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ABSTRACT 

Floodplains downstream of dams with constant residual flow discharge often lack sediment supply and periodic 
inundation due to the absence of flood events. At the Sarine floodplain in Fribourg, western Switzerland, an 
artificial flood was released from Rossens Dam in 2016. This flood was combined with a novel configuration of 
sediment replenishment. The replenishment design was tested previously in laboratory experiments but not in 
the field. To investigate the erosion processes of the replenishment design, 489 stones with an average b-axis 
of 5.7 or 11.3 cm were equipped with RFID PIT tags and mixed in the replenished sediment. Downstream of 
the replenishment area, a pass-over loop fix-antenna was installed in the river to record passing PIT tags. With 
a mobile antenna, PIT tags were relocated after the flood. Peak discharge of the flood corresponded to a flood 
with a return period of two years; bankful discharge was observed during the flood peak. With the information 
of the fix-antenna, an average transport velocity for both PIT-tagged sediment sizes was calculated. Applying 
this measured transport velocity on all transported and post-flood detected stones allowed calculation of the 
erosion time for each stone and sediment deposit. The results show that the rising limb of the hydrograph is 
significantly more effective in mobilizing replenishment material than the decreasing limb. These findings are in 
line with observations made in the laboratory experiments. 
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1 INTRODUCTION 
Flow and sediment regimes can induce a large variety of habitats to rivers (Allan & Castillo, 2007; Wohl et 

al., 2015). Hydro-morphological conditions are an essential factor for in-stream life. Species have preferred 
ecohydraulic conditions, including flow depths, velocities and shear stresses near the streambed (Heggenes, 
1996; Statzner et al., 1988). The natural flow regime as well as the temporal and spatial ecohydraulic diversity 
are often altered by the construction of dams (Moyle & Mount, 2007). Dams trap sediment in the upstream 
reservoir and interrupt the sediment continuum, what can cause severe deficits in the downstream river segment 
(Kondolf, 1997; Petts & Gurnell, 2005). 

To counteract these deficits, sediment replenishment combined with the release of artificial flood events 
have been widely studied and applied (Arnaud et al., 2017; Battisacco et al., 2016; Gaeuman, 2012; Gaeuman 
et al., 2017; Heckmann et al., 2017; Robinson, 2012; Robinson et al., 2018; Staentzel et al., 2018; Stähly et al., 
2018). The sediment is placed in the river with different techniques and with an artificial flood pulse distributed 
in the river (Ock et al., 2013). 

In the study presented here, the transport behavior of a sediment replenishment was investigated with 
Radio Frequency Identification Passive Integrated Transponder (RFID PIT) tags and a fix-installed pass-over 
antenna in the Sarine River in 2016. This was tested combined with a novel configuration of a multi-deposit 
sediment replenishment methodology, consisting of four alternating bars, two along each river bank (Figure 1). 
This configuration was tested the first time in the field after obtaining promising results from an extensive 
laboratory study (Battisacco, 2016). The interest was to evaluate how far the replenished sediment was 
transported and which period of the hydrograph was most efficient for sediment entrainment. 

mailto:sev.staehly@gmail.com
mailto:anton.schleiss@epfl.ch
mailto:m.franca@un-ihe.org
mailto:m.j.franca@tudelft.nl


E-proceedings of the 38th IAHR World Congress
September 1-6, 2019, Panama City, Panama

6395
 

Figure 1. Deposits I to IV in the experiments of Battisacco et al. (2016). Deposit I was located the most 
upstream, deposit IV the most downstream. 

2 SITE DESCRIPTION 

The Sarine is located in western Switzerland and drains a catchment of 1900 km2. It is 126 km long before 
joining the Aare, a tributary of the Rhine, ending in the Northern Sea. The Rossens Dam, constructed in 1948 
(dam foot on 608 m a.s.l.), is one of the six reservoirs along the main stem of the river. It creates the 200 Mio m3 
large reservoir Lac de la Gruyère, releasing a 2.5–3.5 m3/s residual flow to the about 13 km long river segment 
between the dam and the power house in Hauterive (see Figure 2). The 13 km long reservoir retains all incoming 
sediment and makes spilling rare (Figure 3). This river segment has a wetted width of 20-35 m and a bed slope 
of 0.3 %. 

Figure 2. Overview of the residual flow river segment of the Sarine between the Rossens Dam and the power 
house in Hauterive. The four deposits were added to the study site analog to Figure 1, consisting of four 
deposits, deposit I at the upstream and deposit IV at the downstream end of the measure. 
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Figure 3. Discharge over a year downstream of Rossens Dam. The highest released discharge of about 
60 m3/s is clearly below the discharge with a return period of one year (HQ1 ≈ 110 m3/s). Figure obtained from 
www.swissrivers.ch, webpage consulted on 12 September 2018. 

3 METHODOLOGY 

3.1 Multi-deposit replenishment configuration 
The replenishment was added in four deposits of sediment and placed in the river at the coordinates 

46°45’29.21”N / 7°06’11.47”E (see Figure 1 and 2). From a river management and sustainability point of view it 

would be more reasonable to replenish the Sarine River with sediment directly downstream of the Rossens 

Dam. The configuration was an adaptation to field conditions of the sediment replenishment successfully tested 

previously in flume experiments (Battisacco, 2016).In total the river was replenished with 1000 m3 sediment, 

divided into four deposits of about 250 m3 each (Figure 3). As comparison, before the dam construction 4'000 

to 8'000 m3 sediment was transported in this river segment every year. Figure 4 shows an example of one 

sediment deposit. The deposit width W was about 8 m and the length L 22 m. The height of the deposits varied 

spatially depending on river bed elevation and was about 1.5 m in average. The replenished sediment was 

excavated from the adjacent alluvial forest on the right side of the river.  Since the excavation came from the 

floodplain, no washing or sorting could be applied. The grain size distribution (GSD) corresponded to the 

material found in the river bed. While the sediment was put in place, lots of fine sediment was released to the 

river. Where the sediment was excavated, ponds with still water were created, serving as new habitats for 

amphibians. 

http://www.swissrivers.ch/
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Figure 4. Deposit I and III in the Sarine looking upstream. Image courtesy: Elena Battisacco 

3.2 Sediment tracking system 
The excavated material was composed of characteristic grain sizes dm = 57 mm and d90 = 113 mm. The 

grain size distribution was determined analyzing 21 samples of Fehr line-sampling (Fehr, 1987) and photo 
sieving using BASEGRAIN (Stähly et al., 2017). A total of 489 stones, divided in dm and d90, were collected in 
the field, drilled and the hole filled with a Radio Frequency Identification Passive Integrated Transponder tag 
(RFID PIT tag) of 32 mm and 23 mm length and sealed with silicon (Arnaud et al.,  2015; Brenna et al., 2019; 
Cassel et al., 2017). With the software S2_Util (Texas Instruments TIRIS, Version 1.20), tags were 
programmed with a unique identification number. After measuring the three axes and the weight of the tagged 
stones, they were distributed equally in three layers (top, middle and bottom) in the four deposits. 

About 100 m downstream of deposit IV, a pass-over loop fix-antenna was mounted across the river, 
perpendicular to the main flow direction (Schneider et al., 2010). The antenna consisted of a single loop 
multiple-strand cable with a diameter of 16 mm2, protected by a rubber hose (Figure 5). The hose was fixed 
with cable straps close to the river bed at 1 m long armoring irons that were vertically installed into the river 
bed every meter. Prior to its installation, the antenna shape was optimized to a length corresponding to the 
local river width of about 25 m. The optimal antenna surface of 25 m x 0.3 m resulted in a detection distance 
of up to 1.5 m under dry conditions. Installed in the river, the detection distance below water did not exceed 
0.3 m. 

Figure 5. Drawing of the pass-over loop fix antenna in the Sarine. The brown squares are large stones of the 
river bed, the vertical lines are iron bars. The cable was protected with a garden hose which was fixed with 
cable straps on the irons. The irons were one m long and rammed in the river with a distance of one to two 
meters. 
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In addition to the fixed antenna, a mobile antenna was used for RFID PIT tag detection after the flood. 
The mobile antenna consisted of a 1.5 m long pole and 0.7 m diameter ring attached at the end, both made of 
plastic (Figure 6). Inside the ring, a double loop of 4 mm2 multiple-strand cable formed the antenna. The 
electro-magnetic components are carried in a back pack. When detecting a PIT tag, the electromagnetic 
components beeped and the tag ID appeared on a little screen. Both antenna systems, the fixed and the 
mobile antenna, worked with a 12 V 7.0 Ah battery. The electromagnetic components, such as the PIT tags, 
Tuning Board, HDX Reader and Control board are products from OREGON RFID, Portland, USA. The PIT 
tags work at a low frequency of 134.2 kHz, allowing detection in submerged conditions. 

Figure 6. Searching for tags after the artificial flood event with the mobile antenna to determine the final 
position xd of the tagged stones. 

With the help of the self-made mobile RFID antenna, the location of tagged stones could be detected 
after the flood event and their locations were recorded with a differential Global Navigation Satellite System 
(GNSS, model TOPCON HiPer Pro) with an accuracy of a few centimeters. The location of origin x0 and 
deposition xd for tagged stones could therefore be captured with a precision of about 1 m due to the antenna-
size. The location of the fix-antenna xa was known. In addition, the zone of erosion was defined, covering the 
influence area of the deposits where flow varies highly. It reaches from the upstream end of deposit I until one 
river width downstream of deposit IV xe. The definition of this spatial division is given in Figure 7. 

Figure 7. Concept and sketch of the longitudinal scales. The erosion zone is shaded, deposit III and IV dark 
gray. x0 = original position where a tagged stone was put in the sediment deposit; xe = downstream end of the 
erosion zone; xa = location of the pass-over loop fix-antenna; xd = final position where a tagged stone was 
found after the flood event. 

Knowing the location of deposition of a tagged stone xd, the time it ceased moving td, the time it passed 
the antenna ta and the location of the antenna xa, an average transport velocity vd for each stone that passed 
the fix-antenna can be estimated for the distance between the fix-antenna and the location of final settling 
(Equation 1). This measured average transport velocity, referred to as virtual velocity vd, is the average of a 
series of bouncing and stopping processes within the interval of xa  and  xd in the allocated time period 
(Hassan et al., 1991). On the other hand, the velocity upstream the antenna can be calculated based on the 
time and location at the antenna (ta, xa) with its departing location (x0) and earliest possible moment for 
erosion (t0). The erosion time te indicates the time a tagged stone is transported out of the erosion zone and 
can be obtained by Equation 2 (see Figure 8).  

This allows then the determination of the erosion-effective periods during the flood event as well as the 
corresponding sedigraph representing the time-series of the erosion of the tagged stones. Based on the 
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sedigraph and on the released volume a parameter called erosion efficiency is introduced (eeff, see Equation 
3), which corresponds to the ratio between the percentage of eroded tags in a certain time period i (Δti) and 
the percentage of released water during the same time period. 

𝑣𝑑 =
𝑥𝑑 − 𝑥𝑎

𝑡𝑑 − 𝑡𝑎

[1] 

𝑡𝑒 = 𝑡𝑑 −  
𝑥𝑑 − 𝑥𝑒

𝑣𝑑

[2] 

𝑒𝑒𝑓𝑓 =
𝐸𝑟𝑜𝑑𝑒𝑑 𝑡𝑎𝑔𝑔𝑒𝑑 𝑠𝑡𝑜𝑛𝑒𝑠 (𝑑𝑢𝑟𝑖𝑛𝑔 𝛥𝑡𝑖 )    [%]

𝑅𝑒𝑙𝑒𝑎𝑠𝑒𝑑 𝑤𝑎𝑡𝑒𝑟 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑑𝑢𝑟𝑖𝑛𝑔 𝛥𝑡𝑖 )  [%]

[3] 

where, 

eeff : 

Δti : 
ta : 

td : 

te : 

vd : 

xa : 

xd : 
xe : 

Erosion efficiency 

i-th time interval

Time of the stone passing the antenna

Time of deposition of the stone

Time the tagged stone leaves the erosion zone

Average stone transport velocity

Location of antenna

Location of settling
Downstream end of the erosion zone

Figure 8. Concept of the estimation of the average sediment transport velocity or virtual velocity vd and 
erosion velocity ve; x0 = original position where a tagged stone was put in the sediment deposit; xe = 
downstream end of the erosion zone; xa = location of the pass-over loop fixed-antenna; xd = final position 
where a tagged stone was found after the flood event. t0 = time of erosion; te = time of leaving the erosion 
zone; ta = time of passing the pass-over loop fixed-antenna; td = time the stone stopped moving. Blue = 
estimated values, brown = calculated values. 

3.3 Critical discharges to determine t0 and td 
The critical discharge for the dm and d90 on each deposit was determined using a numerical 2D-flow-

model in BASEMENT v2.6, which is a freeware simulation tool for hydro- and morphodynamic modeling (for 
more information, see www.basement.ethz.ch). The mesh was constructed in QGIS using the plugin 
BASEmesh flood. The used critical discharges are the given in Table 1. 



E-proceedings of the 38th IAHR World Congress

September 1-6, 2019, Panama City, Panama

6400
 

Table 1. Critical discharges taken for the estimation of virtual velocity and erosion time. Values used for the 
calculation were chosen based on the numerical model results and field observations. As a deposition 

criterion, the smallest discharge taken for the incipient erosion was used for each deposit. 

DEPOSIT INCIPIENT MOTION Q DEPOSITION Q 
DM D90 DM D90 

[M3/S] [M3/S] [M3/S] [M3/S] 

I 34 106 84 29 
II 72 137 84 29 
III 29 84 84 29 
IV 53 122 84 29 

4 RESULTS 
The artificial flood had a peak discharge corresponding to a return period of two years. The four sediment 

deposits were eroded partially (Stähly et al.,  2019). In total, 84 tagged stones were detected with the mobile 
antenna downstream of the erosion zone. Six PIT tag equipped stones were registered at the pass-over loop 
fixed antenna. From these six stones, only two could be used to calculate the erosion time te, one dm and one 
d90 (Equations 1 and 2).  

For the analysis of the virtual velocities, values for critical discharge were taken based on the numerical 
model results, allowing the determination of t0 and td (Table 1). The virtual velocity vd resulted in 19 cm/min 
(equal to 3.1*10-3 m/s) for the dm and 28 cm/min (equal to 4.6*10-3 m/s) for the d90. These two values were 
then assigned to all 84 tagged stones that were transported further than the lower boundary of the erosion 
zone and detected with the mobile antenna after the flood event. This allowed the calculation of the erosion 
time te for each tag (Figure 9). 

The most effective erosion occurred after the discharge reached 175 m3/s. Once the discharge passed its 
maximum and decreased, the erosion diminished quickly and equaled zero, once the discharge was below 
126 m3/s. The sedigraph in Figure 9 indicates high erosion mainly during increasing discharge. Four periods 
of steep increase in discharge until 12 h, intermediated by constant discharge periods, are observed. About 
40 % of the stones were transported during these periods of steep increase of the discharge, which 
represented only 20 % of the water released. This is associated with an erosion efficiency eeff of 2.16 for the 
steep increase of the discharge. 

Figure 9. The erosion time represents the time that the 84 stones took to leave the erosion zone. The survivor 
function (Davison & Hinkley, 1997) indicates the proportion of stones remaining in the erosion zone (84 stones 
= 100 %). To cluster the data, a censored analysis was done assembling all PIT tag-equipped stones leaving 
the zone within a change in discharge of 15 m3/s or higher. The sedigraph (shaded) is for illustrative purposes 
and does not correspond to a y-axis, highest point at 0.14. 

5 CONCLUSIONS 
The herein presented methodology with the case study Sarine River serves as an example to calculate the 

average sediment transport velocity based on in-situ measurements. The fixed installed antenna did not work 
properly during the whole event hence a more rigid construction needs to be applied in field experiments. The 
strong forces and high shear stresses acting at the bottom of the Sarine during the flood event changed the 
shape of the antenna permanently and with it the electromagnetic field. Despite all the vertically installed metal 
rods staying in place, the hose was detached from some rods and the cable straps broke, resulting in a high 
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flexibility of the antenna shape. A relatively flexible system has the advantage that it tolerates a certain amount 
of impact by rolling, jumping and sliding rocks, whereas a complete rigid structure may completely break after 
impact and no data would be collected. Additionally, the antenna is more tolerant to bed erosion.  

The erosion efficiency on the other hand can serve as an important tool for dam operators to optimize flood 
pulses. It is clear that the variation in shape and weight of tagged stones is not taken into account in the 
presented results, however the conclusion that the main erosion happens during increasing discharge covers 
with other studies (Robinson, 2012).  
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