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ABSTRACT: This paper contains results from an experimental study on the fields of river bed stability. A

contribution to a synoptic view of velocity- and pressure-fields above and within a gravel bed shall be given.

Combined measurements are carried out with miniature temporally high resolution pressure sensors and with

optical flow measurement techniques. 2-D and 3-D flow velocities are obtained by digital image sequence

analysis (3-D Particle-Tracking Velocimetry, 2-D Optical Flow Techniques). The novel measurement techniques

are presented and exemplary data sets are analysed in detail. The results shall contribute to an improved

understanding of the processes of erosion and sedimentation, as well as mass exchange processes. The long-

term goal of this project is to improve the design criteria for bed stability in waterways.

KURZFASSUNG: In diesem Aufsatz werden Ergebnisse einer experimentellen Untersuchung zur Sohlstabilität

zusammengestellt. Ziel der Untersuchung ist eine synoptische Erfassung der Strömungs- und Druckfelder ober-

halb und im Porenraum einer Kiessohle durch simultane, zeitlich hochaufgelöste Messungen von Druck und

Geschwindigkeit. Dazu werden miniaturisierte Piezo-Drucksensoren zur Druckmessung sowie optische 2D- und

3D-Techniken zur Strömungsmessung eingesetzt. Die Auswertung der Geschwindigkeitsmessungen erfolgt

durch digitale Bildsequenzanalyse (3-D Particle-Tracking Velocimetry, 2-D Optischer Fluss). Die neu entwickel-

ten Messtechniken sowie exemplarische Messergebnisse werden vorgestellt. Die Ergebnisse sollen zu einem

besseren Verständnis von Erosions- und Sedimentationsprozessen sowie von Austauschprozessen (Masse,

Impuls) zwischen Oberflächen- und Porenströmung beitragen. Das langfristige Ziel dieses Projekts ist die

Verbesserung der ingenieurtechnischen Bemessung von Sohlschutzmassnahmen.
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9.1 Introduction

The challenges of hydraulic engineering in river and
waterways depend essentially on the prediction of
the morphodynamical development of the river bed.
The efficiency of regulation works or hydraulic
constructions such as groynes, weirs or mounted
embankments are strongly influenced by the stability
of the river bed and the artificial geotechnical
armoring layer, respectively. For example, the Iffez-
heim barrage at the Rhine-river near Karlsruhe
needs about 200.000 m³ of gravel additionally per
year to avoid erosion in the downstream river bed.

Over the last 100 years much research work has
been done to gain insight into the theoretical back-
ground of river bed stability. /Shields 1936/ deve-
loped a non-dimensional diagram to describe the
transition from a stable to a moving bed, which can
be seen as the 'classical' approach in river bed
stability. Diverse formulae have been developed to
improve this approach, e.g. /Meyer-Peter & Müller
1949/; /Bonnefille 1963/; /Grass 1970/; /Wilcock
1993/. However, up to now no satisfactory, physically
founded formula has been established to answer
definitely the question of river bed stability. The
understanding of the individual processes, the
functional chain of cause and effect is not developed
far enough to predict destabilization. Hence, the
success of a hydraulic construction cannot be
guaranteed satisfactorily.

9.2 Background

For a more detailed consideration of stability prob-
lems the analysis of the influence of fluctuating
forces is important, e.g. /Dittrich et al. 1999/; /Zanke
2001/. Fluctuating forces might be caused by turbu-
lence of open-channel flow including the occurrence
of coherent structures as well as the involvement of
the whole hydrodynamic system which consists of
free surface flow, combined with the subsurface
gravel layer and eventually the groundwater flow.

The discovery of the so-called bursting phenome-
non in turbulent flows by /Kline 1967/ generated a
new interest in studying the structures of boundary
layer turbulence. As it is described by /Grass 1971/,
fluid near the bottom is thrown upwards during an
ejection phase, during a sweep phase fluid is
pumped towards the bottom. Burst-cycles occur over
both smooth and rough surfaces. They have a strong
impact on pressure peaks on the bottom which might
cause the erosion of single grains /Drake 1988/; /Gyr
et al. 1996/. /Emmerling 1973/ noticed instantaneous
pressure peaks max(p) as high as six times the
medium pressure fluctuations rms(p). /Raudkivi
1982/ as well as /Dittrich et al. 1999/ correlate rms(p)
to shear stress τ0 as

0( )rms p C τ= (9-1)

with C varying from 0.5 to 5.0, with an average of
3.0. Referring to /Emmerling 1973/ max(p) must be
taken into consideration up to 18 τ0!

Recent developments in measuring techniques allow
to get a more enclosing view of the processes that
lead to an instable bed /Detert et al. 2004; Klar et al.
2004/. The use of optical flow measurement tech-
niques combined with piezometric micro pressure
sensors (MPS) above as well as within a gravel layer
are an excellent tool to get a more synoptic view of
the related processes.

9.3 Experimental Setup

9.3.1 Flume

The experimental system has been implemented in
an open channel flume located at the Federal Wa-
terways Engineering and Research Institute (Bunde-
sanstalt für Wasserbau, BAW). The flume is L = 40
m long and B = 0.9 m wide. The maximum flow rate
is Qmax = 0.275 m³/s (Figure 9.1)

Figure 9.1 Sketch of experimental setup, dimensions
[cm], not to scale, (i) streamwise view with
the positions of the cameras for the free
surface 3-D PTV and the piezometric
pressure sensors, (ii) side view, where also
the positions of the artificial gravel pores and
the periscopes can be seen.

A sand layer of height HS = 0.5 m covered by a
porous gravel layer of height HP = 0.04 to 0.20 m is

(ii)

(i)



Klar, Detert et al.: Analysis of Subsurface Gravel Layer Flow caused by Turbulent Open Channel Flow ...

BAW-Workshop: Boden- und Sohl-Stabilität – Betrachtungen an der Schnittstelle zwischen Geotechnik und Wasserbau

9-3

placed in the flume over an effective length of
L = 30 m, optionally with and without hydraulic
contact to the sand layer. This is achieved by
omitting or inserting a rubber mat at the interface.
The measuring-area is located in the middle of the
flume at 15 m, hence influences of inlet and outlet
are supposed to be negligible. The medium grain
diameter of the gravel is dmD = ~10 mm, with a
degree of non-uniformity Cc = d60/d10 = 1.25. The
pore number can be calculated to ε = 62.4 % (loose
density: 1.538 g/cm³, grain density:  2.464 g/cm³).
The mean grain diameter of the uniform sand is
about dmD,S = ~1 mm. The measuring program is
defined for water depth of HA/dmD = 20 and
HB/dmD = 40, as it can be seen in Table 9.1.

series Hp/dmD 0.0 0.1 0.2 0.4 0.6 >0.6

series 1: 20 - - - - - -
gravel/sand 10 WA,B WA,B - HA,B HA -

4 WA,B WA,B HA,B HA,B HA HA

series 2: 20 WA,B WA,B HA,B HA,B - -

gravel 10 WA,B WA,B HA,B WA,B HA HA

4 WA,B HA,B HA,B HA,B HA HA

series 3: 20 - - - - - -
glass spheres 10 - - - - - -

4 HA,B,C HA,B,C HB,C HA - -

explanation: HA,B,C water depth HA,B,C/dmD = 20, 40, 10

WA,B additional gauging incl. wave generator

Hp heigth of porous granular filter

dmD mean gravel diameter

stability criteria τ0/τ0c

Table 9.1 Measuring program, with increasing shear

stress τ0/τ0c, τ0c = 8.8 Pa (Shields).

Variation in discharge and water depth provides flow
conditions up to low mobility transport conditions
based on /Shields 1936/ parameter, τ*. Supplemen-
tary gauges will be made with glass spheres, having
a dmD = 10 mm.

Figure 9.2 Photo of the Wave Generator in the BAW
flume.

Long waves are generated artificially by a wave
generator located 9.25 m downstream from the
measuring-area. Thus, the influence of an oscillating
water level can be studied. Figure 9.2 shows a
photograph of the wave generator.

The flow rate is measured by a magnetic inductive
flowmeter, the water level is detected by an external
ultrasonic probe with hydraulic contact to the flume.
Steady flow conditions for each measurement are
provided by controlling the gate valve at the inlet and
the movable weir at the outlet automatically.

At the measurement area, optical access to the
flume is given by plexiglass windows inserted into
the channel walls over a length of 4 m, where the
experimental instrumentation is installed (Figure 9.1).
In particular, the setup consists of the following parts:

- a stereo camera setup for the investigation of the
free surface flow above the gravel layer,

- three endoscopic stereo setups to record the
flow fields inside the gravel layer with specially
prepared artificial gravel pores,

- three rigid endoscopes inserted from below the
channel to observe the sand-gravel-boundary,

- up to ten pressure sensors at arbitrary locations
within the gravel layer (three of the sensors are
attached to the artificial gravel pores used for the
flow measurement).

The data acquisition is carried out simultaneously for
all the systems, which are described in more detail in
the following sections.

To gain additional insight into the velocity in
streamwise direction in the free surface flow an 1D-
Acoustic Doppler Profiler (ADCP) was used. The
ADCP was installed 3.0 m downstream the measure-
ment area and did not operate simultaneously to the
other measuring probes.

9.3.2 3-D PTV

9.3.2.1 Free Surface Flow

In order to acquire stereoscopic image sequences of
the free surface flow, two CCD-cameras (Pulnix TM
6701 AN) are mounted on the left and right side of
the flume, viewing the center of the channel in up-
stream direction through the glass windows (Figure
9.3). The optical axes of the two cameras enclose an
angle of about 90 degrees, maximizing the size of
the stereo volume (about 5 cm in all directions),
which is viewed by both cameras. Two glass prisms
filled with water are attached to the channel side
windows to make the optical axes of the cameras
perpendicular to the air-glass interface. In this way,
refraction effects of the optical rays passing the mul-
timedia interfaces are minimized. Three halogen
lamps are used to illuminate the stereo volume from
above the water surface. Visualization of the flow is
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provided by small air bubbles suspended in the wa-
ter.

To enable particle tracking at large flow velocities,
the frame rate of the cameras must be high enough
to keep the displacements of the particles between
successive images within certain limits. For standard
video capturing, the Pulnix TM 6701 AN delivers
images of 640 by 480 pixels at a frame rate of 60 Hz.
However, the camera also offers a partial scan
mode, reducing the image size to 640 by 200 pixels,
but increasing the frame rate up to 125 Hz. This
mode has been used for the measurements.

The acquired image sequences have to be stored in
the computer memory before they are written to a
hard-disk. Thus, the maximum duration of one ste-
reo image sequence of the free surface flow is about
∆t = 20 s, limited by the PC memory.

Figure 9.3 Top view of the stereo camera setup for 3-D
PTV above the gravel layer. The cameras
view the channel in up-stream direction
through water-filled glass prisms attached to
the channel side walls.

9.3.2.2 Pore Flow

Flow measurements inside three single pores of the
gravel layer are carried out using three miniaturized
endoscopic stereo setups. The basic principle of
these setups is the same as for the free surface flow,
namely to acquire stereoscopic image sequences of
the flow field inside the pore volume by viewing it
from two different directions. Two flexible fiber-optic
endoscopes of 2.4 mm diameter are attached to an
adapted artificial gravel pore made of grains fixed to
each other (Figures 9.4 and 9.5).

Figure 9.4 Endoscope stereo setup. For velocity
measurements in the gravel layer, this
stereo rig is attached to the artificial pores,
viewing the pore volume inside.

Figure 9.5 Artificial gravel pore.

Illumination of the pore volume is provided by an
optical fiber-bundle guiding the light from a halogen
cold light source into the pore. The purpose of the
artificial pore is to hold the endoscopes and the illu-
mination fiber at a fixed relative position and to keep
surrounding grains in the gravel layer from blocking
the endoscope view. To perform flow measurements,
the three artificial pores are embedded in the gravel
layer at different positions (Figure 9.6). A solution of
tracer particles is added to the flow upstream of the
pores, and particle image sequences of the two dif-
ferent endoscope views are recorded simultane-
ously.

The size of the observation volume inside the pores
is about 5 mm in all directions. Since the tracer
particles cover this small volume very rapidly, the
cameras must have even higher frame rates than in
the case of the free surface flow. Hence, two of the
three artificial pores are equipped with high-speed
Megapixel-CMOS-cameras (Photonfocus MV-
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D1024). These cameras allow to read out only a
region of interest on the sensor, which has been set
to a size of 184 by 184 pixels. Zoom optics are used
to fit the endoscope image to this image size on the
sensor.

Figure 9.6 Installation of the three artificial pores in the
gravel layer.

By decreasing the image resolution in this way, a
maximum frame rate of 400 Hz can be achieved.
The third endoscope setup is working with standard
CCD-cameras running at 50 Hz. This setup can only
be used in the lowermost position within the gravel
layer, where the flow velocities are expected to be
lowest.

The image data of all three setups are written to
RAID hard-disk arrays in real-time during the acqui-
sition. Thus, the duration of the sequences is only
limited by the RAID capacity. For a single meas-
urement, a sequence duration of 60 s has been
chosen.

9.3.3 Sand Movement

Sediment movement is detected by three rigid endo-
scopes (Figures 9.7 and 9.8), inserted into the flume
from below. The effects of sediment motion are ex-
pected to occur at the gravel-sand interface. The
goal is to record a sequence of two-dimensional
images, which can be analyzed by Optical Flow
Techniques as described below. Thus, the
requirements of the endoscopic setup are:

- Observation of the process of sediment mo-
tion should be as contact-free as possible.

- A large observation area is needed.

- A working distance of a defined distance
should be kept.

- Sufficient and homogeneous illumination
should be provided.

- The setup has to be reliable in the rough
environment of the flume.

In order to meet these demands, special protection
heads have been designed (Figure 9.7). With an
aperture angle of 90 degrees and a viewing distance
of approximately 7 mm, a circular area of about 12
mm in diameter can be observed.

Figure 9.7 Rigid endoscope for subsoil observation.
The endoscope is inserted into a protection
tube containing the illumination fibers, which
can be seen at the corners of the glass win-
dow.

Figure 9.8 Rigid endoscopes inserted into the flume
from below to observe motion of sand
grains.

Standard CCD-cameras (SONY XC-73CE) have
been used for image acquisition. Image sequences
are acquired at a resolution of 512 by 512 pixels and
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a frame rate of 25 Hz. Thus a data thruput of ap-
proximately 20 MB/s is achieved for all three endo-
scopes. Image sequences can be written to a RAID
system in real-time during the acquisition.

9.3.4 Micro Pressure Sensors (MPS)

The micro pressure sensors (MPS) were
manufactured in a cooperation of /Aktiv Sensor
GmbH, Berlin/ and the Institute for Hydromechanics
(IfH). The principle of these in-situ micro-pressure
sensors is based on the ‘piezoresistive’ effect. The
initial point is an element of silicium, with implanted
resistances in its bending panel. Figure 9.9 shows a
photograph of the encapsulated head of the pressure
pickup and its flexible tube for pressure equalisation.

Figure 9.9 Head of micro pressure sensor outside the
flume and  above gravel dmD = 10 mm

The differential pressure is measured in reference to
atmospheric pressure, with compensation of
temperature. The sensors are encapsulated with
slowly hardening epoxy resin and sealed up with
clear varnish to make them water resistant.The
maximal dimensions of the sensors are
2×1.2×1.2 cm³, with a shape similar to a bigger
gravel grain. Due to signal conditioning by the
purpose-built amplifier the guaranteed maximum
measurable frequencies are 100 Hz. Hence,
measurements of pressure fluctuations up to the
estimated Kolmogorov-scale-frequency of 50 Hz
after /Nezu and Nakagawa 1993/ is possible. To
avoid aliasing effects, the measurements are
performed at a rate of 500 Hz.

The encapsulated sensors were calibrated by /Aktiv
Sensor GmbH/ to 0 to 10 V according to 0 to 6 kPa
at pressure of 3 and 6 kPa with a tolerance in
accuracy of less than 1.0% full scale. The absolute
range of the pressure sensors is 0 to 6 kPa. The
accuracy due to the AD-card is limited to 0.15

mmWC. However, due to the dithering effect the
accuracy was improved to > 0.003 mmWC for f < 20
Hz and > 0.012 mmWC for f > 20 Hz respectively.
Figure 9.10 shows an example of a recorded signal.

Figure 9.10 Pressure signal [Pa] at y/dmD = -1.5 within

the gravel layer, τ0/τ0c = 0.1, τ0c = 8.8 Pa

(Shields), HA/dmD = 21, HP/dmD = 20, no hy-
draulic contact between gravel and sand
layer

Pressure sensors were located at vertical positions
of y/dmD = 1.0 (above), 0.0 (at top) and at various po-
sitions within the gravel layer. On each of the three
artificial gravel pores a sensor was adapted to gain
simultaneously insight in pressure and velocity.
Simultaneous measurements were performed by up
to ten pressure sensors over two minutes. The
sensors were locally fixed on a grid as shown in
Figure 9.11.

Figure 9.11 Photo of sensor above the gravel layer at
y/dmD = 1.0

After a few months in use the sensors showed an
offset of up to 1 V corresponding to 0 Pa. Tests
showed that the calibrating factor of 1.67 V/kPa
stayed the same. Thus, on one hand the maximum
detectable static pressure is reduced to 90 %, on the
other hand the measurement of fluctuations is not
affected. To gain the correct static pressure the
sensors were calibrated before every measurement
series by comparing the measured signal with the
water level detected by an ultrasonic probe.



Klar, Detert et al.: Analysis of Subsurface Gravel Layer Flow caused by Turbulent Open Channel Flow ...

BAW-Workshop: Boden- und Sohl-Stabilität – Betrachtungen an der Schnittstelle zwischen Geotechnik und Wasserbau

9-7

Furthermore, tests under flume-conditions at the
BAW showed that an extraneous high frequency
noise was disturbing the amplified signal, as it can
be seen in Figure 9.12. Comparing measurements in
flumes at the IfH did not show these noise effects.
Even after a systematic search the cause could not
be identified exactly. We suppose that the noise
comes from a hospital ~300 m away from the flume
(radio waves from magnetic resonance tomography
or other medical instruments).

Figure 9.12 Example signal [Pa] and amplitude-
spectrum [Pa] without low-pass filtering,

τ0/τ0c = 0.4, HA/dmD = 20, HP/dmD = 10,

hydraulic contact between gravel and sand
layer

To suppress this noise, a low-pass filter with
RC = 0.33 ms was used. Thus, the filter leads to
damping of signals e.g. with 50 Hz to 99.5 % and
signals with 10 kHz to 4.8 % which is acceptable for
the provided flow conditions. The effect of the filter
on the signal is shown in Figure 9.13.

Some of the pressure sensors lead to difting signals
as shown in Figure 9.14. Figure 9.15 shows a signal
measured simultaneously under the same flow
conditions without any drift. Thus, the provided flume
conditions must have been constant. Gauged drifting
signals as in Figure 9.14 were omitted.

Figure 9.13 Example signal [Pa] and amplitude-
spectrum [Pa] with low-pass filtering, the
same flow conditions as in Figure 9.12, but
not measured simultaneously

Figure 9.14 Signal [Pa] with drift, τ0/τ0c = 0.1,

HA/dmD = 20, HP/dmD = 20

Figure 9.15 Signal [Pa] without drift, measured
simultaneously with the signal in Figure 9.14
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9.4 Preliminary Results

In this section, some results obtained with the
presented setup are discussed. In addition to the
development of the experimental apparatus and the
performance and analysis of measurements, a
significant part of the work carried out within this
project is also the development of image processing
algorithms, especially for 3-D PTV. Driven by the
special demands of the endoscopic imaging,
extensive improvements and adaptations of the
existing software have to be implemented in order to
guarantee an optimal performance of the algorithms.
This work is still in progress. Therefore the results
shown here have to be considered as preliminary
examples. A comprehensive analysis of all results is
subject of future work.

In the discussion, the following (right-handed) coor-
dinate system (x,y,z) will be used (with corres-
ponding velocity components (u,v,w)):

x,u: coordinate in streamwise direction,
increasing in flow direction,

y,v: vertical coordinate, origin at the gravel-
water-interface, defined at 25% of dmD below
the upper edge of the gravel grains,

z,w: spanwise coordinate, origin at the centerline
of the flume.

9.4.1 3-D PTV

9.4.1.1 Pore Flow: 3-D Visualization

Figure 9.16 3-D visualization of the particle trajectories
inside the pore volume.

Figure 9.16 shows a 3-D visualization of a
reconstructed flow field. The Lagrangian particle
trajectories within a time interval of 0.5 s can be seen
in the image. The trajectories reveal that the flow
field inside the pore is really three-dimensional,
which underlines the need for a three-dimensional
measurement technique.

9.4.1.2 Pore Flow: Velocity Time Series

In this experiment, two of the artificial pores have
been positioned at the uppermost position in the
gravel layer at y = -2 cm, i.e. 2 cm below the
interface towards the free surface flow. The
separation between the pores in x-direction was
25 cm as it can be seen in Figure 9.1. The pore
volume of one of the pores was in direct contact with
the free surface flow via an opening in vertical
direction (this pore is referred to as “open” pore in
the following). At the other pore, this opening was
covered by a single grain, so there was no direct
contact with the free surface flow in vertical direction
(“closed” pore in the following). An experiment has
been carried out with a flow discharge of
Q = 0.056 m3/s and a water depth of HA/dmD = 20.
These values correspond to a mean velocity in the
free surface flow of about 0.3 m/s and 10 % of the
critical shear stress for (gravel-)bed destabilization.
Figures 9.17 and 9.18 show the first 30 s of the time
series of the streamwise (u) and vertical (v) velocities
inside the two pores. The time series have been
calculated by spatial averaging of all velocity vectors
inside the pore volume. The plots show the damping
effect of the pebble covering the “closed” pore: the
flow velocities inside this pore are significantly lower
than in the “open” pore, in spite of the fact that both
pores are located in the same vertical position at the
gravel-water interface. The velocity fluctuations in
the “closed” pore are also dampened: the standard
deviations in the “closed” pore are approximately
50 % smaller than in the “open” pore.

Figure 9.17 Time series of streamwise (u) and vertical
(v) velocity in the “open” pore. The
horizontal lines indicate the mean velocities.
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Figure 9.18 Time series of streamwise (u) and vertical
(v) velocity in the “closed” pore. The
horizontal lines indicate the mean velocities.
Note the change of scale in the ordinate as
compared to Figure 9.17.

9.4.1.3 Pore Flow: Power Spectra of

Fluctuations

Figure 9.19 Power spectra of velocity data obtained from
different vertical positions in the gravel layer.
The damping effect of the gravel layer is
evident.

In a second experiment, one of the artificial pores
has been put in different vertical positions
sequentially: y/dmD = -2, -8 and -16. For each
position, an image sequence has been acquired
under the same flow conditions as in the experiment
in section 9.4.1.1. Time series of the absolute value
of the 3-D velocity have been calculated, again by
spatial averaging of all the vectors inside the pore.
Figure 9.19 shows the power spectra of the three
velocity time series. The spectra show that the
significant frequencies are in the range of 1 to 5 Hz.
Further, at y/dmD = -16, the amplitudes are roughly
two orders of magnitude smaller than at y/dmD = -2.
Fluctuations in the pore flow are dampened with
increasing depth in the gravel layer.

9.4.1.4 Free Surface Flow

3-D PTV results for the free surface flow are not
available yet. However, in this section some results
of a 2-D analysis are shown. Images of the left
camera of the stereo setup have been evaluated.
Figures 9.20a - 9.20e show a series of images, taken
from a sequence which has been acquired in an
experiment with a large surface wave (peak-to-peak
amplitude 125 mm, period 2 s, water level 40 cm,
height of gravel layer 4 cm). The images show a
section of about 5 cm by 5 cm straight above the
gravel layer, which is at the bottom of the images.

Figure 9.20a Instantaneous flow field above the gravel
layer, induced by a surface wave. Volume
~5x5x5 [cm³]. Mean flow is from left to right.
Maximum downstream velocity, t = 0 s.

Figure 9.20b Minimum streamwise velocity, t = 0.16 s.
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Figure 9.20c Maximum upstream velocity, t = 0.42s

Figure 9.20d Minimum streamwise velocity, t = 1.12s

Figure 9.20e Maximum downstream velocity, t = 2.2s

The 2D flow fields shown in the images have been
obtained using a robust Optical Flow Technique
developed in /Garbe 2001/. These flow fields are the
2D projection of the real 3D flow fields on the image
plane of the camera. Information from such 2D flow
fields is used as input for the 3D reconstruction. In
Figure 9.20, one period of the orbital motion above
the gravel bed, which is induced by the surface
wave, can be identified. During such a period, the
velocity vectors are rotating counter-clockwise.

9.4.2 Sand Movement

The analysis of the sediment motion has been
carried out using the following two-step approach.
First, a motion detection algorithm /Haussecker and
Jähne 1993/ is applied to the image sequences
acquired by the rigid endoscopes. The result of this
algorithm is a binary mask for every image of a
sequence. In this mask, a pixel has a value of 1 if
motion has been detected at this pixel, and a value
of 0 otherwise. Thus, regions which are in motion
can be identified using these binary masks. In the
second step, we apply an Optical Flow Technique
/Jähne et al. 1998; Spies et al. 1999/ to quantify the
2D velocities in the motion regions.

Figure 9.21 Exemplary results of sand motion detection.
For a discussion, see text.
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Figure 9.21 shows some exemplary results of the
(sand) motion detection. These results and the flow
fields of Figure 9.20 have been obtained in the same
experiment. The upper plot in Figure 9.21 shows a
time series of the motion frequency. The ordinate
simply gives the number of pixels which are in
motion. One sand grain has an area of about 20-200
pixels. We hypothesize, that the detected movement
belongs mainly to sand grains. Thus, we can see in
this experiment that single moving sand grains have
been detected over the complete sequence duration
of 60 s. The lower plot in Figure 9.21 shows the
spatial distribution of the moving grains. This plot can
be considered as a motion map. The black area
corresponds to the image size, the endoscope’s field
of view is a circle inscribed in the black area. The
mean flow is from right to left. The motion frequency
is encoded in the brightness of the pixels: black
corresponds to stationary pixels, white corresponds
to the maximum motion frequency. The maximum
occurs within an elongated area at the top of the
image. This area is located at the interface between
sand and gravel. The corresponding image
sequence shows the entrainment of sand grains by
the orbital motion in the pore flow, which is induced
by the artificial generated long waves.

These results for the measured sand movement
have to be reviewed in a critical manner. Due to the
measuring technique the observed sand grains are
lying at the smooth glass window of the endoscope
housing (see Figure 9.7). To protect the endoscope
the sand was inserted with a rather loose density.
Thus, these boundaries do not conform exactly with
an interlocked granular structure. A transferability to
natural conditions seems to be problematic and has
to be proofed more intensive.

The entrainment by the wave motion is shown in
more detail in Figure 9.22. In this diagram, a section
of the time series of the mean sand grain velocities is
shown. The velocities have been obtained by the
Optical Flow Technique mentioned above, the
(spatial) averaging has been carried out over the
regions where motion has been detected. Figure
9.22 shows a repeating pattern of high velocities,
with a period of TW = ~2,0 s, corresponding to the
period of the surface waves. The mean velocity has
alternating directions: periods of high streamwise
(positive u) and low vertical (negative v) are followed
by periods of low streamwise (negative u) and high
vertical (positive v) velocity. In Figure 9.21 we see
that the boundary of the sand layer (corresponding to
the bright area) is inclined downwards in flow
direction, which explains the directions of the mean
velocities in Figure 9.22: sand grains are swept
along the inclined boundary.

Figure 9.22 Mean velocity of moving sand grains
entrained by the wave motion. For a
discussion, see text

Figure 9.23 Correlation of mean velocity of entrained
sand grains and mean streamwise velocity
of the free surface flow. The peaks of the
sand motion appear shortly after the
streamwise velocity peaks, because the
endoscope observing the sand motion is
located 50 cm downstream of the free
surface flow measurement area.

Finally, Figure 9.23 shows the correlation of the
mean velocity of the entrained sand grains and the
mean streamwise velocity of the free surface flow.
The mean free surface flow velocity has been
obtained by spatial averaging of all velocity vectors
in one image (like the ones shown in Figure 9.20).
The free surface flow velocity is given by the left
ordinate, in units of pixels per frame. The right
ordinate shows the mean velocity of the sand grains.
As we can see in Figure 9.23, the entrainment of
sand grains takes place right after the free surface
flow velocity reaches its maximum (in downstream
direction). This is consistent with the streamwise
location of the measurement areas: the sand motion
is measured about 50 cm downstream of the free
surface flow measurement.
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9.4.3 Micro Pressure Sensors (MPS)

The analysis of the pressure signal gained by the
MPS is less difficult than the Optical Flow Technique.
Figure 9.24 presents the measured dependency of
rms(p) with increasing shear stress τ0. Both values
are non-dimensionalysed by the critical shear stress
τ0c, defined by /Shields 1936/. At τ0/τ0c = 0.6 low
mobility conditions were detected as single stones
passed the measuring area. This value conforms to
the initial point of motion defined by /Wilcock 1996/
at Frc* = 0.035. In order to mechnical deformation of
the whole sensible measuring system larger values
of τ0c = 8.8 N/m² were not examined.

All curves in Figure 9.24  increase linear with the
instability criteria. Focusing on the two sensors at the
interface between gravel and open channel flow at
y/dmD = 0.0 (x, +) the inclination can be calculated to
a ratio of rms(p)/τ0 = 3.5 (3.0), see equation 9-1.

Furthermore, the damping of the gravel becomes
obvious. Whereas the ratio rms(p)/τ0 at y/dmD = 1.0
above the gravel can be calculated to C = 10, the ra-
tio is about C = 2.2 at y/dmD = -1.0. Deeper in the
gravel bed no difference between vertical positions
can be de-tected. The ratio rms(p)/τ0 is given mostly
by C = 1.8.

Figure 9.24 rms(p)/τ0 [-] for increasing instability τ0/τ0c,

τ0c = 8.8 Pa, HA/dmD = ~20, HP/dmD = ~10,

vertical positions y/dmD [-]: 1.0 (o), 0.0 (x, +),

-1.0 (∇), -2.0 (◊)

Figure 9.25 max(∆p)/τ0 [-] for increasing instability τ0/τ0c,

same flow and boundary conditions as in
Figure 9.24

Figure 9.25 shows the maximal pressure fluctuations
of the pressure signal max(∆p) as a function of shear
stress τ0, both non-dimensionalysed by τ0c. The flow
conditions are the same as in Figure 9.24. At
y/dmD = 0.0 at the top of the gravel layer max(∆p)/τ0c

leads to a ratio of rms(∆p) = 18 τ0, which confirms
the results of /Emmerling 1973/. As Figure 9.24 and
9.25 resemble each other, the dependence of
max(∆p) and rms(p) must be linear.

In order to examine the damping effect of the gravel
layer in Figure 9.26 the turbulent kinetic energy
(TKE) of the free surface flow is compared to the
pressure fluctuations rms(p) directly above and
within the gravel layer. TKE and rms(p) are non-
dimensionsalysed by u*² and τ0, respectively.

Figure 9.26 Turbulent kinetic energy TKE/u*² [-] in

comparison to rms(p)/τ0 [-]. TKE(u)/u*² (--),
TKE(u,v,w)/u*² (-). Increasing instability

τ0/τ0c [-]: 0.09 (O), 0.18 (X), 0.35-0.59 (other

symbols), same flow and boundary
conditions as in Figure 9.24

The TKE of the velocity fluctuations u’ in streamwise
direction measured by ADCP conforms with the
exponential law known by /Nezu and Nakagawa
1993/:

/

*( ) / 2,30 y hrms u u e−= (9-2)

Therefore, the TKE (u,v,w) is supposed to be (see as
well /Nezu and Nakagawa 1993/):
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Equation 9-2 is denoted by a line (‘-‘) in Figure 9.27,
equation 9-3 by a dashed line (‘--‘).

Furthermore, to analyse the turbulence, the turbulent
part of the pressure signal had to be separated from
the oscillating part that is induced by long waves.
Thus, the signal was filtered by a high pass filter of
f = 2 Hz seemed to by appropriate. An essential and
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exponential damping especially between y/dmD = 0.0
to -2.0 within the gravel layer becomes visible. The
(high-pass filtered) value of rms(p)/τ0 = 5.0-7.5 at
y/dmD = 1.0 above the gravel layer does not seem to
fit with the turbulent energy of the velocity. As it can
be seen by the picture inserted in Figure 9.26, this
sensor was orientated directly towards the u-
component of the flow. Therefore, the measured
signal contains both, the TKE(u) and the pressure
fluctuations. A simple subtraction of the TKE(u) value
gained by the ADCP could reveal the rate of the
turbulent pressure fluctuation. Unfortunately the
ADCP is not able to get signals at y/dmD = 1.0. The
signal is not very reliable directly above the gravel
layer. For a more detailed analysis of the turbulent
pressure fluctuations above the gravel layer, the
results from the 3-D PTV in the free surface flow will
have to be taken into consideration as soon as they
are on available.

Figure 9.27 Power spectral density [Pa²/Hz] for instability

τ0/τ0c = 0.09 and 0.59 (low mobility

conditions), τ0c = 8.8 Pa, HA/dmD = ~20,

HP/dmD = ~10, vertical positions y/dmD [-]: 1.0

(o), 0.0 (x, +), -1.0 (∇), -2.0 (◊) and < -4.0
(other symbols)

In Figure 9.27 examples of analysed power spectral
densities PSD(p) [Pa²/Hz] for a stable status at

τ0/τ0c = 0.09 and for an increased instability
τ0/τ0c = 0.59 at low mobility conditions are shown.
For the vertical location at y/dmD = 1.0 to 0.0 above
and at top of the gravel layer the results agree with
Kolmogorov’s  k–5/3 law for the turbulence cascade in
open-channel flow /Nezu and Nakagawa 1993/.
Within the gravel layer a significant damping
between 1 to 3 Hz can be recognized. Below
y/dmD = ~-4.0 within the gravel layer there is no
significant difference in damping pressure
fluctuations higher than 3 Hz. The pressure
fluctuations seem to be dominated by the long wave
fluctuating water level. For designing a stable filter
thinner than HP/dmD = 4 the influence of turbulence of
open channel flow has to be taken into
consideration.

Within a coarse estimation, the only difference
between the two PSD spectra is the arised power for
the increased instability.

Figure 9.28 Damping of pressure [Pa] above, within and
under a gravel filter with HP/dmD = 10.
pressure alteration due to artificially
generated waves with HW = ~88 mm,
TW = ~2.1s. Different scaling at vertical axes.

water level

sensor location

and orientation

pressure at y/dmD = 1.0

pressure at y/dmD = 0.0

pressure at y/dmD = -3.9

pressure at y/dmD = 12.8
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Figure 9.28 depicts the damping of waves of a height
of HW = 88 mm and the period TW = 2.1s. The
medium water depth is h/dmD = 38,4 with a gravel
layers thickness of HP/dmD = 9.8. Within this
experiment hydraulic contact between gravel and
sand was given. Thus, one pressure sensor was
mounted within the sand at y/dmD = -11,8 to gain
additionally insight in the interface gravel-sand. Due
to the superposition of water depth, installation depth
and offset of the sensor the maxima are cut off.

The pressure amplitude is damped over the depth as
follows (from top to bottom): Starting with a wave
height of HW = 88 mmWC according to 860 Pa, the
oscillation above the gravel at y/dmD = 1.0 is mere
∆p = 580 Pa. On ‘the way’ to the gravel layer at
y/dmD = 0.0 the double pressure amplitude reaches
∆p = 500 Pa. This value does not change
significantly within the gravel layer: at y/dmD = -4.0
the value is unaltered at ∆p = 500 Pa. Within the
sand layer the value of the pressure oscillation is
halved to ∆p = 580 Pa according to the wave height.

9.5 Conclusions

9.4.3 Summary

A novel experimental setup enabling a synoptic
investigation of the flow and pressure fields within
and above a gravel layer has been developed. This
setup allows synchronous measurements of
pressure and velocity within three artificial pores and
in open channel flow. Stereo camera setups are
used to measure the flow fields straight above the
gravel layer and within three artificial pores in the
gravel layer. Optical access to the gravel layer is
given by flexible fiber-optic endoscopes. Image
processing techniques are applied to extract 2-D and
3-D velocity information from the acquired image
sequences (3-D PTV, 2-D Optical Flow). The motion
of sand grains at the sand-gravel-boundary can be
observed by three additional endoscope setups.

A new method to measure pressure fluctuations in
open channel flow both on subsurface and within a
gravel layer has proved its functionality. Pressure
fluctuations are measured with miniature at high
temporal resolution piezoelectric sensors.

First results from an experimental study of the
interaction between turbulent open channel flow and
the hydrodynamic reaction in porous gravel layer
have been shown. Results for the power spectral
density of pressure fluctuations in the water column
and at top of the gravel layer agree with
Kolmogorov’s k–5/3 law for the turbulence cascade in
open-channel flow. Within the gravel layer an
essential damping between 1 to 3 Hz can be
recognized. Below y/dmD = ~-4.0 within the gravel
layer there is no identifiable difference in damping
pressure fluctuations higher than 3 Hz. Thus, the
pressure fluctuations are dominated by the long

wave fluctuating water level. For design criteria for
stable filters thinner than four times the gravel
diameter the influence of turbulence of open channel
flow has to be taken into consideration.

9.4.3 Outlook

Analysis of the 3-D PTV Data:

A huge amount of image data has been acquired
during the experimental study at the BAW. The
evaluation of this data is still in progress. In addition,
a number of improvements of the 3-D PTV algorithm
are currently implemented to guarantee an optimal
performance of the algorithm on the endoscopic
image data. First analyses have shown that very
large particle displacements are present in image
sequences that have been acquired under flow
conditions approaching the critical shear stress or in
experiments with large surface waves. Since these
flow conditions are of particular interest, a reliable
tracking of large displacements is a crucial demand.
Currently, a multi-scale approach is implemented to
handle the large displacements. Further, a
comprehensive accuracy assessment of the
algorithm is carried out. After the processing of the
image sequences with the improved algorithm, future
work will comprise a depiction of velocity statistics
and a comparison to the ADCP-data as well as to
data found in the literature. Further, evaluation
techniques like conditional sampling, analysis of
coherent structures/burst events (ejections and
sweeps) and space-time correlation of velocity and
pressure signals will be applied.

Detailed Analysis of the MPS-Data:

To separate the spectra of quasi-static and dynamic
amplitudes, a filter-algorithm for separation of regular
long-waves from fluctuations induced by turbulence
should be developed. The pressure-signal statistics
are to be depicted by pressure probability density
functions (PDF). Furthermore, a detailed description
of damping within the gravel filter and an evaluation
of scale dependency for filter design application will
be given.

Synoptic Consideration of Velocity and Pressure

With available data-sets of pressure and velocity
fields analysed in detail, a space-time correlation of
velocity and pressure signals and an analysis of
events (burst and sweep detection) is possible.
Thus, a synoptic view of velocity- and pressure fields
as well as concluding remarks with respect to gravel
bed stability can be given.
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