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ABSTRACT

This paper’'s main purpose is the proposal of a mmthod to support the establishment of a firstcstmal
diagnosis that helps managers in their decisionimgagrocess regarding maintenance on dam walls. Our
approach bids on the quick and complete scan oitiwe infrastructure through an integrated MBHSEr
system. The evaluation of the resulting datasetpraing to the criteria of accuracy, uncertaingsaiution

and density validates the performance of the preghdybridized capture solution.

Armed with a series of value-added products sudtefmmation maps, acoustic backscatter maps ticaer
and longitudinal profiles, managers can get an iolethe overall condition of the infrastructure yhare
responsible for. They can thus better plan maimesawork and focus divers’ interventions and
complementary technologies deployment only on jmlaltic areas.

RESUME

L'objet de cette communication tient dans la pragams d'une nouvelle méthode pour supporter
I'établissement d’'un premier diagnostic structuramplet & l'intention des gestionnaires responsadke
I'intégrité d’'un mur de barrage. L'approche prégentise sur le balayage rapide et complet de Ireblgede
I'infrastructure a I'étude par I'entremise d’'un ®me intégré MBES / lidar. L’évaluation du jeu diennée
résultant, suivant les critéres de précision, @ititude, de résolution et de densité valide ldgperance de la
solution de captage hybridée proposée.

Avec en main une série de produits a valeur ajogté@rennent la forme de cartes de déformatiorcadtes
de réflectivité ou de profils longitudinaux et veaux, le gestionnaire peut se faire une idée éatl’général
de Tlinfrastructure dont il a la charge. Il peutewmx planifier les travaux d’entretien et concenties
interventions de plongée et le déploiement de teoges complémentaires seulement sur les zones
problématiques.

1 INTRODUCTION

Consider yourself for a moment as the manager @éngehof the maintenance and the integrity of a daith,
all the responsibilities that come along with tro¢e. What would you like to know? You would like be
aware of the general state of the infrastructubmye and below the waterline), to know where itssitde
weaknesses are, to assess the extent of poteatiglge, to monitor temporal structural deformatiatisthat
in order to best organize the necessary work. tfitiat, you would like to be able to perform thisadysis
with minimal group closures or shutdowns of plants.

Traditionally, the inspection of underwater secti@gs visual and/or tactile and carried out by diydut more
often for security issues by Remotely Operated ®eki(ROVs). Two major constraints, however, limith
interventions: low visibility and lack of precisestioning.

Poor visibility often requires the diver or ROV,uigped with optical camera, to carry out the exation by
standing very close to the infrastructure, gremtyeasing the time of inspection.
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For its part, the lack of precise positioning prgethe mosaicking of all the images coming from ¥isual
inspection and therefore the production of a glabalp of the infrastructure. Structural defects #ren
incorrectly set, global deformations are not detécnd mostly, a recurring inspection, which filtdsadded
value when always based on the same frameworkprigpomised. The georeferencing issue has recently
being addressed by Ridaot al. (2010) with the deployment of a sophisticated R@<uaately positioned by
using a USBL and a suite of onboard sensors (MREDE, DVL) which allowed after a 30min mission the
collection of a series of nearly 2000 images pedgigeoreferenced. These images were then stitcgedher

into a high quality photo mosaic showing a 4@mection of the dam wall inspected.

In recent years, in response to the visibility idiffties encountered by divers and ROVs in the exint
surrounding infrastructures inspection, the usaaufustic technologies has emerged naturally. Setests
have been conducted with: mechanical scanning sqeag. Clarke, 2006; Groupe Océan, 2007; Kongsberg
2010; Abbott, 2011; Port de Montréal, 2011), siderssonars (e.g. Woo, 2007; Tritech, 2012), acousti
cameras (e.g. Brahiet al, 2008) or even underwater laser scanners (e.daBil 2011).

All of these technologies remain limited by pregmsitioning achievement difficulties and, excepmt $ide-
scan sonar, by short range constraint which regultisne-consuming and laborious inspection. Inyquall
inspections, the Port of Montreal and Groupe Od#are been successful in overcoming the georefargnci
issue of a MS1000 mechanical scanning sonar bygusomplex deployment strategies (see Figure 1).
However, such strategies seem difficult to tranegoghe scale of a dam wall.

| 2 -

Figure 1: Deployment of a mechanical scanning s&eaigsberg MS1000 at Port of Montreal. On thedéafe from a
telescopic boom designed by the port authority@mthe right side from a barge, with a rail systdesigned by Groupe
Océan.

Whether visual or acoustic, available technologigsw a good inspection potential for the detectibrather
thin structural defects. However, recognizing theispective limitations, these technologies woutthdijit
from being deployed only sporadically in very sfiegblaces of the structure where a fine inspecieams
necessary. This communication finds its main cbotion in proposing and seriously evaluating a sewey
method for accurately highlighting problematic areé an infrastructure and thereby help managebetier
plan divers’ interventions and complementary tedtgfies deployment.

Like the Port of London (Dillon-Leetch, 2008) arntPort of Marseille (Fraleu, 2006), we use a rhadim
echo sounder (MBES) for the inspection of underwstetions. We improved the system by using a fidar
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the inspection of terrestrial (above water) sedidrhe two sensors mounted on a hydrographic swessel
can get a full scan of the infrastructure. Beyone tlassical 3D point cloud representation of ttensed
infrastructure, we propose to provide managers waitlange of 2D products suitable for informed denis
making.

We will begin by presenting the technology mobitizd.e. the instruments used and the deployment
methodology. Different visualization products vitlen be presented. We will rely on the resultshef ports

of Montreal and Rimouski to discuss the performaot¢he technology in terms of accuracy, uncenjgint
resolution and density. We will conclude by recaglihe benefits of the proposed inspection metisosiedl as
with the short-term future developments to be edraut.

2 DEPLOYED SYSTEM

The system deployed for the dataset capture (Figurns composed of: 1) a pole-mounted Reson Seabat
7125SV MBES tilted 30° on the starboard side,r2Aaplanix PosMV320 position and orientation uBix,a
Terrapoint ALMIS-350 integrated system (Newby andstik, 2005) composed of a Riegl Q-140 lidar, a
NovAtel GPS antenna, and a Honeywell HG1700 inamiation unit. The lever arms and the mounting asg|
between the different sensors have been accunatesured by a dimensional control survey of theseles
done with a total station.

CDA2012 Annual Conference - Paper Format Standards



CDA 2012 Annual Conference
‘ DA A‘ B Congrés annuel 2012 de I'A(
Saskatoon, SK Cana

CANADIAN DAM ASSOCIATION September z-27, 2012
ASSOCIATION CANADIENNE DES BARRAGES du 22 au 27 Septembre 2

Figure 2 Integrated MBES / lidar system mounted on the @Is survey vesst

The acquisition ofbathymetric and topographic d is planned using@ survey simulatc that allows us,
depending oncustomer expectatior to determine the numbesf passes requir, the distance to the
infrastructure, the survey speeahc the optimal acquisition parameters.

3D centimetric positionings ensured k£ RTK (Real Time Kinematicylifferential correctio from a GNSS
receiver located close to th&rastructure Raw GPS data are collected fuyssiblepost-processing with the
Applanix Pospac MMS softwamghich targes the generation of a PPRdst ProcessinKinematic) solution.

3 RESULTS AND PRODUCTS

3.1 3D models

Following the acquisitionthe bathymetric and topographic datasets arevithdilly processe. The two
resulting 3D point cloudare then merged ir a unified model. Figure 3 showsme examples 3D models
obtained on various structures.

The 3D model gives managefsr the first time, the ability to "see" in its entiretige infrastructure they are
responsible for. Howevethe exploration of tt 3D model does not yet fih the habits ¢ managers, even in
those of engineers. Both amore comfortable wil two dimensional dataset3hat is why, beyond the
production of a 3D modgtierivative products have been imagined.
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Figure 3: Example of 3D models from different stures. a) Survey of the Vassiviere dam wall (Franigeunified 3D
model; c) Survey of a quay wall section at the Bbitontreal; d) unified 3D model; e) Survey of makwater at the
Port of Matane; f) 3D model (underwater sectiorypnl
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The 3D model can so be declined, depending ondkds) in a vertical digital terrain model (VDTM) thie
infrastructure, in a deformation map, in an aceusickscatter map or in a series of longitudinad an
transverse profiles.

3.2 Vertical digital terrain models and deformation maps

The VDTM (Figure 4 a)), but even more the five esldeformation map (Figure 4 b)), help managers to
quickly give a first assessment of the infrastreegigeneral state. For example, the images beldivihelp to
monitor the concrete wall resurfacing degradatiba guay wall section at Port of Montreal. For ngara
who know the history of interventions already aaairout, the analysis is even more evident.

a)
g E [ L -
— L
E
= g
T ]
a4 s 7T | .3
2 == MsL r 08
Tide ’
g [ i
65 70 75 =] 25 20 295 100 105 110
b) Along track distance (m)

Figure 4: a) Vertical digital elevation model ofjaay wall section at the Port of Montreal; b) Foedour deformation
map. The colour scale goes from green (no defoomatbmpared to the theoretical structure’s posjtiorpurple (more
than 60 cm of gouging) and to red (more than 6@Eprotruding).
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Figure 5: Vertical profiles from a quay wall sectiat the Port of Montreal. a) 70 m along track1®) m along track.
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The deformation map is produced with respect tbemrietical vertical plane. Year after year, becabhse
georeferencing is accurately managed, it is passiiyl referring always to the same plan, to morigarporal
structural deformations of the infrastructure, sashundermining, gouging or protruding effects.

3.3 Acoustic backscatter maps

The acoustic backscatter map represents the ittesfsthe acoustic return measured on the infrastre.
Such an image should, in theory, highlight charigagsxtures of materials (wood, concrete, steelkingaup
the infrastructure, each responding differentlatoustic excitation. Work on the subject is in pesg.

3.4 Profiles

Profiles (longitudinal and transverse) are curgetiie product structural engineers are more useuotiing
with. It mainly allows the detection of a loss @frticality of the structure. Figure 5 shows 2 exismf such
vertical profiles at the Port of Montreal. We caesn a) that the structure at 70 m along track isiuch
better conditions than at 100 m along track in b).

4 PERFORMANCE AND LIMITS

We have seen in the previous section that it isiptesto create products that are visually evoeadind easy
to use from the combined MBES / lidar datasetis however important to assess the quality of i@ that
was used to derive those products. The main qumssti@ want to answer about the original 3D poildsd
are:

* What is the accuracy, or how far off is the measamt from reality?

* What is the uncertainty, or the maximum range d@ies that would outcome after scanning the same

point repeatedly?
» What is the resolution, or the smallest differemcemorphology, that can be detected?
» What is the density, or how many points do we getgguare meter?

4.1 Accuracy

Assessing the accuracy of a system comes downtendi@ing if there is a constant offset between the
measurements and reality. To test the accuracyiofystem, we surveyed a quay wall section at tire ¢?
Montreal using both a robotic total station (knoterhave a very high accuracy) and our integrate ESIB
lidar system. The survey area was located in e zbne providing a 1m overlap between the sonduttzan
total station and a 2.5m overlap between the baiak the total station, as shown in Figure 6.

Total station

Easting Northing

Figure 6: Quay wall section studied at the Poivlohtreal for accuracy assessment.
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First, the sonar and lidar datasets were manuditee to remove any gross errors that would alsdddeted

to create one of the derived products shown eaifieen, for each sonar and lidar point, the 3 dbpeints
from the total station were located and a plarénditwas performed. The orthogonal distance was the
calculated between the sonar or lidar point andpthee. The mean orthogonal distance is used tsunea
accuracy. Values of -4.52 and 2.23 cm were foumdHe sonar and the lidar respectively. This imgplieat
the sonar tends to underestimate the distanceetsutface and the lidar, to overestimate it. Messt will
have be done to see if those offsets are consigtentdifferent surveys and intrinsic to the system which
case, they could simply be removed. If it is nat tase, better calibration methods will be inveséd.

4.2 Uncertainty
Although some models do exist to predict the uadety of our datasets, it is a criterion that ighhy
environmentally dependent as it increases with dgpaeind noise. The mathematical definition of uraiety
can vary from one source to the other. Here wetakimg a 95% confidence interval. In other words, a
uncertainty ofu cm would mean that 95% of the measures wbuld fall betweents — uandx.r+ u, where
Xt IS a reference value:

2

2(r—xer) (1)

N—-1

u =196

The datasets from the Port of Montreal correctedgimss errors were also used to get an estimate of
uncertainty for the sonar and lidar using the tetation as reference.{). The results were 6.76 and 5.47 cm
for the sonar and the lidar respectively.

However, it should be noted that uncertainty shdigldestimated on a flat surface, otherwise edgeisfican
bias the results. The surface used from the PoMlartreal had a deformation range of about 25 cee (s
Figure 7 a).
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Figure 7: Surfaces studied for uncertainty assessrag Total station in Port of Montreal; b) higergity flat sonar
surfaces in Port of Rimouski; ¢) zoom of b). Théooo range is different for each image to highlighe relevant
information.
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These drastic changes can result in overestimétimgincertainty. To validate this hypothesis, vadated 22
flat areas from a sonar dataset acquired in PdRirmbuski such as those shown in Figure 7 b). Weses on
the zoomed area in Figure 7 c¢) that the deformatioge is much lower, around 10 cm. Since no ®itdlon
datasets were available for this structure, we tmblantage of the fact that the surface was sudvejil high
redundancy (4 passes) to create smoothed refesemfzce using the software CARIS HIPS & SIPS 7.1.1.
Each sonar point was then compared to the valuthefclosest node in the reference surface and the
uncertainty was computed using ( 1 ). The restitsvsan overall uncertainty of 3.93 cm, almost frdlthe
one estimated in Port of Montreal. This improvemismdue in part to the surfaces being more flat,aso
possibly to the fact that better settings were wsethe sonar and the survey distance to the suvfas about
10 m in Rimouski compared to about 15 m in Montréak 3.93 cm uncertainty is therefore more raalfsr
future work since a closer distance and the netingstwill be used. A similar approach will havehe tested
with the lidar to see if the uncertainty decrededhe same way.

4.3 Resolution

It is not an easy task to measure the resolution £dnar system experimentally because it impliesring

controlled targets of different sizes. This issu#t be addressed in the next phase of the profadt,n the
meantime, we can still look at the theoretical hetson calculated by the survey simulator mentioeedier.
The work of Lurton (2002) served as a basis tovedtie equations used in this section. The reswiwdf the
sonar is given by 3 different values correspondothe x (along-track), y (across-track) and z tfeal) axis
(see Figure 10). For each axis, up to 3 compormantt be taken into account: the resolution duéeopulse
length, to the sampling rate and to the beam fautpFhe effective resolution is the most penaligof the 3
components. The values given in the present segtibassume a flat surface, a deflof 8 m, a distancd

between the vessel and the structure of 10 m, rdseelocityc of 1500 m/s and a pulse lengfrof 33us.

The along-track resolutiody, is only determined by the size of the beam fant@long thex axis (see Figure
8 a) and b)). The size of the footprint variesundtion of the along track beamwidth an@leand the beam
angled, which is a function of deptb and distance from the vessel to the structure:

Hx
dxso, = 2Rtan (—) (2)
2

R=vD+a (3)

When using 512 beams, the Reson Seabat 7125 f@sngatrack beamwidth of 1°. We can see in Figuae 9
that the along-track resolution worsens with depth.

The across-track resolutiody, has a time sampling component and a pulse leogthponent. The time
sampling component is at best (if no averagingeisgpmed in the bottom detection algorithm) giventbe
horizontal projection of the slant resolutidndue to time sampling (see Figure 10). It variea &snction of

the beam anglé:
c

dy,, = Esm@ (4)

0 = atan (g) (5)
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where Fs is the sampling rate. The sampling rate of theoReSeabat 7125 is 34 kHz. The across-track
resolution due to time sampling as function of Hejst shown in red on Figure 9 b). We can see fthat t
component improves with depth.

a) Y. c) v.
r A
D
R
b) X< o d) L

Figure 8: Resolution due to beam footprint. a)3®wbf the along-track footprint; b)2D view of thierg-track
footprint. For better visualization, tlzeaxis has been replaced hyan axis parallel to the ran&e c)3D view of the
across-track footprint; d)2D view of the acrosskréootprint.
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Figure 9: Sonar resolution as function of deptl@)g-track resolution; b)Across-track resolutiajyertical resolution.
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Figure 10: Resolution due to time sampling

The pulse length component is due to the facttthatechoes can only be distinguished if they aleast half
a pulse length apart. This lead to a time resatuti@mt can be transposed in range and projecteu aley
axis:

dy, = ;sin@ (6)
We can see on Figure 9 b) that this componentvislithe same tendency as the time sampling, bubie m
limiting.

Finally, the vertical resolution is limited by tfeotprint, the time sampling and the pulse lengie footprint
geometry is shown on Figure 8 c) and d). The faotpesolution can be computed using:

deoot =

wo(or @) o (2) (7)

The time sampling and pulse length component amdlasi to those computed along across-track, but are
projected vertically:

dzp, = — cosf (8)

2Fs

c
dz, = ;cos@ (9)

We can see on Figure 9c) that the footprint compbisedefinitely dominant along

11
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Overall, we can say that under the conditions desdrat the beginning of the section, the sonardvba able
to represent defects that are of the order of 1952xm.

4.4 Density

The last quality criterion is the density. It isgortant because even with an excellent resolutiar, would
not be able to distinguish defects in the struatufenot enough points are collected per area. Dem&as
analyzed both theoretically using the simulator exgerimentally at Port of Rimouski.

The density of points depends on the number ofgsasshe average distance between two soundings along-
track ¢x) and vertically 42).

p :AXAZ (10)

Along-track, this distance decreases with the piatg and decreases with the vessel speed, buttis no
influenced by depth:

Ax == (11)

The vertical distance between the beams dependiseoconfiguration of the sonar during acquisitidising

the equi-angular mode that spreads the beams wetimstant angular opening, and realistic survegrpaters
(vessel speed of 3.86 knots, ping rate of 21.1asé@s) we can see that the distance between thes bea
increases with depth (see Figure 11 a)) and thsitgatecreases accordingly (see Figure 11 b)).

0 0

Depth (m)
IS
Depth (m)
A

5 ‘ ‘ ‘ ‘ : ‘ ‘ ‘ ‘ ‘
0.045 005 0055 006 0065 007 0.075 550 600 650 700 750 800 850 900
a.) Az (m) b) p (soundings/m?)

Figure 11: Theoretical density as function of depiiVertical distance between the beams; b)Density.

To validate the density calculated by the simulatee analyzed the dataset from Port of Rimouskie Th
structure was divided into depth layer of 20 cm #r@ number of soundings for each layer was dividéal
the corresponding area in square meters. The sespitear in blue on Figure 12 a) along with thertteal
curve in red. The difference between both curveshiswn on Figure 12 b). We can see that the general
tendency is respected, except at the bottom whmradings from the seafloor contributed to incretise
density. However, we recorded in practice arouriiiundings (or one quarter) less then what watigiesl.
Manual editing contributed to decrease the numifesoandings, but not enough to explain the diffeeen
observed. A better explanation is the morphologthefsurface. The wharf studied is made out oftghiérg

as shown on the left of Figure 13 a). This typstaficture produces an acoustic shadow effect: tigeb are
hiding the cavities next to them and the sonar eaimsonify these areas. This effect is illustdate Figure
13. We can see on the density map in b) some aksgidpes of lower density. They are located ey on
the left of the bulges shown on the deformation mag).

12
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Figure 12: Theoretical vs. experimental densitfuastion of depth. a) Comparison between theorkfigpand
experimentale) density. b) Difference betweepandpe.
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Figure 13: Density and deformation. a) Wharf madeas sheet piling; b) Density (sounding$jmap; c) Deformation
map for the same area (m).

5 CONCLUSION

The proposed approach suggests that prior to aegvantion on a partially wet infrastructure (damliwquay
wall, bridge pier), a first overall structural pice should be taken at a point in time in ordengtp managers
to better plan maintenance programs and in-sitenwentions (like divers or complementary technaegi
deployment). To achieve such a first diagnosti©)@D has proposed and seriously evaluated a neveysurv
method based on a hybridized MBES / lidar captotation to quickly obtain a complete (underwated an
terrestrial sections) and accurate (<5cm unceyaBid model of an infrastructure at a decimetr@hgson.
In light of the results obtained on several sursegs in the province of Quebec, infrastructurepétsion
companies (mainly diving companies) agreed thaaragdigm shift is taking place and began to expiiesis
interest in the use of hybridized MBES / lidar eaptsolutions. Together with its partners, CIDCQhiss
seeking an effective transfer mechanism to bring reehnological solutions and methods to the itfuasure
inspection market. A first initiative is the creatiof an infrastructure inspection expertise ceimtri@imouski
13
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(Quebec). The expertise centre’s objectives woelddy 1) intensify R & D efforts already undertakamd
allow Canadian companies to remain well positiooedhe international market; 2) establish a trgjrientre

to assist companies interested in taking controlnefv available inspection equipment; 3) develop a
certification centre to assess the performanceeaf equipment and support the legitimacy of thee with
clients.
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