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FIELD MEASUREMENTSIN THE TIDAL BORE OF THE GARONNE RIVER AFTER A
RECENT FLOOD

David Reungodt Bastien Caplafnand Hubert Chansdn
Abstract

A tidal bore is a natural phenomenon associatel thi¢ rising flood tide. Composed of surface waves)ay
occur in estuaries and propagate up rivers. Theeptestudy was conducted in the Garonne River (le)an the
Arcins channel. Using an ADV unit and further retiog equipments, experimental data are collectathdwa
flat undular bore with a bore Froude number clasertity. Velocity analysis and sediment characitios revel
a slight rise in water elevation starting abouts7grior to the front and a flow reversal about 5dfter the bore
front. The turbulent transport of suspended sedinsgoresented in term of mass flux per unit arghlighting a
negative (upriver) sediment mass transfer.
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1. Introduction

A tidal bore is a series of waves propagating @asir as the tidal flow turns to rising (Fig. 1). The
bore forms during spring tide conditions when tdaltrange exceeds 4 to 6 m and the flood tide flow
is restrained into a narrow funneled estuary. Tt bront is a flow singularity and hydrodynamic

shock (Lighthill 1978, Liggett 1994). In a systermreference following the bore front, the integral

form of the continuity and momentum equations gigeseries of relationships between the flow
properties in front of and behind the bore (Light!9i78):

(Vi+U)xA =(V,+U)xA, (1)
px(V+U)x A x(Bx(V;+U) = B,%(V,+U)) = [[ PxdA- [[PxdA+F, ~Wxsing  (2)
A A

where V is the flow velocity and U is the bore ciéjefor an observer standing on the bank, A is the
channel cross-sectional area measured perpendioulae main flow direction, , the subscript 1 refe
to the initial flow conditions and the subscriptefers to the flow conditions immediately after the
jump. Neglecting the flow resistance,{F= 0) and for a flat horizontal channél £ 0), Equations (1)
and (2) give a relationship between the ratio afjegate cross-section areag/#, as a function of
the bore Froude number,Fr (U+V)/(gxA./B1)*? (Chanson 2012).
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A number of previous field studies in Brazil, Audia, UK and France emphasised the intense
turbulent mixing induced by the bore (Kjerfve arerieira 1993, Simpson et al. 2004, Wolanski et al.
2004, Chanson et al. 2011). In the present stumyiesfield measurements were conducted in the
Garonne River (France) at Arcins on 7 June 201f2waweeks after a major flood of the Garonne
River (Fig. 1, Table 1). The results provided aadetl characterisation of the unsteady flow feature
in the undular tidal bore as well as of the suspdrgkediment flux properties.

Figure 1. Tidal bore in the Arcins channel on 5eJ2012 at 17:34 looking downstream

Table 1. Tidal bore properties in the Arcins char{@aronne River, France) in 7 June 2012

Date and time Tidal bore properties
Bore type Fr U (m/s) A (mP)
7/06/2012 at 06:44 | Undular (very flat) 1.02 3.9 158.9
7/06/2012 at 18:47 Undular 1.19 4.6 152.3

2. Garonne River tidal bore

2.1.Local configuration

A well preserved macro-tidal environment is theoBde estuary, Garonne River and Dordogne River
in south-western France. A number of visual obs@mwma highlighted the rapid evolution of the tidal
bore shape and appearance in response to theimstoathymetry (Chanson 2011). The present study
was conducted in the Garonne River (France) irBtlas d'Arcins (Arcins channel)

The Bras d'Arcins is located between ile d'Arcidsc{ns Island) and the right bank close to
Lastrene (44°47'58"N, 0°31'07"W). The Arcins chdrineabout 1.8 km long, 70 m wide and about
1.1 to 2.5 m deep at low tide (Fig. 1). More dstaibuld be found in Chanson et al. (Chanson et al.
2011). Measurements were done a few weeks afteajarrflood. The river bed might have been
scoured from the soft sediments during the AprilyN2812 floods of the Garonne River.

Although the tides are semi-diurnal, the tidal egchave slightly different periods and amplitudes
indicating some diurnal inequality (Fig. 2). FiguPepresents the water elevation observations at
Bordeaux that are compared with the water elevatiecorded on-site prior to and shortly after the
passage of the tidal bore on 7 June 2012. In Figuadl the water elevations are presented in m NGF
IGN69. The field measurements were conducted usyléng tide conditions on 7 June 2012 morning
and evening. The tidal range data are summarisédbte 2
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Table 2. Tidal bore field measurements in the Az¥@ihannel, Garonne River (France)

Date Tidal ADV Sampling| Sampling| Start | Tidal borg End | ADV sampling volume
range (m) system | rate (Hz)| duration | time time time
1) (2) (3) (4) (5) (6) (7) (8) 9)
5.68 Sontek 50 2h 58 mir} 06:01| 06:44 | 09:00About 11.58 m from right
microADV (10,694 s bank waterline (at low
(50 Hz) tide),
7/06/2012 1.03 m below water
surface.
55 Visual N/A N/A N/A 18:47 N/A | N/A
Obst'
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Figure 2. Water elevations at Bordeaux (44°52'N3W3 (Data: Vigicrue, Ministére de I'Environnementdu D
éveloppement Durable) and observations in the Arcirannel on 7 June 2012

2.2. Experimental apparatus and properties

To perform sediment transport analyses, a serieseaSurement were collected including :
-free surface elevation,

-Cross section,
-free surface velocity,
-temperature,
-sediment concentration,
-turbulent velocity under surface,
-rheological and granulometry properties.
The following give details for accuracy and sigmehtment from probes.

2.2.1.Cross section measurement
The cross section of the Arcins channel at thel fetldy location was surveyed. Several positions
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were defined along a cross line through the Ardiarmel, where the velocity measurements were
done. Results are compared with earlier surveyth@tsame cross line in 2010. The results are
presented in Figure 3. No significant modificatiwas observed except a lower depth of the river bed
about 10 to 20cm lower.

—= — Channel bed (7/6/2012) -- -3 - - Channel bed (11/9/2010)
Water level at 06:40 (7/6/12) ~ ------ Water level at 18:10 (10/9/10)
—— — Water level at 18:40 (7/6/12) L] ADV sampling volume at 18:10 (10/9/10)
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Figure 3. Surveyed (distorted) cross-section logkipstream - Comparison between the 2010 and 20i2ys
at the same cross-section

2.2.2.Velocity and elevation measurements

The free surface elevations were measured manusiliy a video camera (50Hz) recording the water
level. During the investigations, the turbulentogifies were measured with a SoritéimicroADV
(16MHz, serial number A1036F-3D side-looking head) 7 June 2012 morning. The system was
fixed at the downstream end of a 23.55 m long hestuydy pontoon. It was mounted vertically, the
emitter facing towards Arcins Island, and the pesitdirection head was pointing downstream. The
sampling volume was about 1.03 m below the freéasarfor the duration of the study. All the ADV
data underwent a post-processing procedure toreliemiany erroneous or corrupted data from the
data with the software WinADV' version 2.028 following the same method as Chaesah (2011).

The calibration of the ADV in terms of suspendeddisent concentration (SSC) was
accomplished by measuring the signal amplitude rafwkn, artificially produced concentrations of
material obtained from the bed material sampleiteld in tap water and thoroughly mixed.

The accuracy of the ADV velocity measurements wasoi the velocity ranget(2.5 m/s) (Sontek
2008). The accuracy of the water elevation wascthSprior to the tidal bore and 1-2 cm during the
tidal bore passage. The mass of wet sediment wasured with an accuracy of less than 0.01 g, and
the SSC was estimated with an accuracy of lessQe025 g/l.

2.2.3.Sediment properties

The bed material was basically a cohesive mud maxaand the granulometry data were nearly
independent of the sample and mixing techniqudgtap
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Some Garonne River bed material was collected nexthe pontoon. The soil sample
granulometry was measured with a MalVérlaser Mastersizer after mixing (mechanical or
ultrasound), The rheological properties of mud Saspvere tested with a rheometer Malv&n
Kinexus Pro quipped with either a plane-cohke £ 40 mm, cone angle: 4°) or plane-digk £ 20
mm) configuration.

Table 3. Characteristics of sediment sample sid\thims channel, Garonne River (France)

Sediment Location Type Mixing dso dio doo

sample (2) 3) (4) (5) (6) (7)
1)

Mech (10min) | 11.86 3.06 50.80

. . Mech (20min) | 11.11 2.93 42.19

7/06/2012 | Low tide Silt Mech (30min) | 12.23 3.10 | 49.74

Ultras (18 min) | 13.68 3.19 51.91

Mech (10min) | 13.06 3.75 51.53

. . . Mech (20min) | 11.05 3.47 38.51

8/06/2012 mid ebb tide Silt Mech (30min) | 13.06 374 5515

Ultras (14 min) | 15.76 3.56 62.97

The rheometry test results showed some basic eliftas between the two sediment samples
(Table 3). The sediment sample collected on 7 RO%? appeared to be more cohesive and less
homogeneous. The magnitude of the shear stressgdunloading was smaller than the shear stress
magnitude during loading for a given shear ratear@itatively the findings were consistent with the
qualitative observations: that is, a more cohesiediment mixture was collected on 7 June 2012
associated with larger yield stress and apparesdosgity. On average, the apparent viscosity was
between 18 and 36 Pa.s, and the yield stress veag @b to 271 Pa for the sediment sample collected
on 7 June 2012 at low tide. For the sediment sampllected on 8 June 2012 at mid-ebb tide, the
apparent viscosity was between 2.9 and 13 Pa.ghandeld stress was about 15 to 74 Pa on average.
Further the present data were not dissimilar with sediment characteristics of samples collected at
Arcins on 11 September 2010 (Chanson et al. 2011).

After calibration, within the experimental conditig the relationship between acoustic backscatter
amplitude (Ampl) and suspended sediment conceotst{SSC) showed a decreasing backscatter
amplitude with increasing SSC. For the laboratests with low suspended loads (S$8 kg/m3),
the best fit relationships were:

—-8.735

SSC= =
1-35253 xexp(—0.1053 x (Ampl — 92)) 1)

3. Observations

On 7 June 2012, the tidal bore in the Arcins chhforened first at the downstream end of the channel
and extended across the entire channel width asdular bore. When the bore propagated upstream,
its shape evolved constantly in response to tbal loathymetry (Table 4). The tidal bore was charac
erised first by its front following with a pseudbawotic surface motion several minutes. At the sampl
ng location, the front elevatiakd rose rapidly in the first 10-15 seconds. Forriagt 40 minutes, the
water elevation rose further by 1.22 m and 1.33@ dune 2012 morning and afternoon respectively.
In the system of reference in translation with bore front, the momentum principle yields a

dimensionless relationship between the ratio ofugate cross-section areag/#; and the upstream
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Froude number Fr(Chanson 2012) with the tidal bore Froude numiser F
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where the tidal bore Froude number is defined as :

1‘| - Bl (3)

The present results are shown in Figure 4 withrdlie of conjugate cross-sectional areafM as
a function of the tidal bore Froude numbey. Hihe results highlighted the limitations of thel@¥er
equation, based upon a rectangular channel, imalattegular channels for which the cross-sectiona
properties may have a significant impact on théndefn of the bore Froude number.

Table 4. Characteristics of tidal bore on 7 June22@the Arcins channel, Garonne River (France)

Type Fr U Vi | d Ay B, | Ad | AA B, B B’ | Ai/B.| BBy | Fr
msimisl m | m | m|m|m|m|m|m
Undular | 1.02| 3.85| 0.68| 2.72|158.9] 79 | 0.45/36.71/84.3/81.6/82.4| 2 1.067| 1.15
(flat)
Undular | 1.19 4.58| 0.59| 2.65|152.3| 78.7| 0.52|42.24| 84.3|/81.2|81.8| 1.04 | 1.071 1.19

10 B 1 LI
#  Daly River 2003
9 B Dee River 2003 -
* Garonne River 2010
8 v Sélune River 2010 -
L] Garonne River 2012
7 4] Momentum equation (4-1) -
Bélanger equation (4-3)
- 6 v -
<
< 5 v n |
4 -
3 - —
7= | 4] ]
2 o
1 &_,--!L—!“T"_{_l 1 1 1 1
1 1.2 14 16 1.8 2 22 24 26
1'—1‘1

Figure 4. Dimensionless relationship between thgugate cross-sectional area ratighy and tidal bore Froude
number Fr

Concerning the water depth, some unusual featuresreed herein: (a) a slow rise of water level
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immediately prior to the bore front in the mornizuigd (b) some unexpected water level drop about 10
minutes after the front. On 7 June 2012 morning,ftee-surface depth data highlighted a gentle rise
of 0.04 m in about 70 s immediately prior to theebfyont discontinuity (Fig 5). The surface velgcit
observations highlighted the sudden flow reverssoaiated with the passage of the tidal bore.
However, next to the ADV, the video observationdidated that the surface flow direction reversed
about 6 s after the bore front on 7 June 2012 mgrni

On 7 June 2012 morning, the instantaneous velatzsitg showed the drastic impact of the tidal
bore propagation (1). Figure 6 presents the tim&trans of the ADV velocity components, with the
longitudinal velocity component Mpositive downstream towards Bordeaux, the tras&veelocity
component Y positive towards the Arcins Island, and the vaitieelocity component Ypositive
upwards. The time-variations of the water depthhat survey staff are shown together with the
surface velocity data. The turbulent velocity dsttawed the marked effect of the passage of the bore
front at t = 24,180s. The longitudinal velocity qooment data showed some rapid flow deceleration
associated with the passage of the bore front adfhavith some delay. The surface velocity data
exhibited a general pattern similar to the ADV dathe tidal bore passage was observed absut t
24,180 s with the sudden rise in free-surface ¢iewaf the bore front. A time delay between theebo
front passage and longitudinal flow reversal waseobed about 50 s after the bore front. his unusual
flow reversal differed from a number earlier obsgians including Wolanski et al. (2004), Simpson et
al. (2004), Chanson et al. (2011) and Mouaze €R8M0) in the field. All these studies showed the
flow reversal at the same time as the bore passémeever a few field studies reported some usual
delay between the bore front arrival and the flewersal.

The Reynolds stress levels were basically largan tthose during the ebb tide, with normal
stresses between 2 and 3.5 times larger on avéragéefore the bore front. Similarly the tangdntia
stresses were significantly larger on average #ftebore, while the fluctuations in tangentiaésses
were on average 10% larger than those at the eablofide.
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Figure 4. Time variations of the water depth nexADV unit and free-surface velocity in the channoehtre
during the field experiments -
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Figure 6. Time variations of velocity and water theguring the tidal bore on 7/06/2012 morning

The results highlighted that the flow reversal wharacterised by a very significant increase in all
the shear stress components (Fig. 6). That ismtgnitude of shear stresses during the flow relersa
was about 2 to 10 times larger than that duringetie of ebb tide. The sudden increase in sheasstre
was caused by the flow reversal rather than the fsont passage.

4, Discussion

The turbulent velocity fluctuations were based updaw-pass filtering of the instantaneous velocity
component V using the variable interval time aver®§TA (Piquet 1999, Koch and Chanson 2008).
The upper limit frequency was about the Nyquisgjfirency (25 Hz herein) and a lower limit was abou
t 0.16-0.25 Hz, corresponding to the period of g the bore undulations on 7 June 2012 morning.
The results yielded an optimum threshold;J= 0.5 Hz.

The present data showed large and rapid turbuleghdtds stress fluctuations during the tidal
bore and flood flow. During the tidal bore and fibfhow, the amplitudes of instantaneous Reynolds
stresses were significant, with normal stress ntadas up to 120 Pa and tangential stress magnitudes
up to 30 Pa.
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Figure 7. Time-variations of Reynolds stresses, m@pth and longitudinal velocity component durihg tidal
bore passage on 7 June 2012 morning - Post-pratAE8é data, sampling rate: 50Hz

5. Conclusion

Some field observations were conducted in the tidaé of the Garonne River on 7 June 2012 in the
Arcins channel. The tidal bore was a flat undularebwith a bore Froude number close to unity
(Table 1). A feature of the study was some efféatecent floods (April-May 2012) of the Garonne
River. At the end of ebb tide, the current wasrgjtahe water level was relatively high and theewat
was predominantly freshwater. The field observatibighlighted a number of unusual features on the
morning of 7 June 2012. These included (a) a slhigktin water elevation starting about 70 s pigor
the front, (b) a flow reversal about 50 s after lleee front as illustrated in Figure 2, (c) someda
fluctuations in suspended sediment concentrati®C)Sabout 100 s after the bore front and (d) a
transient water elevation lowering about 10 minatiésr the bore front passage. The measurements of
water temperature and salinity showed nearly idahtiesults before and after the tidal bore: there
was no evidence of saline or thermal front.

The sediment material was cohesive with a mediaticf@size of about 13im, and the mud
exhibited a non-Newtonian behaviour. The rheometegults suggested that the quantitative
characterisation of the material was closely linkgth the testing protocol and configuration. The
suspended sediment flux data indicated a downstpeesitive flux during the end of the ebb tide. The
arrival of the tidal bore and flow reversal was reltderised by a rapid reversal in suspended sedimen
flux during the flood tide. After the passage of thore, the net sediment mass transfer per urat are
was negative (i.e. upriver) and its magnitude wease as large as the ebb tide net flux. Overall the
sediment concentration and data highlighted some significant suspended sediment load.
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