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ABSTRACT

In this work is reported an enhanced methodologthefparticle image velocimetry (PIV) developedneasure
the velocity of soil particles in real time withetlpurpose to study and analyze in high detail ttenpmenon of scour in
piers of bridges. It was used a lab model reprasgrat pier of bridge by using a cylindrical barides of a rectangular
water channel with transparent walls, provided waithelectric pump to create a controlled water.fRitayer of selected
white sand was deposited on the bottom of the waiannel in order to simulate a flow of a mixtufenater and soil
impacting over the cylindrical bar representing gher of bridge. The movements of particle in thexfof fluid lit by a
sheet of light layer was recording in video formaing a high resolution camera with an acquisitiefocity of 164
images per second and caption of 404 x 244 pi¥etsm the videos acquired were obtained the velogttors of soil
particles in the water flow which originate the sceffect in the bridge pier using specialized wafe. These velocity
vectors of soil particles were used to represeaplgcally in real time the scour velocity distrilmut that occurs at the
moment of erosion of soil at the bottom of pier.eQof the remarkable results of this research shbepresence of an
oscillatory movement of water flux around the cglliical bar, representing the pier of bridge, whiclginates fatigue to

the soil particles in direct contact with the wédtax leading in this way to erosion.
KEYWORDS: Bridge Piers, Erosion, Scour, Particles Image Meletry
INTRODUCTION

Scour is a natural phenomenon caused by the erasii@en of water flowing in rivers and channels.eTbcal
scour is the removal of deposits around the strattelements that are found in water flow (Dargal$90). This
represents a decrease in the riverbed level duater erosion, so that there is a trend to exposdaundation of bridges
as a result of the erosive action of water courdsserosion progresses, it undermines the foundataf the structure
causing its collapse (Barbhuiya and Dey, 2004; Khakpam and Mazumdar, 2006). Bridge collapsing tuthe piers or
abutments scour is the most common fault. A studithe Federal Road Administration of the Unitedt&taof North
America concluded that in a total of 383 faultsbiidges, approximately 25% correspond to damagéekeim peers and
72% to damages in their abutments (Smith, 197%d&dsoret al., 1993 Landers and Mueller, 1996). In case of Mdexi

there is a lack of studies about the effect of s@unational infrastructure. However, the expecein addressed cases in
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different offices related with the infrastructune land routes enables us to estimate that scdwgisause of about 90% of

collapses in bridges (Solares, 1989).

The local scour in piers of bridges is caused by ¢hange on direction in stream lines, turbulerfloey
acceleration and the resultant vortexes inducethbywater flow obstruction (Raudkivi, 1986). In @ieinto the water
course, a series of turbulences are produced whiake the level of the river to descend speciallgrribese structures.
Around piers, a deep pit is formed due to the sppoduced by a system of vortexes generated bintederence that the
pile causes to the flow as shown in Figure 1. Theehmnism that scours produces is associated ttrittimensional
separation of flow upstream of the pile and to aqakcal vortex at the bottom of it (Dargahi, 19%ttemaet al., 2010
and Ettemat al., 2011).

Figure 1: Behavior of Water Flow Interacting Whit a
Cylindrical Pier (Ettema et al., 2011)

The analysis of the fields of a flow speed in moeemis very important for a variety of aspects fe t
hydrodynamics and dynamics of fluids. For the basiexperimentation, measures of flow velocity tenessential to the
plenty understanding of fluid physics processese @hthe most used methods to measure the spddd fethe one
known as particle image velocimetry (PIV) whichasreal time, effective and non-intrusive method.aftihez and
Gonzalez, 2003)

PIV is an optical method of flow visualization usidseveral research areas. Usually this technisjuesed to
measure the instantaneous velocity distributiom fitow plane through the photographic determinattbrmovement of

particles in a plane during a very short time p&iGengel and Cimbala, 2006).

The principle of PIV is to measure the distank®, introducing particles in a fluid in movement idgra time

periodit. The U speeds calculated under the following ggqoa

_as
U—M Q)

It is considered that suspended particles in whéare the same speed of the flow that transports.tfigne
particles are lit by a source of light (laser) andamera is used to capture images of the fluitl thi¢ lit particlesAtis
equal to the time between each light pulse. Theecans used to record the position of the partidia$ng each light pulse

and at least two pulses must be registér&ils the distance between the two recordings (GemgkeCimbala, 2006)
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Figure 2: Schema of Images Movement Used in PIV (Ain, 1991 and Lopez, 2006)

In the images process, the crossed correlatiosad to find the most similar position between twmages such as
is shown in Figures 2(a) and 2(b), correspondingdnsecutive images. Next, these kinds of imagespavcessed to
determine the individual movement described by pheicles between one image and the other. Figu(e) Zhows
movement of each one of these particles which eagelen as a couple of particles going from tigteettme § (Adrian,
1991).

For the evaluation with crossed correlation, PlVages are divided into a little rectangle areasedall
“interrogation zones”. An interrogation zone isegion of an imagé that is to say a sub-imagefolt is assumed that all
the particles that are into an interrogation zeneye in a uniformly movement. The standard algaritif PIV consists in
processing two interrogation zones of the sameasizkwith the same coordinates inside the image. Zone is from the
first image and the other from the second imagshasvn in Figure 3 (Adrian, 1991).The interrogatimmes must be
processed in order to find an average of moveniepauicles in the two images. In this way the noeliblogy consists in

calculating directly the crossed correlation betwde two zones:

fe )09, y) =Xy Xy fGNgE +x,j +y) (2)
P ".-1 '.- 1 :'. B «— Interrogation
1.1 I zones
: : . 5 x

Imagen 1 -} - -
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Figure 3: PIV Images Divided in Interrogation Zones(Adrian, 1991andLépez, 2006)

Forx =0,+1,+2.....N—-1; y =0,+1,+2....M — 1,wherd(x, y) is the sub-image correspondent to the first
interrogation zoneg(x ,y) is the sub-image associate to the second zoneMaadd N are the width and the height in
pixels of the interrogation zone, respectively. itecess consists in moving a sub-image over therand adds the
products of the values where overlapping occur&hBalue is saved as a matrix called “matrix omplaf crossed

correlation”, in the position that represents theving of the second sub-image over the first one.

The goal of this work was to apply an enhanced PBthod to measure the velocity and direction ofigas in

soil that are scoured in a pile of bridge by usin¢pb model. The results of this research enablé usstablish and
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adequate strung methodology to measure the magnitnd direction of instantaneous velocity of saittigles, instead of
use the average velocity of soil particles as Uguzs been considered in the study of scour phenanin previous

models reported in the literature.

MATERIALS AND EQUIPMENT USED

It was used a rectangular channel with a variafifehpf 4.7 m long, 0.15m deep and 0.08 m widththvén
electric pump of half horse power. The walls of thannel, as shown in Figure 5, are of transpaemfic, in order to let
the laser light go through, which are mounted @vsteel structure and a deposit for providing waiér a capacity of 385
liters. A metallic base of 6 cm x 15 cm with a seed steel bar of 12.7 mm diameter and 9 cm longwgasl to simulate
the effect of a bridge. The camera was calibrasiagua square mesh with 0.5 cm per side as shoWwigire 4.

Pi o
e Calibration

grid

Soil used

Figure 4: Metallic Bar 12.7 mm Diameter and Calibraion Mesh

The water velocity was controlled by varying theddudinal slop of the channel due to it did novédany
gadget to this purpose. Nevertheless, a dissipaiveen at the initial edge of the channel to redwecbulences was
installed, whereas in the other edge, was putel stepper to generate a uniform tight in the eningth of channel as

shown in Figure 5.

Dissipation
screen

Figure 5: Dissipation Screen to Reduce Turbulences
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In order to choice the soil used in the bottomhaf thannel, several preliminary tests were perfdrrReom this
selection was concluded that the material withdogierformance was a white marble, because itctefiebetter the laser
light regarding to the other samples tested. Figusbows the granulometric curve of the marble uisehis research. The
marble used had the following granulometric prapertDig = 0.35 mm, @y = 0.6 mm, @y = 0.70 mm, [ = 0.8 mm, G
=2.28 and €= 1.28. According to the SUCS classification, tmaterial is well graded sand (SW). In fact, pé&towhit

sizes under 0.075mm were eliminated with the piegosiomogenize the grain size of sand used irsthidy.
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Figure 6: Granulometric Curve of Marble used in this Research

To generate the system of lighting, which is a ameéntal part of the PIV system, it was mounted an
experimental setup over a steel plate includingserd with an emission at 530 nm, a negative le2s5o€m diameter and a
focal length of -25 mm and a cylindrical positiven$ with a focal length of 150mm. The lighting systwas set in
horizontal position over a metallic table of 1.rh.2 m.

The recording of movement particles in the fluxflofd was performed using a high resolution digitaimera
(CMOS sensor) with a speed of 164 images per se@H8 megabits per second) and a caption siz®4&4244 pixels.
The camera was mounted vertically over a metallitep fastened by a lens holder mount speciallygdes to put the

camera over the channel, in order to capture theement of particles in the horizontal plane as showFigure 7.

Figure 7: System Used for the Caption and Storagd émages
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The final processing of the videos of the partialegvement was performed using several software guek
including MATLAB version 2012b, Tec Plot 360 vensia006 and “pro VISION PIV” (IDT software)(Martingzonzalez

A. etal,2012).

METHODOLOGY

The experiment was carried out in a darkened aidatte purpose of recording the dynamics of pkasiand
water flow by means of the PIV optical setup. Aditndinal slope of zero percent was applied towiaer flow in the
channel. The experiment was done with an expens®4df25 ISwith potable water without any special treatmemt, a

average speed of 0.04261 and a level of water equal to 12 cm. The watewflvas subcritical with a number of

Froude equal to 0.0397.

Over the steel plate a bar was fastened, a laysoibdf 2.5 cm thickness was put uniformly alohg total length
of the steel plate equal to 150 m upstream and dweam of the metallic bar as shown in Figure & Tser lighting
system was installed over a metallic table putdamf of the channel, exactly at the same high dbése. Figure 9 shows a

diagram of the lighting system used in this redearc

Pier

Figure 8: View of the Pier Model

negative lens  cylindrical lens H H H Study area
f=-25mm f=150mm G
E Pier
Emission wavelength 530nm 20cm e | 25¢0m } H
Water
Flow

gcm

Figure 9: Top View of the Scheme of Lighting Setupnd the Plant Channel
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The cylindrical and negative lenses opened the lage beam to form a layer of light in a horizahplane. This
light was projected in front of the base of the afl&t bar, so that the soil particles that surrceohdt were perfectly
illuminated. In this way, was possible to study behavior of the water flow, during the interactioetween soil and the
metallic bar that simulates a pier. The camera magnted in a metallic structure at 75 cm abovectiennel to capture
the images in the same horizontal plane of thd leyer. Before capturing the images, a calibrapioocess using a grid of

0.5 cm per side was done. The calibration usedofvase pixel, equivalent to 0.095 mm as shown guFé 4.

The images of the water flux dynamics occurringhia horizontal plane of light layer were capturgdubing the
camera mounted in perpendicular direction of whte, in a metallic structure at 750 mm above oer level of water in
the channel. The light layer was projected in ttomtal part of the cylindrical metallic bar at difeént heights from the
bottom of the water flow, equals to 5 mm, 10 mm,nd®, and 20 mm. For each case in particular, wakert several
images in order to obtain the correct informatidow the dynamics of water flow. Figure 10showstailled schema of

the levels where the layer of light was projected.

Camera

750 mm
Water Level
h 4

—
-
P
PR
< Gilindrical bar
/5
< S
Water flow — Water flow
-
S
.
Levels of light sheet —
Soil

Figure 10: Levels where the Laser Layer of Light wa projected

For each one level of the light layer, differerdeds were obtained and then processed using aapnogriting to
run in MATLAB version 2012b.The videos were fragrrezhinto images which were later processed by angitogram
writing in MATLAB to convert them in images type BM The statistic technique used for the processirigyages was
the crossed correlation by using the software g®I®N PIV. From this analysis were obtained the admvalues of the
velocity of the material moved by the water flowd#ferent heights over the bottom of the chanAeslthe last step in the
processing of the results it was made a graphicesgmtation of the velocity vectors both in theabhXlUx) and the

transverse plane (Vy) of the soil particles usimgprogram Tec plot 360 version 2006.
RESULTS AND DISCUSSIONS

A series of consecutive images of the displaceroksoil particles at an acquisition rate of 164 gaa per second
were obtained after to analyze the four videosesponding to the four heights (5,10,15 and 20 nonsicered regarding
to the bottom of the channel at which the lasentligzyer was projected. The velocity vectors ofl garticles were
obtained from the analysis of an area of 130 by fi#@ls. Figure 11 show graphically the method usedetect the
movement of particles via the superposition ofpairparticles images processed by using the dpsdasoftware used in
this study. The particles were represented in whidor before their displacement and in black caoddter their

displacement in order to represent their resultaovement in blue color as shown in Figure 11.Frbm fragmented
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images of the videos obtained at each depth of layker level considered, the velocity vectors af particles scoured by
the effect of pile and the water flow were obtainbdthis way, using the velocity vectors of pdef was possible to
represent graphically in real time the scour véjodistribution that occurs at the moment of ernsid soil at the bottom

of pile.
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50 80
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Figure 11: Caption of Velocity Vectors of soil Paricles Surrounding the Pier at
(&) 5 mm, and (b) 20 mm Height Regarding to the Bottorof Channel, Respectively

Some of the more important results of this reseénah represent the magnitude of the velocity wscto both,
axial (along the length of channel) and transvépsependicular to the direction of water flow) ditien, corresponding to
different heights regarding to the bottom of tharuhel at which the laser light layer was proje@selshown in Figures 12
to 15. These figures correspond to a specific valfiéime included in the total data acquisitionemval of time. In
Figures12 to 15, the 2D contours show the magnitlisteibution of both average velocities, axial kblgransverse V, and
in addition its direction represented by the arriweduded in the images. On the other hand, ther3&yes of Figures 12
to 15 represent the spatial distribution of botloeities axial U and transverse V, showing its niagte in the z direction.

As shown in the 3D images included in Figures 128dhe pile produces a non uniform separationaiewflow.
It is interesting to observe from these 3D imagas m front of pile are generated vectors of naegatielocity (regarding
to the origin placed at the front of the cylindfiter representing the bridge pier) that generasera of vortex which
originates the erosion of the pier of bridge by $bé particles. In fact, it can be observed inufegs 12 to 15that the axial
velocities distribution has low amplitude at thghti side of channel, which is due to a higher gferaf material in the left

side regarding to the right side of channel duthrgerosion process.

From the images shown in Figures 12 to 15 it caolizerved that the negative direction of the vé&joeéctors
generates an oscillatory movement of the water Which in turn originates fatigue to the soil pelds in direct contact
with the water flux, inducing the effect of erosiower the pier. It is also interesting to note frima typical results shown
in Figures 12 to 15 how the magnitude of both ayereelocities, axial and transverse, varies wittoalinear behavior
depending on the height regarding to the bottothefchannel. In fact, it was found a parabolic éase of the maximum
magnitude of both average velocities, axial andsvarse, when the height of light sheet regardinthé bottom of the

channel is also increased as shown in Fig. 16.

Usually the existent methods developed to desdhibescour phenomenon consider the average velotitater
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flux of the section under study. However, in thisrk the enhanced PIV method employed to descrilee stour
phenomenon in a pile of bridge is able to measheevelocity of soil particles as a function of tintehis open the
possibility to study the scour phenomena in higtailelue to it is possible to analyze completetyreal time, the flow
dynamics of water and soil particles present in ¢ékperimentation channel. A representative reshthioed in this
direction during a typical interval of acquisitidata time is shown below. Figure 17(a) and (b)stiesemporal behavior
of both maximum average velocities, axial and tvarse, at heights of light sheet equal to 5 mmXhdm, regarding to
the bottom of the water flow considered in this kyorespectively, corresponding to a fixed pointhwitoordinates
X = - 2.05 pixel, and y = 0.65 pixel. Figure 17 &)d (d) show the temporal behavior of both maxinaverage velocities,
axial and transverse, at heights of light sheeaktpul5 mm and 20 mm corresponding to a fixed fpaith coordinates
X = -443.4 pixel, and y = 386.0 pixel. As can bersa Figure 17 the magnitude of axial and trarsvewerage velocities
strongly varies in time. Nevertheless, this vaoiatbn the magnitude of both velocities is stron@@sthe higher heights of

light sheet regarding to the bottom of the channel.
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Figure 12: (a) 2D Contour Distribution of the Axial Velocity VectorsUx at 5 mm Height,
(b) 3D Representation of the Average Magnitude of ¥al Velocity Vectors,

(c) 2D Contour Distribution of the Magnitude ofW Transverse VelocityVectors at 5 mm Height and
(d) 3D Representation of the Average Transverse Magtude of Velocity Vectors
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Figure 13: (a) 2D Contour Distribution of the Magnitude of Ux Axial Velocity Vectors at 10 mm Height,
(b) 3D Representation of the Average Magnitude of ¥al Velocity Vectors,
(c) 2D Contour Distribution of the Magnitude ony’ Transverse Velocity Vectors at 10 mm Height End
(d) 3D Representation of the Average Transverse Magude of Velocity Vectors
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Figure 14: (a) 2D Contour Distribution of the Magnitude of Ux Axial Velocity Vectors at 15 mm Height,
(b) 3D Representation of the Average Magnitude of ¥al Velocity Vectors,
(c) 2D Contour Distribution of the Magnitude ofv_j Transverse Velocity Vectors at 15 mm Height and
(d) 3D Representation of the Average Transverse Magude of Velocity Vectors
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Figure 15: (a) 2D Contour DISTRIBUTION of the magnitude of ﬁy Axial Velocity Vectors at 20 mm Height,
(b) 3D Representation of the Average Magnitude of ¥al Velocity Vectors,

(c) 2D Contour Distribution of the Magnitude of Vx transverse velocity vectors at 20 mm Height and
(d) 3D Representation of the Average Transverse Magtude of Velocity Vectors
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Figure 17: Temporal Behavior of Maximum Average Axal (a) and (c), and Transverse
(b) and (d) Velocities. The height of Light SheesiEqual to 5 mm and 10 mm regarding to the
Bottom of the Water Flow Considered for (a) and (b)and 15mm and 20mm for (c) and (d)
Figures (a) and (b) Correspond to a Fixed Point wit Coordinates x = - 2.05 pixel, y = 0.65 pixel; (@nd (d)
Correspond to a Fixed Point with Coordinates x = -43.4 Pixel, and y = 386.0 Pixel

CONCLUSIONS

In conclusion, by means of the methodology developethis research it was possible to measure pleed of
soil particles in real time, which give the poskfpito study and analyze the phenomenon of scath high detail. An

oscillatory movement of the water flux was dedufredn the change on the direction of the velocitgtees found from
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the results obtained in this study. This oscillptarovement in turn originated fatigue to the saittjeles in direct contact
with the water flux, inducing in this way an erasieffect around the pier. It is also found that thagnitude of both
average velocities, axial and transverse, varigt avinonlinear behavior depending on the heighandigg to the bottom
of the channel. In fact, it was found a parabaticréase of the maximum magnitude of both averalgeities, axial and

transverse, when the height of light sheet reggrtiirthe bottom of the channel is also increased.

It is expected that the obtained results in thiseagch can lead to propose new techniques whidwall
understanding the erosion effects induced by tber f water and soil particles over the bridge il€his is of high

relevance due to currently the failures by scolbridges are still the main cause of the collagsbese structures.
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