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1 INTRODUCTION 

An important aim of gravel bed river restoration is 
initiating and supporting a dynamic river bed 
with, e.g., reforming gravel bars, pools, riffles, 
etc. The absence of these morphological structures 
is mainly due to a limited amount of sediment 
available for being transported. Moreover, the bed 
surfaces are characterized by static armour layers, 
which develop under limited sediment supply 
conditions. 

Sediment supply can be enhanced by, e.g., re-
moval of bank protection or deposition of addi-
tional sediment on the river bed. However, the ad-
ditional sediment is often finer than the bed 
surface material and well mixed. Thus, the critical 
shear stress of the additional sediment is lower 
than the critical shear stress of the armour layer 
and the material can be transported while the river 
bed is still stable. 

Prediction of the morphological development 
as well as assessment of risks during flood events 
requires knowledge of dispersion of the additional 
sediment, transport distance and velocity, and of 
the response of the existing river bed. 

Investigations of the influence of transported 
sediment on the stability of a static armour layer 
reported mobilisation of bed material which is 
immobile under clear water flow conditions (Jack-
son & Beschta 1984, Hassan & Church 2000, Koll 
2002, 2004). Jackson & Beschta (1984) and Has-
san & Church (2000) added sediment which was 
much finer than the bed material and concluded 
that the erosion is caused by a reduced character-
istic diameter of the surface material. 

According to Koll (2002, 2004) the transport 
rates of bed material were highest at the beginning 
of a feeding experiment, i.e. the amount of eroded 
bed material reduced with ongoing feeding dura-
tion. Thus, the erosion of bed material cannot be 
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attributed to a change of the characteristic diame-
ter but to the adaptation of the flow field on 
changed boundary conditions given by the move-
ment and deposition of particles. The transport 
processes depended on feeding duration and a 
combination of feeding rate and grain size of the 
feeding material. However, a mountain river with 
a distinct step-pool system was simulated in the 
experiments. Further experiments are required to 
check if the results can be transferred to gravel 
bed rivers with milder slopes, which is one aim of 
the experiments presented here. 

A second aim is to investigate the distribution, 
transport distance and velocity of tracer trans-
ported over an armour layer while the bed would 
remain stable under clear water flow conditions. 
To the knowledge of the authors no such experi-
ments are published. 

Tracer experiments carried out in gravel bed 
rivers showed that the travel velocity increases 
with increasing shear stress and decreasing grain 
size (e.g., Ferguson et al. 2002, Faulhaber & Riehl 
2000, Gölz & Trompeter 2000). The dimen-
sionless advective velocity of tracer u

*
G is defined 

as 

* =
−

⋅ ⋅

Ti
G

S
Ti

u
u

g d
ρ ρ
ρ

 (1) 

with uTi [m/s] advective velocity of the tracer 
with grain size dTi [mm] using the balance point of 
the tracer distribution, g [m/s

2
] gravity accelera-
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3
] water 

density. 
Ferguson et al. (2002) conducted field mea-

surements with tracer pebbles with a large time 
scale during several years. They developed a for-
mula (Eq. 2) to calculate the dimensionless trans-
port velocity considering the grain size of the bed 
surface 
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with τ*
 = τ0/[(ρS-ρ)·g·d50] [-] dimensionless 

bed shear stress, d50 [mm] characteristic diameter 
of the bed material, τ0 = ρ·g·h·I [N/m

2
] bed shear 

stress, h [m] water depth, I [-] slope. 
The coefficients a, b, and c depend on the dura-

tion between two surveys. The tracer were placed 
in 1991 and the dispersion was analysed after 2 
years in 1993, and after another 6 years in 1999. 
The long-term transport velocity decreased sig-
nificantly independent of the grain size of the 
tracer, partly due to the fact that the tracer were 
buried. The slowdown of the tracer was also ob-
served by Faulhaber & Riehl (2000) and Gölz & 

Trompeter (2000) who studied tracer transport in 
the River Elbe and the River Rhine, respectively. 
Gölz & Trompeter (2000) observed that the veloc-
ity of the tracer front was twice as high as the ve-
locity of the balance point. However, transport 
events of the tracer material were not distin-
guished from transport events of the river bed. 

Laboratory investigations concentrated also 
mainly on flow situations were the tracer were 
transported together with the bed material. For in-
stance Wong et al. (2007) investigated the trans-
port of well sorted gravel under equilibrium trans-
port conditions in laboratory experiments. As they 
did not vary the grain size of the tracer the result-
ing equation to calculate the dimensionless advec-
tive transport velocity (Eq. 3) is only a function of 
the dimensionless bed shear stress. 

* * 0.91.67 ( 0.0549)= ⋅ −Gu τ  (3) 

Promny (2008a, b) studied the transport proc-
esses of tracer over a flat bed as well as during the 
presence of bed forms. Due to the dunes the tracer 
particles moved faster than in case of a flat bed. In 
contrast to the results of field experiments a de-
pendency of the grain size on the transport veloc-
ity was not observed. Promny (2008a, b) hypothe-
sized that the lower velocity of coarser grains in 
rivers is caused by higher burial rates and deeper 
burial depths which could not be observed in the 
flume experiments because of the limited depth of 
the sediment layer. 

This paper introduces tracer experiments car-
ried out to improve the understanding of the phys-
ics of transport processes over static armour layers 
and to examine the influence of bed load on ar-
mour layer stability. Different stabilities of tracer 
and bed material are considered by varying the 
grain size of the tracer and the discharge during 
the experiment. First results of tracer travel dis-
tance and velocity and of eroded bed material are 
presented. 

2 EXPERIMENTS 

2.1 Setup 

The experiments were carried out in a 0.9 m wide, 
0.6 m high, and 20 m long tilting flume in the 
laboratory of the Leichtweiß-Institute for Hydrau-
lic Engineering. The slope of the flume was ad-
justed to 5 ‰. Over a length of 17.3 m the width 
was reduced to 0.5 m. The last 2.7 m of the flume 
were used to collect eroded sediment in a remov-
able sediment trap. The discharge was adjusted 
with a valve at the inlet and measured with an In-
ductive Flow Meter (IDM) with an accuracy of 
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± 0.05 l/s. Uniform flow conditions were adjusted 
by a weir at the end of the flume. 

A well mixed coarse sediment mixture (0.7 mm 
< d < 55 mm, dm = 8.3 mm) was placed in the 
flume with a height of 0.2 m. The sediment body 
was stabilized at the downstream end with a 
20 cm high sill made of perforated metal to enable 
flow in the subsurface layer. The upstream end 
was stabilized by a 1 m long layer of coarse gravel 
to limit scouring of the bed downstream of the 
flow straightener. 

In first experiments the critical discharge of the 
armour layer with maximum bed stability was de-
termined. Maximum bed stability means that the 
bed stabilizes itself without a significant change of 
the bed slope. A higher discharge would result in 
a reduction of the bed slope or the transport rate 
would not fall below the value which defines neg-
ligible bed load transport. The threshold of negli-
gible transport was defined to 400 g/(m·h). Close 
to the end of the armouring process the sediment 
trap was emptied every hour in order to determine 
the transport rate per hour. The armour layer was 
defined as being developed if the threshold value 
was not exceeded for eight subsequent measure-
ments. The critical discharge Qcmax for the combi-
nation of subsurface material and bed slope was 
determined to 130 l/s which corresponds to a criti-
cal shear stress τcmax = 12.6 N/m

2
. 

The development of an armour layer takes 
about 400 hours. In order to avoid its complete 
destruction due to the transport of the tracer mate-
rial, the tracer experiments presented here were 
carried out with an intermediate armour layer de-
veloped by adjusting Qc = 100 l/s (τc = 
10.7 N/m

2
). The sieve curves of the initial mate-

rial Ax, of the intermediate armour layer Zx, and 
of the armour layer with maximum bed stability 
Dx are shown in Figure 1. 

 

 
Figure 1. Sieve curves of the initial material Ax (dotted 
line), the intermediate armour layer Zx (solid line), and the 
armour layer with maximum bed stability Dx (dashed line). 

2.2 Experimental procedure 

After the armour layer was developed, the grain 
size distribution of the bed surface was deter-
mined by analysing orthogonal pictures and ap-
plying the line-by-number method of Fehr (1987). 
The bed slope was measured by geometrically 
correct levelling over the length of the gravel bed 
with a distance of 10 cm between the measuring 
points (accuracy ± 0.5 mm). The experimental 
discharge Qexp was adjusted and was held constant 
for 5 hours to determine the basic transport rate of 
bed material g0.  

The flume was dried and the coloured tracer 
material was deposited on top of the armour layer 
(see section 2.3). The flume was slowly filled with 
water to avoid erosion of the sediment during re-
adjustment of Qexp. The discharge and the pre-
determined weir position for uniform flow condi-
tions were adjusted simultaneously. 

During the experiments discharge, water level, 
sediment output and tracer distribution were de-
termined. The water level was measured every 
30 min by using the method of corresponding wa-
ter levels with an accuracy of ± 0.1 mm. 10 meas-
uring positions were located with a distance of 
1.5 m starting 2.5 m downstream of the flume 
inlet. 

The amount and grain size distribution of 
eroded sediment was determined by periodic ex-
change of the bed load trap. The time steps were 
two times 15 min and afterwards 30 min until the 
end of the experiment. The experiments continued 
until no significant movement of the tracer mate-
rial was observed visually. Due to the painted 
tracer it was possible to distinguish between 
eroded bed material and tracer. 

For the observation of the time dependent 
tracer distribution the discharge was stopped peri-
odically and orthogonal photos of the bed were 
taken. The photos were analysed by using com-
puter aided image analysis. At the end of an ex-
periment the bed was subdivided in cells of 10 cm 
by 10 cm. The tracer material was collected 
manually and the amount was determined by 
weighing. The results of the manually determined 
tracer distribution are used to calibrate the image 
analysis. The comparison between image analysis 
and measurement is exemplarily shown for run E2 
in Figure 2. The shape of the tracer distribution 
can be determined by image analysis with a high 
accuracy (deviation less than 1 %). Also the de-
termination of the amount of tracer depending on 
the position along the flume gives good results. 
However, the amount is underestimated by image 
analysis if the tracer is not single layer distributed. 
Additional experiments for calibration are planned 
to improve the results of the methodology. 
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Figure 2. Comparison of measured and image analysed lon-
gitudinal tracer distribution for run E2 (dT = 5-8 mm). 

2.3 Tracer experiments 

The experiments were carried out to study the dis-
tribution of sediment which is deposited in a river 
to initiate morphological processes as well as the 
impact of this sediment on the existing river bed. 
Thus, the tracer material was placed on top of the 
armour layer (see Figure 3) instead of feeding it. 

The bar had a height of 0.025 m, a length of 
0.25 m, and a width of 0.5 m. The height of the 
bar was limited in order to minimize bed erosion 
caused by the geometry of the bar. The upstream 
end of the bar was located 7.375 m downstream of 
the flume inlet. Thus, a 9.675 m long section was 
available to investigate the transport of the tracer 
as well as the response of the armour layer. 

 
Figure 3. Deposition of the tracer material. 

The tracer material was coloured to distinguish 
between bed and tracer material. So far, five ex-
periments were carried out with four different 
grain sizes of the tracer material and two different 
discharges Qexp during the experiment. The ex-
periments are summarized in Table 1. 

Each experiment started with adjusting a dis-
charge of 80 l/s, i.e. a discharge lower than the 
critical discharge of the armour layer. In three ex-
periments the discharge was kept constant until 
the end (Qexp = 80 l/s). In two experiments after 
15 min the discharge was increased to the critical 
discharge of the armour layer, i.e. Qexp = 100 l/s. 
The ratio of the critical shear stress of the tracer 
τcT and the shear stress of the flow τ0 ranged be-
tween 1.04 and 3.10 (see Table 1). 

In experiments E3 and E5 the critical discharge 
of the tracer material was only slightly exceeded 
by τ0 resulting in durations of only 210 min. The 
duration of the other experiments was Tend = 
930 min. 

 
Table 1.  Parameters of tracer experiments 
(Qexp = discharge during experiment, τ0 = shear stress of 
flow, dT = grain size of tracer, τcT = critical shear stress of 
tracer, Tend = duration of experiment) _______________________________________________ 
Run Qexp. τ0 dT τcT τ0/τcT Tend 
  [l/s] [N/m2] [mm] [N/m2] [-] [min] _______________________________________________ 
 E1 80 9.3 3-5 3.0 3.10 930 
 E2 80 9.3 5-8 5.0 1.86 930 
 E3 80 9.3 8-11 7.2 1.29 210 
 E4 100 10.7 8-11 7.2 1.49 930 
 E5 100 10.7 11-16 10.3 1.04 210 _______________________________________________ 

3 RESULTS 

Results of transport distances and tracer velocities 
depending on the tracer grain size, the applied bed 
shear stress, and the run time as well as the impact 
of tracer transport on bed stability are presented 
and discussed. 

3.1 Transport distance and velocity 

The percentage of the area of the bed surface cov-
ered by tracer was determined for each time step 
by image analysis of the orthogonal photos. In 
Figure 4 the longitudinal distribution of the tracer 
is exemplarily shown for run E1 at the time steps 
30, 210 and 930 min. The widening and flattening 
of the tracer distribution with run time as well as 
the progression of the tracer front becomes obvi-
ous. Moreover, it can be seen that in run E1 the 
tracer front already reached the end of the gravel 
bed at Tend = 930 min. 
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Figure 4. Longitudinal distribution of tracer for run E1 (dT = 
3 - 5 mm) at run time T = 30, 210 and 930 min. 

The transport distance of the front LF and the 
mean transport distance LS were determined for 
each time step. The tracer front is defined as the 
position which has not been exceeded by 99 % of 
the tracer (Promny, 2008a). LS is based on the po-
sition of the balance point of the tracer distribu-
tion. 

The time series of Ls for runs E1 - E5 (see Ta-
ble 1) are plotted in Figure 5. The gradient of the 
curves reduce with time indicating that the advec-
tive tracer velocity decreased. Comparing the 
mean transport distances for runs E1 - E3 the in-
fluence of the grain size becomes obvious: LS in-
creases with decreasing grain size. The effect of 
the grain size is much less pronounced for runs E4 
and E5 which can be attributed to the smaller dif-
ference in τ0/τcT. 

 

 
Figure 5. Mean transport distance LS as a function of run 
time. 

Plotting LS and LF as a function of τ0/τcT, e.g., 
for T = 60 min (Figure 6) reveals that both trans-
port distances increase with relative shear stress 
following power functions but with different gra-
dients. 

 
Figure 6. Mean transport distance LS and transport distance 
of the tracer front LF at T = 60 min as a function of relative 
shear stress τ0/τcT. 

The development of LF/LS with run time is plot-
ted in Figure 7. Values above 1 indicate an in-
creasing distance between the front and the bal-
ance point of the tracer distribution. The smaller 
the grain size of the tracer the smaller is the dif-
ference between front and mean velocity. Al-
though the travel distance in run E1 was distinc-
tively larger than in run E2 the ratio LF/LS is in the 
same order of magnitude. Thus, the tracer with 
grain size 3-5 mm and 5-8 mm was distributed in 
a comparable way. 

The magnitude and the shape of the curves for 
run E3 - E4 deviate from the first two runs. For 
run E1 and E2 LF/LS was almost constant after a 
run time of 90 min whereas for run E4 and E5 the 
ratio changed throughout the experiments. It has 
to be taken into account that the tracer was still 
transported in run E1 and E2 at T = 90 min, but 
the progression of the tracer was almost negligible 
after 30 min for run E4 and E5 (see Figure 5). 

 

 
Figure 7. Ratio of the transport distance of the tracer front 
LF and the mean transport distance LS as a function of run 
time. 

The velocity of the tracer front and the advec-
tive transport velocity are plotted in a log-log 
scale in Figure 8 for the runs E1 - E3. For run E1 
the velocity of the tracer front at T = 930 min 
could not be calculated, because the tracer front 
exceeded the end of the gravel bed. 
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As aforementioned the front velocity is faster 
than the advective velocity and the velocities de-
crease with increasing grain size. 

 

 
Figure 8. Advective and front velocity for runs E1 - E3 with 
Qexp = 80 l/s (solid line = front velocity; dashed line = ad-
vective velocity). 

As, e.g., Faulhaber & Riehl (2000) and Fergu-
son et al. (2002) observed in field studies the 
transport velocities decreased with increasing run 
time. However, the slowdown cannot be explained 
by burial of the tracer as the amount of transported 
bed material was small (see section 3.2) and thus 
the percentage of tracer material found in deeper 
layers of the bed was marginal. 

The tracer velocities increased with increasing 
discharge as can be seen in Figure 9. The veloci-
ties of the experiments E3 and E4 with the same 
tracer grain size but different discharges Qexp are 
plotted together with run E5. The higher velocities 
for run E4 compared to E3 are only partly due to 
the larger relative shear stress τ0/τcT. Otherwise 
tracer transport in run E3 (τ0/τcT = 1.29) would 
have been faster than in run E5 (τ0/τcT = 1.04). 
Further experiments are required and planned to 
explain the differences. 

 

 
Figure 9. Advective and front velocity for runs E3 - E5 
(solid line = front velocity; dashed line = advective veloc-
ity). 

In order to compare the results to other studies 
the dimensionless advective velocity u

*
G has been 

calculated. In the laboratory studies of Promny 
(2008a, b) and Wong et al. (2007) the tracer mate-

rial was of the same size as the bed material and 
both, tracer and bed material were transported. In 
the field study of Ferguson et al. (2002) the tracer 
material represented fractions of the bed material 
and the bed surface was in movement, too. 

Figure 10 shows the comparison of u
*

G calcu-
lated with Eq. (1) for the time span T = 0-90 min 
as well as calculated with Eq. (2) and (3) from 
Ferguson et al. (2002) and Wong et al. (2007), re-
spectively. Ferguson et al. (2002) did not consider 
the submerged specific gravity of the sediment. 
For comparison Eq. (2) was therefore multiplied 
with the term ((ρS-ρ)/ρ)−1. The parameters of the 
equation were set to a = 0.0075, b = 0.85 and c = -
1.25 according to the short term relation given by 
Ferguson et al. (2002). As Ferguson et al. (2002) 
distinguished between tracer and bed material 
Eq. (2) was used to calculate u

*
G for the smallest 

and the largest grain size of tracer material used in 
this study. Moreover, the data of Promny (2008b) 
are included in Figure 10. 

 

 
Figure 10. Dimensionless advective velocity u*

G calculated 
for T = 0-90 min as a function of the dimensionless bed 
shear stress τ*. 

The relation of Wong et al. 2007 is not valid 
for τ*

 < 0.0549, hence it cannot be applied for the 
experiments in this research. The velocities of 
grain sizes 8-11 mm and 11-16 mm are well rep-
resented by the equation of Ferguson et al. (2002). 
However, it has to be considered that the tracer 
velocity strongly depends on run time and thus u

*
G 

changes with the time scale. 

3.2 Bed stability 

The influence of bed load transport on the stability 
of the armour layer can be assessed by analysing 
the amount of eroded bed material collected in the 
sediment trap. The ratio of the transport rate of 
bed material eroded during the experiments, ge, 
and the basic transport rate g0 (determined during 
five hours of constant discharge before placing the 
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tracer, see Section 2.2) is plotted as a function of 
run time for experiments with Qexp = 80 l/s in Fig-
ure 11 and with Qexp = 100 l/s in Figure 12. The 
basic transport rates g0 were determined to 
40 g/(m·h) and 210 g/(m·h), respectively. 

Throughout the experiments the transport rates 
of bed material were low, however, exceeded the 
basic transport rate up to almost 9 times. The fluc-
tuation of eroded bed material is more pronounced 
for the experiments with smaller sized tracer ma-
terial and higher relative shear stresses (runs E1 
and E2) than for runs E3 - E5. After a certain run 
time the transport rate of bed material decreased 
abruptly and remained in the order of magnitude 
of the basic transport rate until the end of the ex-
periments. It is reasonable to assume that the 
transport of bed material is related to the transport 
velocity of the tracer. However, at present this as-
sumption cannot be verified with the available 
data. 

Experiments E3 and E5 were already finished 
after 210 min due to the definition of the end of an 
experiment. Besides a negligible progression of 
the tracer the amount of eroded bed material will 
be a second criterion for the end of a run in further 
experiments. 

 

 
Figure 11. Relative transport rate of eroded bed material 
ge/g0 as a function of run time for experiments with Qexp = 
80 l/s. 

 

 
Figure 12. Relative transport rate of eroded bed material 
ge/g0 as a function of run time for experiments with Qexp = 
100 l/s. 

The relative transport rates of bed material 
were higher for the experiments with the smaller 
sized tracer material and the higher relative shear 
stresses (runs E1 and E2). However, the depend-
ency on dT and τ0/τcT is not as clear as for the pa-
rameters of the tracer distribution and as reported 
by Koll (2002, 2004) which becomes more obvi-
ous in Figure 13. The relative transport rates of 
bed material averaged over the period T = 0-
210 min are plotted as a function of the ratio of 
the bed shear stress τ0 and the critical shear stress 
of the tracer material τcT. Regarding the amount of 
bed material mobilised due to the transported 
tracer either run E1 or run E2 seems to be an out-
lier. Further experiments will clarify this result. 

 

 
Figure 13. Relative transport rate of eroded bed material 
ge/g0 at T = 210 min as function of relative shear stress τ0/τcT. 

4 CONCLUSION 

Preliminary results of tracer experiments are pre-
sented. Contrary to published laboratory and field 
studies this study aims to investigate transport 
processes of tracer while the bed surface remains 
stable under clear water flow conditions, i.e. the 
applied shear stress is lower than the critical shear 
stress of the bed surface. The knowledge of this 
processes is required in order to predict the mor-
phological development as well as to asses risks 
during flood events when reestablish river bed dy-
namics. 
A static armour layer was developed before the 
tracer was placed on top of it. Five experiments 
were carried out with four different grain sizes of 
the tracer material and two discharges. An ex-
periment was finished if the visually observed 
transport of tracer was negligible. 

Transport distances and transport velocities are 
presented as functions of run time and relative 
shear stress. Both, the distances and the velocities 
depend on the relative shear stress and thus on the 
grain size of the tracer. The higher the difference 
between applied and critical shear stress the faster 
the tracer is transported. The transport velocity 
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decreases with run time. Therefore, it is difficult 
to compare these results with published data. 

Distinguishing between tracer front and bal-
ance point of the tracer distribution shows that the 
front moves faster than the mean tracer mass. The 
ratio of front and mean transport distance changes 
with run time. It becomes constant, if the critical 
shear stress of the tracer is exceeded to a certain 
factor by the applied shear stress. However, the 
factor cannot be quantified, yet. 

The response of the armour layer on the tracer 
transport is presented by means of eroded bed ma-
terial. It can be concluded that bed material is mo-
bilised due to the transport of tracer even if the 
bed surface is strongly armoured. However, the 
amount of eroded bed material is small. First re-
sults show that the transport rates of bed material 
depend on the grain size of the tracer, which is in 
accordance with results of Koll (2002, 2004). 

Further experiments are required and planned 
to improve the results. 
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