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Abstract The work reported was undertaken in the Homerka instrumented
catchment in the Polish Flysch Carpaihians, where different techniques for
monitoring coarse sediment transport have been applied over the past
30 years. The arca is characterized by highly active erosion, sediment
transport and fluvial sedimentation processes. Bed load transport has been
measured using both acoustic and magnetic techniques. The acoustic (hydro-
phone) method permits continuous measurement and is able to provide a
continuous record of coarse particle movement during flood events, which is a
direct reflection of the magnitude of bed load movement. In general, bed load
transport reaches a peak more rapidly than the water discharge. For a given
flood discharge, the intensity of bed load transport varies between the rising
and falling stages of a flood event. Coarse material bed load transport has also
been measured in the Homerka catchment using magnetic tracers, In this case,
magnets are cemented into holes drilled into gravel particles and an electro-
magnetic sensor is used (o track their movement through a designated short
reach. In addition, transport distances associated with individual gravel
particles tagged with magnets during individual events have been documented
by recovering the labelled gravel after the event using & metal detector. These
magnetic tracing techniques permit the bed load transport rate associated with
mdividual grain size fractions to be quantified.
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INTRODUCTION

The high energy and active morphodynamic environment associated with mountain
streams introduces important practical constraints in the application of standard
techniques for measuring bed load transport. Direct classical methods for investigating
bed load transport are for the most part expensive to apply, in terms of both equipment
and manpower requirements. As a result, most studies applying such methods have
addressed very limited objectives and have involved only short term measurements, It
is difficult to use short term measurements in the interpretation of longer term
sediment yields and contemporary channel system changes.

Most existing work has centred on comparisons of bed load and suspended load
transport, since this is important for investigating the total sediment flux. Such studies
have indicated that bed load commonly constitules a substantial part of the total load of
most mountain rivers and is generally much more important than suspended load in
terms of channel development and change in such rivers (Froehlich, 1982; Pitlick &
Thorne, 1987; Leopold, 1992).
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THE STUDY AREA

The work reported in this contribution was undertalken in the Homerka instrumented
catchment in the Polish Flysch Carpathians, where different techniques for monitoring
sediment transport have been applied over the past 30 years (Froehlich, 1982, 1995).
The Homerka stream drains a catchment area of 19.6 km” with a longitudinal sfope of
53.3%o. The catchment has a mean discharge of 0.350 m® s, a mean annual flood
discharge of 9.15 m’ s and a mean annual rainfall of 909 mm. The area is character-
ized by highly active crosion, sediment transport and fluvial sedimentation processes.
Fluvial processes are dominant, and the channel network is being actively deepened.
Extreme floods exert an important control on the fluvial system and are highly
significant as geomorphologically effective events (Froehlich, & Starkel, 1994).

Bed load transport along the Homerka stream is characterized by significant spatial
variability, in response to variable sediment supply related to the occurrence of
bedrock channels, bed armouring and hillslope mass movements. The armoured
surface layer consists of grain sizes with a Dsp of 55 mm.

PROBLEMS ASSOCIATED WITH BED LOAD TRANSPORT
INVESTIGATIONS IN MOUNTAIN STREAMS

Geomorphologists and hydrologists are constantly seeking improved methods for
measuring bed load transport, in order to quantify sediment yields from drainage
basins more accurately. The results from individual field investigations are, however,
difficult to compare, because of the considerable range of measurement techniques and
sampling procedures employed (Wohl, 2000). There is a particular need to develop
improved techniques for monitoring bed load transport in mountain streams.

Any sampler placed in the flow will perturb local hydraulic conditions. Direct bed
load transport measurements, particularly during floods, are also extremely difficult,
because of a number of problems, including high flow velocities, the large quantities of
sediment being transported, the wide range of grain sizes involved, and dangerous field
conditions. Furthermore, the thresholds for the initiation and cessation of bed load
transport are highly variable in high-energy mountain streams (Wohl, 2000).

Bed load transport in mountain streams 1s also often characterized by waves of
different frequency and amplitude, which again pose great problems for measurement
programmes (Ergenzinger ef af, 1994; Bunte, 1990). Furthermore, grain sizes that
normally move as bed load, may be transported as suspended load during extreme
flood events. Macroturbulence may be responsible for the suspension of large blocks
and cobbles (e.g. Leighly, 1934; Matthes, 1947; Frochlich, 1982). Large boulders are
frequently moved by catastrophic floods, but there is evidence that they also move in
floods lying within the normal flood range (Vaughn, 1990). During low and
intermediate magnitude flood events, when a stream is not competent to transport the
coarser bed material fractions, the finer, mobile fractions are selectively removed from
the active layer. When the tractive force exceeds the critical value for the maximum
grain size, all fractions are transported.
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ACOUSTIC (HYDROPHONE) BED LOAD TRANSPORT MEASUREMENT

Numerous studies have attempted to use acoustic devices to measure bed load trans-
port (e.g. Bedeus & Ivicsics, 1964; Tywoniuk & Warnock, 1973; Richards & Milne,
1979; Froehlich, 1982; Binzinger & Burch, 1990; Rickenmann, 1994). The author has
successfully used the acoustic method to provide a continuous record of bed load trans-
port in the Homerka instrumented catchment, and an acoustic device was designed and
construcied and successfully deployed at the gauging station on the Bacza stream, a
tributary of the main Homerka stream (Froehlich, 1982). The device permits the
continuous detection of coarse particle movement during flood events and the resulting
record can be used to derive information on the magnitude of bed load transport. Early
experimental investigations commenced in 1972 and an upgraded recording system has
been in operation since 1975, In the past 29 years, 75 events have been documented.

The acoustic device comprises three steel pipes containing the microphones placed
horizontally on the channel bed, a signal processing unit, an oscilloscope, an analogue
recorder and a computer (Fig. 1). The system has been installed within a straight reach
in the lower part of the Bacza stream. Field tests have demonstrated that the sensor
does not interfere with the natural hydraulic conditions. Each steel pipe is 6 m in
length and 42 mm in diameter, and these pipes have been installed on the channel bed
at a distance of 10 m from each other. The small capacitive microphones have a flat
frequency response over the range 2035 kHz and, in order to determine the optimum
configuration and specification, the author tested both different microphones and also
steel and plastic pipes of different diameter.

The microphones detect sound (acoustic waves) transferred through the pipes after
its generation due to collisions with the moving gravel. The acoustic noise has a
frequency in the range 20-60 Hz. The signal-processing unit has a low frequency
amplifier and six noise filters. The data logging system is based on recording of the
signal output current. Power 18 supplied from external high-capacity lead-acid batteries
connected to the power supply. The device described above is still experimental and
has its own particular advantages and limitations.
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Fig. 1 The primary elements of the acoustic (hydrophong) system,
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Fig. 2 Thresholds (or the initiation and cessation of bed load transport during a serics
of flood events in early July 1997,

The initiation of particle movement represents a key component of the bed load
transport process. However, Froehlich (1998) has reported that the threshold discharge,
above which transport commences, may vary through time and the investigations
undettaken in the Homerka catchment, using both acoustic and magnetic tracer
techniques, have emphasized that the threshold discharge for initiation of bed load
transport cannot be treated as a single definitive value (cfl. Fig. 2).

The relationship between water discharge and the rate of bed load transport can be
analysed using continuous measurements of water discharge and the continuous record
of the acoustic signal provided by the coarse sediment. In general, sound intensity
increases with transport rate and the frequency of the acoustic signal is inversely
proportional to the diameter of the moving particles. The signal pattern is a complex
hierarchic system reflecting both the pulsed nature of bed load transport and the noise
generated by moving bed load. The transport rate increases rapidly and reaches its
maximum value very soon after an increase in the magnitude of the flow renders the
bed unstable. The threshold discharge for initiation of bed load transport varies
between flood events. It is possible to recognise the discharge threshold for both
initiation of bed load transport during the rising limb of a flood and for the cessation of
transport during the falling limb (Fig. 2).

In general, bed load transport reaches a peak more rapidly than the water
discharge, and for a given flood discharge, the intensity of bed load transport will vary
between the rising and falling stages. This is reflected in the shape of the hysteretic
loop characterizing the relationship between bed load transport and discharge (e.g.
Froehlich, 1982; Bathurst, 1987; Schdberl, 1991; Rickenmann, 1994; Moog &
Whiting, 1998). Each flood is characterized by a loop with a different shape, in a



Monitoring bed load transport using acoustic and magnelic devices 205

800

700

)
X
'

600

500

400 "
300 ¢ P

200 | / g f!;ﬂ/
100 J

] 5 10 15 20 25 30

Intensity of hydrophone impulses (imp. min™")

Discharge (m” s")

Fig. 3 The relationship between the intensity of hydrophone impulses generated by
rangported particies and water discharge.

similar way to the hysteresis curves reported for suspended sediment transport (Fig. 3).
It is therefore impossible to establish a single rating relationship between bed load
transport rate and water discharge that can be applied to all events (Froehlich, 1982).
Bed load transport is non-uniform and unsteady and can fluctuate over an order of
magnitude, for given flow conditions. In general, more bed load is transported by
discharges associated with the first exceedance of the threshold for initial motion in a
particular year and the sequence of floods and their associated inter-arrival times play
an important role in controlling the pattern of bed foad transport in subsequent events
{Froehlich, 1982, 1998). The role of the relaxation time is still poorly understood.

The acoustic device can also be used to estimate the magnitude of the bed load
discharge, if it can be calibrated. Independent measurements of bed load discharge
were obtained using periodic surveys or emptying of the sedimentation basins
upstream of concrete weirs and drop structures and these were used to establish the
calibration relationship between the cumulative impulse count and the total amount of
sediment moved, presented in Fig. 4. The particle size distributions of the sediment
trapped in the sedimentation basins was determined using large sieves.

THE USE OF MAGNETIC TRACERS FOR MEASURING BED LOAD
TRANSPORT

The use of magnetic tracers affords a means of establishing the bed load transport rate
during flood events associated with individual size fractions (e.g. Ergenzinger &
Conrady, 1982; Ergenzinger & Custer, 1983; Hassan ef of., 1984; Reid er of, 1984;
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Fig. 4 A calibration relationship between cumulative hydrophone impulses and the
valume of bed load transported during an event.

Ergenzinger ef al, 1994). Two approaches to the use of magnetic tracers can be
distinguished. In the frst, the more conventional passive approach, individual gravel
clasis of varying size arc tagged with magnets and placed at known positions within a
river reach. By relocaling the tagged clasts after individual events, it is possible o
establish the distance of travel. This approach permits the effects of grain size and
particle densily and shape on transport distance to be explored (e.g. Hassan et al,
1984). In the second, or active, approach, the actual timing and speed of movement of
the tagged particles within a study reach is recorded as they cross magnctically
sensitive colls installed across the river channel (cf. Reid ef af., 1984). Although the
individual gravel particles are usually tagged by implanting magnets into the clasts,
Ergenzinger & Custer (1983) also reported the successtul application of the approach
to a stream where the coarse bed load was naturally magnetic.

Coarse malerial bed load transport has been investigated within the Homerka
catchment using both magnetic approaches. In each case, small magnets were
cemented into holes drilled into gravel clasts of different sizes using an epoxy resin.
Early experimental work with an active bed load transport sensor commenced in 982,
when a measuring system designed and constructed by the author, was installed at a
gauging station on the Homerka stream (Fig. 5). The device consists of two
magnetically sensitive coils (copper windings on an iron core), each 4 m in length.
These coils were installed across the channel bed, separated by a spacing of 30 m (cf.
Reid er al., 1984), The movement of the lagged gravels during a flood is registered by
their passage over the coil, which affects the magnetic field, causing a change in the
inductance of the coils. According to the Faraday principle, a voltage peak is induced
and the signal is detected, amplitied and transmitted to a receiver and then to recorder.
The median diameter of the bed material in the experimental reach is 64 mm. Magnets
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Fig. 5 The primary elements of the electromagnetic system used for monitoring bed
load transport.

of different size were inserted into different sized gravel clasts, permitting the move-
ments of clasts of different size to be distinguished (Fig 6). The tagged gravels were
also painted to facilitate their recovery alfter an event. Afler every flood, the gravels
were relocated using a portable metal detector. Recovery rates ranged from 12 to 85%.
Some typical results generated by this measurement system are depicted in Fig. 7.

Fig. 6 Results obtained from the electromagnetic system used for measuring bed load
transport during a flood occurring on 20 July, 2001,
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Recording of the locations of the tagged clasts within the Homerka channel system
after successive events also provided a means of documenting the transport distances
of tagged clasts of different size during individual events. However, the results
obtained for the first event after the emplacement of the labelled gravel were not consi-
dered to be representative, since it is alimost impossible to relocate a tagged gravel clast
in exactly the same position as it occupied prior to removal for labelling. The transfer
of gravel particles through the Homerka channcl system was shown to be influenced
by both flood magnitude and duration. Transport distances for single gravel clasts
during an event with a magnitude equivalent to the mean annual flood ranged from 5—
140 m. The smaller clasts were found to have significantly lower transport distances
than the larger particles. The coarsest fractions (=600 mm) of the bed material only
become mobile during extreme floods and the results are presented in Fig. 7 show that
under similar flow conditions individual clasts moved varying distances in successive
steps. These results clearly demonstrate the stochastic nature of the entrainment and
movement of individual particles in a step-pool mountain stream. This stochastic
behaviour assumes increasing importance during extreme flood events. The conse-
quent lack of a clear relationship between distance of movement and particle size has
been reported in many field experiments. Little is currently known about the move-
ment of large particles through the channcl systems of catchments at different scales.
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Fig. 7 The relationship between transport distance and the grain size of magnetically
tagged coarse bed load particles for a flood eccurring during the peried 911 July
1997.

CONCLUSIONS

The results from the investigations described in this contribution demonstrate that
acoustic and magnetic approaches to investigating bed load transport both provide
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valuable and complementary results. These results emphasise the complexity of bed
load transport in mountain streams. Both the threshold discharges for initiation and
cessation of bed load transport and the volume of bed load transported can vary
significantly between individual flood events. Equally, the lack of a clear relationship
between transport rate and discharge emphasises the stochastic nature of bed load
transport and the importance of pulse transfer,
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