHTHILL 1978). In a tidal bore, the flow properties immediately before and after the bore front
must satisfy the equations of conservation of mass and momentum (HENDERSON 1966,
LIGGETT 1994, CHANSON 2004). In the system of reference in translation with the bore front,
the integral form of the equations of conservation of mass and momentum gives a series of
relationships between the flow properties in front of and behind the bore:

(V; +U)xA; =(V, +U)xA, (F-1)

px (Vy +U)x Ay x (By x (V; +U) =B, x (V, +U)) = [[PxdA - [[PxdA+Fy,  (F-2)

where p is the water density, g is the gravity acceleration, U is the bore celerity for an observer
standing on the bank, positive upstream, V is the cross-sectional averaged velocity positive
downstream towards the river mouth, A is the flow cross-section, 3 is a momentum correction
coefficient, P is the pressure, the subscript 1 refers to the initial flow conditions and the subscript 2
refers to the flow conditions immediately after the passage of the front, and Fyic is the flow

resistance force.
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Fig. F-1 - Definition sketch of a tidal bore propagation in a natural channel

Neglecting the flow resistance (Fsic = 0) and the effect of the velocity distribution (81 = 3, = 0), the

momentum principle becomes:
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px(V; +U)x A, x(V; = V,) = [[PxdA - [[PxdA (F-3)
A, A

The difference in pressure forces may be derived assuming a hydrostatic pressure distribution in
front of and behind the tidal bore front. The net pressure force resultant consists of the increase of
pressure pxgx(d,-d;) applied to the initial flow cross-section A; plus the pressure force on the area
AA=A; - As:

Ay

1
[[pxgx(d; —y)xdA = xpxgx(d; ~d,)* x B (F-4)

Ay
where y is the distance normal to the bed, d; and d, are the initial and new flow depths (Fig. F-1),
and B' is characteristic free-surface width.

Equation (F-3) may be rewritten:
1
px(Vp+U)x A x(V; —V,) =pxgx(d, —d;) xA; +E><pxg><(d2 _dl)z xB" (F-5)

Let us note that
A,
[[dA=A,-A, =(d,-d,)xB (F-6)
Al

where B is another characteristic free-surface width.

F.2 GENERAL SOLUTION
In the general case, the momentum principle becomes:

p><(V1+U)xAlx(Vl—V2)=%xpxg><(A2—I;A1)x((2—%j A1+%XA2J (F-7)

Since the continuity equation may be rewritten:
A,-A
M -V,)=(V; +U) X% (F-8)
2

the combination of the continuity and momentum principle gives:

1 gxA B' B’
(U+V1)2:EXTXQX([Z_EJXAl-FEXAZJ (F-9)
1 gx(A,-A,)? B' B'
V,-V,) == 2 "1 2—— |x A +—xA -
(Vi =V2)" =5 BxA xA, B) "t B2 (F-10)
Equation (F-9) may be transformed into:
2 1 1
U+Vvi)" 1 A B, (2—Ej+5xﬁ (F-11)
A, 2 A, B B B A
gx—=
Bl
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where B is the initial free-surface width (Fig. F-1). Equation (F-11) gives an analytical solution of
the square of the tidal bore Froude number (Fr;?) as a function of the cross-sectional ratio A/A;, the
ratio B'/B and the ratio B,/B.
Equation (F-11) may be rewritten in the form of the cross-sectional ratio Ay/A; as a function of the
tidal bore Froude number Fr;:

2 .
( j +8>< / X Fr1 (2 B j
==X (F-12)
B

F.3 PARTICULAR CASEB ~B'~B;
In some particular cases, the approximation B ~ B' ~ B; may hold. These include a relatively small
bore ((A2-A1)/A; << 1)), a rectangular channel, or a channel cross-sectional shape such as B(d; <y
< dy) = B; = B,. The latter situation corresponds to a channel with parallel walls next to the
waterline.

For B ~ B' = By, the momentum principle may be simplified into:

(AL +Az)x (A —Ay)

B

1
px(Vl+U)><A1><(V1—V2)=E><p><g>< (F-13)

Using Equation (F-8), the combination of the continuity and momentum principle gives:

A +A)xA
(U+V,)? = Aix( 1t BZ)X 2 (F-14)
1
_ 2
(Vl _V2)2 :lx gX(A]_ +A2)X(A2 Al) (F'15)

2 BxA; xA,
The solution (Eq. (F-13) and (F-14)) is a rewriting of the development of LIGHTHILL (1978).
Equation (F-14) yields the simplified expression:

U 1 A, B () A,
A, 2 A

gx—=
Bl

(F-16)

1

Equation (F-16) may be rewritten:

i:%x(q/l+8x Fr,” —1) (F-17)

Ay

Remark

Note that, for a small tidal bore (A,-A;)/A; << 1), the bore may be undular and the approximation
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of hydrostatic pressure distribution does not hold.
For a rectangular channel, Equation (F-17) yields:

d 1
d_2 =3 (\/1 +8xFn? - 1) Rectangular channel (F-18)
1

F.4 EFFETS OF FLOW RESISTANCE
In presence of some flow resistance, the momentum principle yields:

fric

px(vl+U)xAlx(vl—v2)=%xpxgxwx[(2—%}ml+%XAZJ+F

B
(F-19)
The combination of the continuity and momentum principle gives:
1 1 F 3
(U+V1)2:£ngA2>< (Z—EJXA1+E><A2 + As x e (F-20)
2 A/ xB B B A,-A pxA;

_ 2 1 1 )
(V, - V,)? =£ng(A2 A X 2—E x A +E><A + Az X Fri
17 Vo 1 2
2 BxA; xA, B B A, -A; Al2
p e

X (X
d B
(F-21)
Equation (F-20) may be transformed into:
2 1 1
(U +V1) :lx&xix (Z—Ejﬁ-ix A2 + AZ « I:fric : (F-22)
A, 2 A B B B A ) A,-A L
gx—= PXQX——
B, B
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