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An estimation of gravel mobility over an alpine river grabalr (Arc en
Maurienne, France) using PIT-tag tracers

B. Camenen, J. Le Coz, A. Paquier & M. Lagouy
Cemagref Lyon, 3 bis quai Chauveau CP220, 69336 LYON ced&RFNCE

ABSTRACT: Passive Integrated Transducers (PIT) tag metbaalace gravel particle is increasingly
used to estimate gravel movements in mountainous rivegotfRed recovery percentages after one flood
are often over 80%, demonstrating the effectiveness otdgisnique for small mountainous rivers. We
used this technique to get detailed spatial informationanigle movements on a gravel bar in an alpine
river (Arc en Maurienne, France). Six patches have beeregdlan the gravel bar (three on the bar head
in August 2008 and three along the secondary channel in 00 2During this period, the main events
correspond to flushing events of the upstream dams and oasgloy dam managers, as well as short high
flow periods in May 2009 due to snow melt. Only these events aavimpact on the gravel bar since itis
dry for lower flows. First results with PIT-tag technique icate a very strong erosion of the head of the
bar, especially on the side of the main channel. Two samplis plave been totally eroded and marked
particles have moved to the main channel after the first aadséitond flushing events, respectively.
The secondary channel shows lower dynamics. Recovery miages were approximately 80% after
each event until marked gravels reached the main chanraighrthe first connecting cross-channel.
Travel distances were independent of the particle diantéteto 300mm). The downstream part of the
secondary channel and the tail of the gravel bar were nattafieby the last flushing event in June 2009.
Most of the surface of the downstream part of the gravel bardwaduring this event as a consequence of
the May 2008 flood that significantly eroded the main chanfsla first conclusion, the PIT-tag method
yields interesting results for the gravel bar dynamics batihvestigation domain is limited in space (and
time) for our study case. Indeed, we were not able to recavetdg in the main channel and downstream.

Keywords: PIT-tag, bedload, gravel bar, alpine river

1 INTRODUCTION Lamarre et al. (2005) used passive transponders
allowing a location after a specific event. This pa-
The knowledge in river bed morphology has beenper presents some first results applying this method
of increasing importance for addressing engineerwith passive transponders on a gravel bar in an
ing and ecological problems in rivers over recentalpine river where the flow is typically faster than
decades. The movement of sediments along th#& a mountain river.
bed of an alluvial channel is one of the key pro-
cesses that needs to be understood. However, thepe PRESENTATION OF THE STUDY SITE
exist only a few experimental techniques to mea- . .
sure bedload transport accurately. Bedload sanf-l Arc €n Maurienne River
plers yield significant uncertainty (Hubbell et al, The Maurienne valley, France, is characterised by
1985) and are difficult to set up in alpine rivers, a density of infrastructure (railway Lyon-Torino,
where the flow may be supercritical. Recently,national road RN6 and freeway A43) in a narrow
radio-tracking technique has been developed andalley. The Arc River bed is thus strongly con-
tested on mountain rivers (Habersack, 2001 ostrained laterally with mean slope varying down-
Lamarre et al., 2005). This method allows thestream fromS = 1t0 0.2% (Hydratec & Cemagref,
measurement of the travel distance of individual1999). In several places along the river, a system of
particles. Habersack (2001) used active transporalternate bars is observed, which is typical of later-
ders allowing their localisation in real time while ally constrained rivers. This valley is also marked



main channel

Figure 1: Localisation map of the Arc River (river dams
are represented by filled circles).

by an intense input of sediments from the catch- N e D
ment area, and especially of fine sediments (schist
mainly) from the Arves Mountains. The catchment
area is 1957 krh(grey area in Fig. 1) with a ni-
val hydrologic regime and a mean water discharge
from 6-8 n¥/s in winter to 15-20 rf/s in sum-

mer (Sainte Marie _de Cuines, study site in Fig. 1;Figure 2: Image of the gravel ba.taken from a drone
Jodeau, 2007). Main floods usually occur at the be- '

S . in July 2006 (Jodeau, 2007) with the position of the 6
ginning of summer and in autumn. The dams al'patches emphasized.
low mitigation of small floods. However, because
of their small capacity, they are usually open dur-
ing larger floods and thus have no impact on thez'3 Hydrology from August 2008 to August 2009
flood propagation in the downstream part of theThe water discharge is estimated thanks to a pres-
valley (Marnezy, 1999). As often observed in damsure transducer located 200m on the downstream
reservoir studies, sediment transport is strongly afpart of the gravel bar. Regular discharge measure-
fected. Fine and especially coarse sediments amgents (using electromagnetic current-meter on a
stored in the reservoir. The compensation watevading rod for low discharges or torpedo current-
discharge is often not strong enough to wash oumneter from the bridge for larger discharges) were
sediments brought to the river by torrential tribu- performed in order to establish a rating curve. The

secondary channel

taries. period of the study follows a 10-year return period
flood that occurs in the end of May 2008. The max-
2.2 The gravel bar imum discharge was estimated as 508/snap-

The study site is located 15 km downstream ofproximately. As observed in Fig. 3, the water dis-
Saint Jean de Maurienne (see Fig. 1). The gravetharge is generally very low (6-8%fs) because of
bar lies on the downstream part of an alternate badam regulation (compensation discharge). Because
system in a straight reach constrained by dykesof the snow melt in spring, the discharge increases
The monitoring of this bar started in 2005 (Jodeau significantly during this period varying from 20 to
2007; Jodeau et al., 2007, 2008) with a focus orb0 n¥/s (note that the station was out of order from
the impact of river dam flushing on its morphody- March 20th to May 1st). The three main events
namics. Regular topography and grain size analyebserved during this period correspond to flushing
sis were achieved during the last four years. Sincevents conducted by the dam managers.

August 2008, Passive Integrated Transducers (PIT) Two of these events correspond to a side reser-

tag method to trace gravel particle is used to €SYoir flush in 2008 September 25th-26th and 2009
timate bedload transport over the gravel bar. S'XMay 95th-26th (s’ee Fig. 3). The mean water dis-

patches have been placed on the gravel bar: patch : ) :
1, 2 and 3 on the head in August 2008, patches ﬁﬁarge was approximately 70-80'fs with a peak

; t 100 ni/s (see Fig. 4). Both events last two days.
(5’ ang_G azlt))ng the secondary channelin June Zooélowever,/ irE May g200)9, the reservoir flush W);.S
see Fig. 2).

foregone by large discharges from the snow melt.
The third event corresponds to the river dam flush



140 River dam Flush

unit), meaning that a large number of individuals
can be tagged and tracked. However, the search
distance remains limited and lower than 1m. And
whenever several transponders are located at the
same position, the alarm circuit does not respond.
This method for tracking gravel was introduced re-
cently in France to study the dynamics of the Ain
River (Rollet et al., 2008) or mountainous rivers
(Liébault et al., 2009).

We used this method to estimate the gravel
dnobility on the gravel bar in the Arc River. We
@Qdopted a different strategy from Lamarre et al.
(2005) for the tagged particle layout: patches of 50
particles were set at specific positions on the gravel
o — bar (Lamarre et al. positioned particles individu-
120/ ally along several cross sections). The objective of
g ' our strategy was to get a statistical observation of a
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Figure 3: Water discharge at Sainte Marie de Cuine
during the period of the study (field measurements ar
represented by filled circles).
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Figure 4: Water discharge at Sainte Marie de Cuines fo

set of particles with similar grain size as surround-
ing particles and subjected to similar hydraulic
conditions. For each patch, tagged particles were
laid randomly on the bed surface with the excep-
tion of patch 2 where particles were burried 20cm
under the bed surface. Each patch surface was ap-
proximately 2 m. The particle characteristics for
each patch correspond to a grain-size analysis of
the zone achieved previously. These characteristics
are presented in Tab. 1. It should be noted that the
median grain diametefs;, and sorting coefficient-

in 2009, June 8th. This event lasted approxmatel)(/‘,j“ues 6= \/M) in Tab. 1 are biased because

12 hours with a first plateau at 80°fs (4 hour ;
long) and a second plateau at 128/m (3 hour o_nIy coarser particles are represented due to the
long) size of the PIT tag (423mm), and because the

' b-axes of the particles were classified with sieve

3 PIT-tag tracers
3.1 Method

holes of 45, 64, 90, 128, and 181mm.

Table 1: Location of each patch in the French coordinate

The principle is to follow individually grav- system “Lambert 2 étendu” (in meters) and characteris-

els tagged with Passive Integrated Transponderics of the patches (pnb: patch number).

(PIT). PIT tags (developed by TIRIS Technology

and distributed by Texas Instruments) can be in- [ pnb setiing date Tocation  dso[mm] o
serted into holes drilled in natural particles. Then, 1 27/08/2008 E911253.0 90 1.2
a set of particles can be put back into the river. 5 27/08/2008 Né’gffggfﬁ 64 12
The search of the particles can be done with a spe- N345585 4

cific antenna after each main event together with 3 27/08/2008 E911244.0 64 1.4
a DGPS to note the location of each particle de- N345584.2

tected. The antenna send an electromagnetic signal | 4 ~ 27/05/2009 E911195.0 90 1.4
at a_frequency (_)f 134 Hz. Whenever a transpon- 5 27/05/2009 Né’gfffgé% 64 12
der is detected in the antenna field, an alarm cir- N345734.2

cuit on the control module sends a loud tone and 6 27/05/2009 E911156.1 64 1.2
the transponder code sent from the reading unit is N345763.3

displayed on the Palmtop. PIT tags offer several

advantages for the tracking of individual sediment

particles (Lamarre et al., 2005; Allan et al, 2006).

First, each transponder can be encrypted with it$.2 Results from patches 1 and 2

own unique identification code. This allows de- Both patches 1 and 2 disappeared totally after
tailed analysis of individual particle movements. the first reservoir flush and second reservoir flush,
Second, PIT tags are robust and batteryless; thesespectively. After the first reservoir flush (Sept.
can be used in either short-term or long-term stud2008), all gravel particles from patch 1 were ap-
ies. Finally, they are rather inexpensiveXEper parently transported into the main channel. Only



* patch 1 \
A patch 2 N
61011 m patch3 A
— 2=450.5 (08/06/06) v
-=.= 7=450.5 (09/01/07) B
[l == 2=450.5 (09/06/10) |, “\

y — 345000 (m)

[$)
o
an

]
>

5801

575

230 23‘5 24‘10 24‘15I
X — 911000 (m)

Figure 5: Location of the patches 1, 2 and 3 and time

variation of the isolinez = 450.5m.

one pitted gravel was found afterwards on the side >
of the gravel bar 10 meters from the original patch
position. It should be noted that no tagged patrticle 207
was recovered as soon as it reached the main chan-
nel, either because it was not accessible or because o
the particle travelled too far. The patch 2 (posi-
tioned 20cm underground) did not move during the
first reservoir flush but disappeared totally after th
second reservoir flush. Even if this result was quite
disappointing, it indicated the impressive erosion

I
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Table 2: Mean travel distance (in metre) calculated from
origin Dy, and approximated between evel®);,,,,
and percentage of recovery.

€, .
four research campaigns.

date | 07/01/2009 18/03/2009 27/05/2009 09/06/2Q
Dy, 6.0m 5.3m 32.3m 98.2m
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Figure 6: Position of the tagged particles of patch 3 for

occurring at the gravel bar head. The time varia-, AS Pedload transportand travel distances are not
linear functions of the hydrodynamic conditions,

tion of the isometric linez = 450.5m is presented

in Fig. 5. It shows the large erosion of the grave
bar head after the three main events and explain
partly why all tagged particles from patch 1 and 2

disappeared.

Such erosion was not observed before. It seems
that the May 2008 flood (10 year return period
Qmaz =~ 500 m3/s) had significantly modified the
shape of the gravel bar head (higher and wider)y
The new shape appears not to be in balance witf},

regular hydraulic conditions.

3.3 Results from patch 3

that all particles followed a very similar trajec-

the spanwise direction.

mated as a logarithmic average:

1
Dy,, = exp [EZ?ZI In (dt,i)}

ithe mean travel distance of the particles was esti-

(1)

'where n is the number of particles found. The
mean travel distancA D,,,, after the first reservoir
ush (2008, September 25th-26th) was approxi-
ately 6m (see Tab. 2). For the second reservoir

flush (2009, May 25th-26th\ D,,, was approxi-

mately 26m. It seems consistent as both events are

of similar amplitude but the second one last twice
Most of the tagged particles from patch 3 were re-longer (see Fig. 4). The field campaign in March

covered after the two side reservoir flushes. Thel8th showed that minor winter event produced no
recovery rate-, was always above 60% (see Tab.sediment transport over the gravel bar. It also in-
2). The position of the patch (next to the secondaryicates the order of uncertainties in the measure-
channel) yielded trajectories passing along the seaments, as),,,, is 70cm lower than for the January

ondary channel. It is interesting to see in Fig. 67th campaign.
In Fig. 7, the travel distance for each particle was
tory. There is a large dispersion of the trajectoryplotted versus the grain size of the particle. As ob-
in the streamwise direction but it is very small in served by Camenen & Larroudé (2003), bedload

transport rate appears independent of the grain size

After the river dam flush, most of the tagged as soon as the critical bed shear stress for incep-
particles apparently reached the main channelion of movement is reached. Moreover, in a mix-
(through the first transverse channel) and could noture, the interaction between the different classes
be recovered. Only 6 tagged particles were recovef sediment also affects significantly the critical
ered afterwards. They were apparently trapped byped shear stress of each class (Wilcock, 1997).
a longitudinal bedform on the side of the secondarySome influence of the grain size may be observed
during the last campaign (after a period of relative

channel (cf. Fig. 6).

09



low flow, see Fig. 3) as all particles of small size to the first plateau of the dam flush (and also to
disappeared. Only coarser particles remained sincine mean discharge of the two reservoir flushes, cf.
the critical bed shear stress for inception of moveFig. 4), and for a discharge ¢f = 125m3/s, cor-

ment was not reached. responding to the maximum discharge during the
dam flush. It appears that the water level signif-
icantly influences the direction and magnitude of
the flow, especially in the transverse channels.

[Rte
@
@

10° ©

’ 4.2 Estimation of the bed shear stresses

The bed shear stress was estimated from the model
at six different locations that characterize the flow
on the studied reach: in the main channel up to the
bar head (where the flow changes from the left to
the right bank, named afterward4tc), next to the

bar head (on its narrowest paftt,lup) and next

to the bar tail (on its largest part/1dn); in the

. secondary channel (upstreadi2up, and down-

d_ (mm) stream,C2dn, to the transverse channel); and in
Figure 7: Travel distance of each particle as a functionthe main transverse channél4tc). The bed shear

of the grain size. stress was calculated assuming a constant Strickler
coefficientk’ = 30m*3/s over the gravel bar:
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3.4 Results from patches 4, 5, and 6 Ty (2)

~ Top 1/3
Patches 4, 5, and 6 were positioned just before the K2Ry

river dam flush in May 2009. None of the parti- \yhere is the water density; the acceleration of
cles from these patches moved during the flushyrayity, 17 the depth-averaged velocity, afyl the

ing event. Indeed, patches 4 and 5 were underwesydraulic radius (assumed to be equal to the water
ter only during the peak of discharge and velocitiesgepthy,).

at these positions were apparently too low to trans- | Fig. 9, the bed shear stress time variations
port sediments. Patch 6 was never underwater. Fjyring a typical dam flushing event are plotted for
a similar peak water discharg@ fa, ~ 120m°/s), " the six different positions (cf. Fig. 2). Because of
the gravel bar was observed to be totally underwarhe variability of the bed shear stress in space, these
ter during the flushing events in 2005, 2006 andyayes correspond to an average of values calcu-
2007. Again, these results may be explained bepted for several computational cells. It can be ob-
cause of the May 2008 flood. While some sedi-seryed that the bed shear stress is not a linear func-
mentation was generally observed over the gravefion of the water discharge:

bar, the main channel was significantly eroded.

The gravel bar is now perched and need larger wa- - In the main channel next to the bar tail

ter discharge to be underwater.

4 ESTIMATION OF THE GRAVEL MOBIL-
ITY
4.1 Numerical modelling
The model Rubar20 (Paquier, 1995) was used to
simulate a simplified flushing event. It solves the
2D shallow water equations. A simplified flush-
ing hydrograph was set upstream whereas the
downstream boundary condition was set free. The
Strickler coefficient was assumed to be constant
over the studied reachi = 30m*3/s. This is con-
sistent with the Strickler formula (1923K =
21.2/d901/6 with dgo = 0.1 m.

In Fig. 8, results obtained for the velocity field
and water depth are presented for different times of
the calculation: for a low dischargé&(= 20m?3/s),
corresponding to the compensation water, for a
medium discharge = 75m3/s), corresponding

(C1ldn), as most of the water discharge re-
mains in the main channel, the bed shear
stress follows exactly the water discharge;

However, next to the bar head'{up), the
width of the channel is not as large and part
of the flow enters the secondary channel when
Q > 50m3/s. Thus, if the bed shear stress is
the highest and follows the total water dis-
charge whei® < 100m3/s, there is a decrease
of the bed shear stress whéh~ 125m3/s

as water depth increased significantly and a
significant part of the water flows in the sec-
ondary channel;

In the main channel on the riffle up to the bar
head (1tc), one can observe a first decrease
of the bed shear stress wh@rr 80m3/s. In-

deed, for lower discharge, the flow follows the
steep slope from to the left to the right bank.
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Figure 9: Bed shear stresses during the river dam flush-

ing event obtained from the model Rubar20 for different

locations on the gravel bar.

For larger discharge, the flow changes direc-
tion because of the larger water depth (stream-
wise) and the local slope of the flow is de-
creasing.

- A similar observation can be made in the
transverse channel'@dn) but for a larger dis-
charge. Whei) ~ 100m?*/s, the flow changes
direction from spanwise to streamwise and
the local slope of the flow is decreasing.

- In the upper part of the secondary channel
(C2up), the bed shear stress follows the wa-
ter discharge but the magnitude is two to four
times smaller compared to the main channel
(Cldn)

- Last, in the downstream part of the secondary
channel (from the transverse channel), bed
shear stresses remain very low as this chan-
nel is underwater for) > 40m3/s only and
negligible part of the total discharge flows in
this channel.

4.3 Estimation of the travel distances

Assuming that the bedload thickness is equal to the
roughness height, = k, ~ 2dy, (Van Rijn, 1993;
Camenen et al., 2006), the travel distance of the
particles may be estimated as follows for a typical
event:

T
Dy pum = ——=dt 3)

Figure 8: Water depths and velocities on the upstreanhere" is the length of the event, ang(?) is the
part of the gravel bar simulated with the model Rubar20instantaneous bedload transport rate (ify $yim)

for different times of the flushing event (&= 2hh,
Q = 20m3/s; b:t = 5h, Q = 75m3/s; c:t =5h40mn,
Q = 125m3/s).

calculated thanks to the Camenen & Larson (2005)
formula. As observed in Fig. 7, bedload transport

appears not to be function of the grain size. Calcu-
lations were achieved for different grain sizes by

calculating the critical bed shear stress based on
the work of Wilcock & Crowe (2003): the critical



bed shear stress for each individual class of a mixto estimate the travel distance was suggested and
ture should be not as sensitive to the grain size anglielded satisfactory results. On the other hand, it
appeared that the transport in the main channel
IS SO intense that gravels are easily transported
even during low flows. As soon as tagged parti-
cles reached the main channel, it was impossible
with b = 0.12 for d;/ds, < 1 and b = 0.67 for  torecover them. Consequently, the PIT-tag method
d;/dso > 1. offered a limited spatial extent when applied to our
These results in Tab. 3 are in agreement with exstudy case.

perimental measurements although a large scatter The large erosion of the gravel bar head was sus-
exists. In the main channel, the travel distance is opected to be due to the major flood of May 2008,
the order of one to five hundred meters for a typicalwhich modelled a morphology that is not in equi-

d;

(&)

Teri

(4)

Ter,dso

reservoir or dam flushing event. Even during lowlibrium in case of regular flood or flush events.

flow, some non-negligible bedload transport may

occur. On the other hand, in the secondary chanREFERENCES
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