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Abstract: A non-intrusive low-cost technique for monitoring the temporal and spatial evolution of
the scour hole around bridge piers is presented. The setup for the application of the technique is
simple, low-cost and non-intrusive. It couples a line laser source and commercial camera to get
a fast and accurate measurement of the whole scour hole in the front and behind the bridge pier.
A short campaign of measurements of the scour hole around a bridge pier in clear-water conditions is
presented to provide a control test and to show how to apply the new method. Finally, the results are
compared with two of the most used equations, for the time evolution of the maximum scour depth
in clear-water conditions, to show the effectiveness of the proposed technique.
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1. Introduction

Scouring at bridge piers and river abutments is one of the main causes of bridge failures, causing
major losses to the road networks and rail infrastructures [1-6]. Local scour, which is the purpose of
this work, is due to vortices forming at the base of pier impacted by the water current. This process is
time-dependent and, despite the research efforts during the last five decades, the time evolution of
scour depth remains a subject of concern for hydraulic engineers and researchers. The main problem
from the experimental point of view is that this phenomenon requires thorough spatial investigation
and continuous monitoring of the morphological characteristics of the riverbed.

In general, the equilibrium between flow erosion capability and the resistance to motion of the
bed is gradually reached through the adjustment of the bottom boundary which imposes the depth
of scour hole and its three-dimensional shape around the piers [7-9]. While in live-bed conditions
this equilibrium is very rapidly achieved and oscillates due to the passage of bed-forms in clear-water
conditions the process is rather slow or never reached [10-13]. According to a large number of
experimental studies, the equilibrium is reached in finite time [2,14]. However, few authors argue that
equilibrium can be reached only asymptotically [15]. Research on local scouring has been made mostly
through laboratory experimentation and, in the last decades, a large number of runs have been carried
out for evaluating bridge vulnerability to scour under several experimental conditions (pier diameter,
water velocity and depth, grain diameter, etc.) [2,9,13-21].

From an engineering point of view, once the design of the pier is done (shape of the pier and
its orientation with respect to the flow), and the extreme flow conditions are chosen, the relevant
questions are those connected not only with the maximum depth of the scour but also with the shape
and dimension of the whole scour hole. Scour and deposition are both central in bridge design. While,
as stated above, local scour mechanism is often responsible for bridge failure, the dunes, that grow in
the wake of the bridge piers and fed by scoured bed material, are relevant in river control engineering
as they can become significant obstacles for the flow downstream of bridges [22]. Very few systematic
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studies on dune morphology have been published. Based on a large data set, Oliveto and Hager [22]
were able to characterize the dune formation downstream of a bridge pier as a direct consequence
of the local scour process. They found that the parameters imposing the dune morphology are the
relative pier diameter, densimetric Froude number, wash-out parameter, and relative time. Chavan and
Kumar [23] studied the features of dunes downstream of piers and found that the height of deposition
increases with downward seepage. Pagliara and Carnacina [24-27] conducted a temporal analysis of
dune morphology in the presence of debris accumulations at bridge pier in clear water condition and
showed that the dune could be eroded under a given condition of high occlusion or high flow intensity.

Much more data and laboratory experiments are needed to improve knowledge on dune evolution
principles and to assess and validate new theoretical and numerical models. This clashes with the
experimental difficulties in measuring, with an appropriate time and spatial resolution, the shape of
the scour, and the resulting dune, in bed conditions that can initially vary very quickly and, later on
in time, on very large surfaces. Although very advanced and expensive equipment is used in the
laboratory to study the flow field above an erodible bed [28-33] the current technology for measuring
its space-time evolution is dramatically lacking. In fact, in the case of the scour hole, the depth is
often measured, with an accuracy of around 1 mm, using point gauges fixed or mounted on a mobile
carriage. Although in a steady flow and well-developed scouring, the use of a conventional point
gauge to measure the scour depth yields reasonably accurate results, during the initial phase or in
unsteady flow conditions [34], the point gauge is not very easy to use and not very reliable.

Moreover, the point gauge is an intrusive tool that can impact, if not handled with extreme care,
deeply the results. This is the reason why, to prevent any disturbance effect due to point gauges,
the maximum scour depth has also been often measured, or checked, by means of a measuring
tape glued at the pier surface. Although, in the case of the punctual measurement of the maximum
scour depth, the point gauge and the measuring tape, can be considered acceptable techniques, in the
case of two- or three-dimensional measurements of the evolution of the dune downstream of the
obstacle new experimental techniques are urgently needed. The bed geometry around a pier is
currently measured, along the channel, using (a) a dense array of fixed ultrasonic sensors which
operates continuously [35-37] or (b) a single or a strip of a few ultrasonic or laser sensors attached
to an automated trolley, which moves at constant speed on a rail [23,25,35,38—41]. The first approach
guarantees a series of synchronous measurements of the bed surface, but it is certainly very expensive
and highly intrusive. The second approach, although it may be very effective for developed scour
holes, does not guarantee adequate synchronicity of the measures in the initial instants. In any case,
although the accuracy of these devices is of the order of a tenth of a millimeter, they must be submerged
and hence can induce undesired disturbances of the flow field and, when the instrument is immersed
in shallow water, a local scour of the bad [42].

There are very few experimental works, to the authors” knowledge, that have used, often in a
very pioneering way, non-intrusive methods to measure the evolution of the scour hole in live-bed or
clear-water conditions [42,43]. Visconti et al. [42] proposed a new method to measure bed topography
in shallow water and live-bed conditions. The methodology is based on laser and ultrasonic level
transmitters used contemporaneously. The proposed measuring approach is nonintrusive and
inexpensive but it can only be used in shallow water conditions. Bouratsis et al. [43] presented a
new photogrammetric technique for the three-dimensional measurement, without interruption and
at high resolution, of the bed topography in scouring experiments. The technique is based on the
use of (a) two cameras recording the sediment bed during its evolution, (b) a number of algorithms
for camera calibration, image rectification, and stereo-triangulation. Muller et al. [44] used the Moiré
effect to map surface contours of the scour development around physical models of a railway bridge
across River Rhine. The evolution of the scour was obtained by comparing the initial with the final
fringe image. Finally, Chourasiya et al. [45] explored the potential of the Kinect sensor for continuous
3-D bed-profile measurements. They showed that the method is inexpensive, non-intrusive, and can
provide continuous 3-D bed profiles without requiring expensive cameras or sophisticated image
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analysis. According to the authors the method, that can operate only on small areas, has some
limitations due to the roughness of the water surface, high turbidity, illuminance and specular reflection
from the target surface.

The objective of this study is to present a new method, easy to use, inexpensive and non-intrusive,
for continuous acquisition of the 2-D temporal variation of the scour hole shape around a cylindrical
bridge pier for uniform sediment and steady clear-water flow. The technique is based on the use of a
continuous-wave laser source and a camera. In particular, the green beam emitted by the laser source is
refracted by a cylindrical lens to create a vertical laser sheet, parallel to the channel walls, and crossing
radially the Plexiglas pier. The camera is placed laterally to the flume and, thanks to a simple calibration
methodology, acquires the evolution of the scour hole. The design idea is not completely original
but is similar to that used for very expensive systems such as the PIV [46]. The differences are to be
found in the large area swept by the acquisition system and in the very low cost of the instrumentation,
which can cost a few hundred euros. Although in the present work the method is applied to a 2-D case,
it can be easily, through the use of more laser sheets, extended to three-dimensional measurements.
To show the potential of the method, four experimental tests were carried out varying only the water
velocity (U) and maintaining constant the water depth (h), the type of sand and the diameter of the
bridge pier (D). Finally, two of the most used equations for the evolution of the maximum scour
depth in clear-water conditions [2,16] are compared using the data obtained in the four runs using the
new technique.

2. Experimental Set-Up and Procedure

2.1. Experimental Design and Flume

The experiments were conducted in a flume, 0.50 m wide, 0.60 m deep and 12 m long glass-sided
rectangular channel with 0.5% sloping, of the Hydraulic Laboratory at the Politecnico di Torino (IT).
The water is recirculated in the flume using a low and constant head reservoir, and the flow is regulated
by a high precision hydraulic gate placed between the reservoir and the flume. The flow rate is
measured using an electromagnetic flow gauge (PROMAG W, Endress-Hauser, Reinach, Switzerland)
placed on the recirculating pipe downstream the hydraulic gate.

The water, after passing through the flume, falls into the main recirculation channel of the
laboratory and is sent back to the low head tank. This recirculation system, shown in Figure 1,
guarantees a constant flow rate throughout the experiment. To guarantee the water level, a sluicegate is
placed at the end of the flume. The erodible bed has been obtained in the central part of channel where
a 3 m long test section is built placing a 0.27 m thick layer of uniform quartz sand (ps = 2650 kg/m?;
d50 =1.25 mm)
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Figure 1. Schematic of the water circuit and test section. The laser sheet is highlighted in green.
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A Plexiglas transparent cylinder, having a diameter D = 32 mm, is used as a pier and placed in
the middle of the test section (Figure 2). Prior to each experiment, the sand bed on the test section was
perfectly leveled. During the experiments, the water depth is kept to iy = 215 mm fixing the opening
of the sluicegate. In order to avoid undesirable scouring during the unsteady state of the experiment,
the flume is filled gradually and water is slowly pumped in the flume through secondary water circuits
both upstream and downward of the test section. When the water level reached 215 mm the secondary
pumps are stopped and the main pump is switched on.

Figure 2. Schematic representation of the new technology.

Furthermore, to avoid exceeding, during the initial ramp in the flow rate, the critical velocity
on the test section the tailgates remained initially closed, imposing a high water depth and low flow
velocity. Only when the flow reached the wished value the tailgates is opened until the final height.
This initial transient lasted only a few minutes and it didn’t influence the erosive action which was
generated around the pier.

2.2. Measuring System

In Figures 1 and 2 is also shown the laser sheet that is the main novelty of this work. In particular,
above the flume, a continuous wave cyan line laser source (488 nm, 200 mW, Changchun New Industries
Optoelectronics Tech. Co., Ltd., Changchun, Jilin, China) is installed. This type of laser is widely used
in fluorescence microscopy since its wavelength activates a large number of different dyes, such as
Alexa 488, eGFP, SYTO-13 DNA, Chromeo, just to name a few. In our technique, the laser source does
not need to have high performance in terms of stability, coherence or beam size. A laser source of a few
hundreds of mW (300400 euros) is more than enough. The green beam emitted by the laser source is
refracted by a cylindrical lens to expand the laser light along the longitudinal axis only. The result is a
vertical laser sheet, parallel to the channel walls, and positioned, using a high precision carriage plate,
in the middle of the channel. Furthermore, the laser sheet crossed radially the transparent Plexiglas
pier and intercepts the surface of the moveable test section highlighting its geometry (Figure 3). Thanks
to the fact that the laser sheet crosses the cylinder radially, its optical path is not impacted by refraction,
then the laser sheet, upstream and downstream of the cylinder, is everywhere coplanar. To prevent the
ripples of the water surface, created by the pile and large-scale turbulence, from altering the verticality
of the laser sheet, a transparent Plexiglas slab, 1 cm wide and 60 cm long) is positioned horizontally at
the level of the water surface. At the side of the flume, it is placed a digital camera “Canon EOS 400D”
remote-controlled by PC set to capture an image at a set time interval. The camera is positioned so that
it can frame both the upstream and downstream scour bed.



Water 2019, 11, 2063 50f11

Figure 3. The profiles acquired by the camera during four moments in the experiment.

Processing this sequence of images, it is possible to obtain the scour hole evolution during
the experiment. For this purpose there are three critical issues to face: (1) Identify, in each image,
the footprint of the laser sheet on the sand bottom, (2) converting pixels into distances, and (3) adjusting
the image distortions due to the camera lens and to the optical path of the light refracted when
double-crossing two different mediums (water-glass and glass-air). The identification of the laser
footprint on the bottom is a rather simple and straight forward task when the laser intensity has been
correctly set and the dark conditions imposed on the channel. In particular, the laser power must not
be too low, or the footprint would be unidentifiable, neither too high since it would make the track too
thick and the bottom not uniquely identifiable.

Moreover, to avoid disturbances due to the color of the sand, dark conditions are met inside the
channel to allow better identification of the laser footprint on the test section. In Figure 4, four photos
taken during one of the tests are shown as an example. A code in MATLAB (2019a), based on the
intensity of the green light (in the RGB matrix) has been appositely developed and calibrated to identify
the footprint, in pixel, on every single photo.

800

Distorted 4+ Undistorted
700

600
500

1000 2000 3000 4000 0 20 40 60
pixel cm

Figure 4. The bottom profiles as originally detected in the photos (distorted and in pixel), left, and
after calibration, right.



Water 2019, 11, 2063 60f11

2.3. Calibration and Image Processing

Distortion is inherent in all images taken through lens systems. The classical Brown lens distortion
model is used to determine where any point in the distorted image would appear in the image plane
if there were no lens distortion [47]. A three-millimeter sandwich panel with a core in aluminium
honeycomb bonded to two skins of the aluminium panel is used as a calibration plate. This material
was chosen for its lightness and rigidity. Furthermore, being entirely in aluminium, it can be used in
complete immersion conditions. A checkerboard pattern (5 mm by 5 mm) was drawn on one surface
of the plate using laser engraving. The calibration plate is used both for the image calibration and,
at the beginning of each experimental test, as an absolute reference system in the vertical section of the
laser sheet. Once the calibration plate is placed, in still water, few photos are taken without the pier.
Finally, the calibration plate is removed from the flume, the pier is installed into the sad bed, and the
experiment is started.

In Figure 5 the profiles of the bottom, acquired at several time instants from 0 to 24 h, are shown.
As expected, the extension of the scour and its maximum depth increase as the flow rate increases.
To quantitatively verify the results obtained with this new experimental technique, in the next
paragraph, the comparisons between the maximum scour depth measured and that predicted by some
of the most used equations are shown.
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Figure 5. The profiles of the bottom for some time instants.
3. Results and Discussion

3.1. Existing Equations for Temporal Scour Depth

Several formulae and mathematical models developed for the estimation of the scour depth are
still primarily based on theoretical approaches and laboratory tests [2,10,14,16,18,20,48]. This justifies
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the fact that, in the last decades, a plethora of numerical and laboratory investigations have been
conducted to quantify the maximum scour depth at bridge piers. From this large amount of data,
several equations are available for estimating temporal and equilibrium scour depth. Most of these
investigations have been focused on equilibrium scour depth and very fewer formulae are available
for estimating the temporal evolution of the scour depth [2,15,16,18,49,50]. It is not our intention to
remember, in this work, all the formulations or to decide which is the best. The equations are used
here to verify if the results obtained by the proposed technique align with the most reliable equations
used in the past. In the present study, the temporal scour depth equations proposed by Oliveto and
Hager [16] and Melville and Chiew [2] are chosen for evaluating the accuracy of our data.

Oliveto and Hager [17] proposed a scour equation that involves the scour depth z as a function of
time t. They observed that the densimetric particle Froude number (F;) is the dominant parameter
controlling the scour process and can be made explicit through the following scaling relationship.

u
[g(ps/p —1)dso]"/?

where U is the bulk approach velocity, ps and p are the sediment and fluid densities, g is the gravitational
acceleration, and dsg is the median grain size. Note that F; can also be expressed as the ratio of U and a
reference velocity Ur = [g(ps/p — 1)d50]1/ 2, Similarly, Oliveto and Hager [17] proposed a reference
length for piers Lg = D%P, with a + g = 1, and, consequently, a reference time Tg = Lg/Ug. The
dimensionless depth and time of scour can be written as:

z(t) z(t)

z= = ST

Fy=

As well,

1
- t _[8ps/p-1ds]?
TR D4/3p2/3

With, as suggested by the authors, « = 2/3 and 3 =1/3. Finally, based on a detailed data analysis
conducted by Oliveto and Hager [17], and subsequently verified using more data by Pandey et al. [19],
the dimensionless scour depth variation Z can be parameterized as

Z = 0.068 c'/2F;3/? log(T)

With ¢ = (dg4/d16)"/? as the sediment uniformity parameter.
Melville and Chiew [2] proposed a time-dependent scour depth equation built around a large
dataset of experimental laboratory data and reads as follows:
1.6]

where and Z, and T, are respectively the equilibrium scour depth and time (in days), and U, denote
the critical velocity at the threshold condition for sediment movement defined by Lauchlan and
Melville [48]. Unlike what was assumed by Oliveto and Hager [17], the expression by Melville and
Chiew [2] assumes that the scouring will reach an equilibrium condition. The general expression for
these two equilibrium parameters can be found in [2], in our case study the are

u t
z(t) = dexp[—0.03 ’u—c ln(i)

u D
Ze=137D — log|2.24—
¢ 3 Uc Og( d5o)

As well,

D( U
T, = 48.26=| — — 0.4
‘ U(Uc )
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Note that, this expression for T, is valid for a flow shallowness hy/D > 6. In our case, the flow
shallowness is 6.7, then the maximum scour depth, according to Melville and Chiew [2], should not
depend on the water depth but, unlike the formula by Oliveto and Hager [17], only on the pier diameter,
incoming velocity and sand median size.

3.2. Comparison with Existing Equations

The two equations are compared in this study with clear-water temporal scour obtained in the
four runs described above. The accuracy of these equations are here checked graphically in Figure 6
where the time records of the scour depths are plotted along with the estimations from Oliveto and
Hager [16], as a solid line, and Melville and Chiew [2], as dash-dot line. The inspection of this figure
reveals that the equation proposed by Oliveto and Hager [16] describes the data very well when the
excavation is fully developed (t > 10 h). Although the temporal duration of the experiments does not
allow a clear picture, the scour depth, as predicted by Oliveto and Hager [16], does not seem to reach a
state of equilibrium. In particular, the temporal growth of scour depth seems to be of a logarithmic
type as previously predicted [16,51,52]. On the contrary, the equation by Melville and Chiew [2] best
describes the data in the first part of the temporal development of the scouring process.

2.5 2.5

L 90 m/h

10" 10° 10’ 107" 10° 10!
Time (h) Time (h)

110 m3/h ' 120 m3/h

107" 109 10! 107" 10° 10!
Time (h) Time (h)

Figure 6. Time evolution of the maximum scour depth measured (dots) versus the estimation from
Oliveto and Hager [16] (solid line) and Melville and Chiew [2] (dash-dot line).

The time evolution of the maximum scour depth measured in the four runs are shown, in the
coordinates suggested by Oliveto and Hager [16], in Figure 7. As expected by the previous
considerations, the inspection of Figure 7 reveals that the suggested predictor describes the scour depth
time evolution quite well for T > 4-10°.
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Figure 7. Time evolution of maximum scour depth measurements versus the predictors in the
coordinates suggested by Oliveto and Hager [16].

4. Conclusions

A new technique for measuring the 2-D shape of an evolving scour hole has been presented.
The technique is based on the use of line laser source and a commercial camera that acquires the bed
evolution during the experiment. The method is described in each step, and an extended guideline
for the use of the technique is provided in the paper, both in terms of experimental design and data
post-processing. The intuitive methodology and the very low-cost setup make this experimental
method applicable not only to scouring but also to an extensive variety of experiments where the bed
is evolving in time and space. To provide a better understanding of the method and a preliminary
proof of its capabilities, it has been used to carry out a short experimental measurement campaign
about the time evolution of a sour hole around a bridge pier. The results have been compared with two
of the most used equations for the evolution of the maximum scour depth in clear-water conditions.
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