eas\)(\“% 13th FIG Symposium on Deformation Measurement and Analysis
W %QS 4th IAG Symposium on Geodesy for Geotechnical and Structural Engineering
\\
e

e LNEC, LISBON 2008 May 12-15

DAM MONITORING USING COMBINED TERRESTRIAL
IMAGING SYSTEMS

Jodo BOAVIDAL, Adriano OLIVEIRA! and Anténio BERBERARI

! Artescan — Digitalizacéo Tridimensional, Lda, Payal
2LNEC- Laboratério Nacional de Engenharia Civil, fugal

Abstract: Thousands of registered large concrete and embarikdaens have now more than
five decades of operation and age related probl&tnactural safety condition assessment is
the main aim of dam monitoring activities and a a@n for authorities. Laser scanners
combined with digital calibrated reflex cameras vinle accurate and very dense 3D
numerical models as well as spatially continuoughfiesolution RGB information of the
objects under study. These combined terrestrialginga systems (CTIS) provide a huge
amount of geometric and radiometric well structudada in a short period of time. A 3D
scanning company, Artescan, and a research orgemz@ NEC, Laborat6rio Nacional de
Engenharia Civil, in Portugal) have been, since 320@eveloping positional monitoring
methodologies for embankment dams and assistedalvisgpection methodologies for
concrete dams. Interesting results have been ahigvwhat concerns positional accuracy,
system reliability and cost-effectiveness of thigpmach to enhance dam monitoring
capabilities. This paper presents different exammé the developed methodologies as
applied to dam monitoring.

1. INTRODUCTION

Thousands of registered large concrete and embartkdans have now more than five

decades of operation and age related problems. thtorg plays an essential role in

evaluating the structural safety condition of da@®s.the other hand monitoring activities are
useful for the collection of valuable data to erdeathe understanding of the behaviour of
these structures.

In what concerns embankment dams, surface dispsmelated to internal deterioration

processes, such as internal erosion or slope daileain occur. Surface displacements are
important quantities to be determined, especiallywhat concerns safety and long term
behaviour [Tedd et. al, 1997]. The determinationttedse values are made by measuring
surface marks located at regular space intervaigally in the dam crest and downstream
face. However this methodology is based on a dsc@mple instead of the surface itself.

Up to now and in what concerns concrete dam vigsglections, they have been carried out
by expert personnel, without the assistance of degicated device or system. Due to
operational difficulties, the collected informati@often inaccurate, from a positional point
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of view, rather subjective and costly, yet very ortant. Laser scanners combined with
calibrated reflex digital cameras provide accuiaté very dense 3D numerical models as
well as spatially continuous high-resolution RGBommation of the objects under study.
These combined terrestrial imaging systems (CTi8Yyide a huge amount of geometric and
radiometric well structured data in a short pexbdime. A 3D scanning company, Artescan,
and a research organization (LNEC, Laboratorio dlzadi de Engenharia Civil, in Portugal)
have been, since 2003, developing positional mangomethodologies for embankment
dams and assisted visual inspection methodologresaincrete dams. Interesting results have
been achieved in what concerns positional accusystem reliability and cost-effectiveness
of this approach to enhance dam monitoring aotisitiThis paper presents three case studies
(2 concrete and 1 embankment dam) of the developethodologies as applied to dam
monitoring.

2. OVERVIEW OF THE TECHNOLOGY

The equipment used in the projects has two mais@ena passive photo sensor (digital
photographic camera) and an active laser emittes¢se(terrestrial laser scanner). For both
sensors a short description of the respective iptex as well as the specifications will be
given.

2.1 Laser scanning

The laser scanner used for this research (RIEGL [2860l) belongs to the so-called “time
delay systems” group of sensors and is a “Time-@fFE with pulsed lasers” type of long-
range sensors. It is an active sensor that bagicafisists of a laser source, a return signal
detector and a beam deflection mechanism. The Bm#ice is a Class | laser product, it
works on the near infrared wavelength and has gerah up to 300 m. The beam divergence
is 0.25 mrad. Computed distance accuracy decretigafly with range [Gordon, 2001]. The
measurement rate goes up to 12000 points per sedotypical accuracy value for average
conditions is better than one centimetre for thesneed distance.

The pulsed beam is deflected according to parameteangular quantities by a rotating or
oscillating mirror located on a rotating head. Thentioned rotationsa &) occur according

to two axes which are supposed to be perpendicbiatance D) is computed as a function
of the measured Time Of Flight (TOF) that the inggubf light takes to make a round trip
from the source and back to the sensor after tafpon a surface. The strength 6f the
returned signal is recorded as an intensity atigilvalue for each point. Thus, setsxfy(, z, |

) are determined by the TLS for every reflectinghpof the object under study. From a single
position it is not usually possible to cover theokghobject and therefore one needs to scan
from different positions in order to get the wholgect surveyed. For every position there is
an independent reference system related to theumsnt and one concatenates every point
cloud into one single point cloud covering the wehalbject in a unique and meaningful
Cartesian reference system.

2.2. Digital photo imagery

A SLR Nikon D100 reflex digital camera with 6.31Iin Red Green and Blue (RGB)
Charged Coupled Device (CCD) photosensitive elemenganised in a 23.7mh5.6mm
array was used along with the RIEGL LMS Z360I tstmial laser scanner. The precise inner
geometry of image creation by the camera lensesheadby focal distance, eccentricity of
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principal point, radial and tangential distortioar@meters was determined during calibration
procedures that took place before the photograpbwerage. The offset of the photographic
principal point, in relation to the origin of the-ordinates of the laser scanner, is known.

According to the fundamental formulation of photmgmetry it is possible to get the RGB
values for every particular point where the co-oaties have been determined by the TLS. It
is then possible to merge the data of both setedsecomeX, vy, z, |, R, G, B

3. CASE STUDIES
This paper focuses on three dams, two concretedaneis and one embankment dam.

Alto Ceira is a concrete arch dam with 37 m maximhaight above the foundation, 120 m
crest length and a thickness of 1.20 m at the aredt4.5 m at the base.

Cahora Bassa arch dam in Mozambique, with 170 mmuar height above foundation, 360
m crest length.

Lapdo dam [Marcelino, 2004] is an embankment damd &9 high, has a crest with 96 m
length. It is located near the town of Mortagua ams in an emergency situation during the
2002/2003 winter.

3.1. The experiment at Alto Ceira dam (visual inspetion)

The Alto Ceira project, Fig. 1 and 2, is a conciateh dam located in the region of Coimbra,
Portugal, which was completed in 1949. It is a twioh dam defined by circular arches with

constant thickness. Alto Ceira dam has shown amatous behaviour that has been closely
monitored by dam experts who developed many stwdiesg at identifying the main causes

of deterioration and the effects on the servicéglaind safety of the dam. Numerous visual
inspections conducted by trained personnel, haea lo¢ utmost importance to support the
studies carried out during the dam lifetime.

Among the most important deterioration signals ctetd exclusively by visual inspections,
the cracking state plays a vital role when assgsHim structure serviceability and safety
requirements. Crack surveying and mapping, hava besgor problems for dam experts.

Cracks wider than 2 or 3 mm are supposed to beegadvand this means that the spatial
resolution of the images has to be better than 6 fitme main challenge is focused on the
resolution of the image rather than on its mettaldy [Berberan et al, 2007b].

As a full coverage of the dam downstream face \egsiired, three stations have been setup
for the laser scanner. Every position producedoactlof points referenced on an arbitrary
instrumental system. In order to get the point dfouveferenced in a unique and meaningful
reference system a set of 21 retro-reflector targetre positioned in the dam vicinity, Fig. 1.
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Figure 1 - A perspective of the laser intensityr@bdel of Alto Ceira dam downstream face,
layout of stations (with red labels) and retro-efbr targets (with white labels).

Eight of these reflectors had their co-ordinateteiseined by tacheometric methods. The
remaining reflectors were measured only by the siognsystem and were used as tie points
to strengthen the geometry of the concatenatiothefdifferent clouds. For each scanning
position a number of targets is finely scanned aseld to compute the 3D transformation
parameters relating every different independentrunsental reference system (X, y, z)i

(i=1,..,9) associated with each of the 9 scanningitpns to a unique and meaningful

reference system (X, Y, 2).

The TLS was parameterised to get the co-ordindtes® point every tenth of arc degree on
both rotational axes. The camera body was equippttdan 85 mm focal distance. The total
number of photographs is 99. In total, the co-atés of about 13.504 million points were
collected both of the dam and its surroundingsndpé hours.

3.1.1. Processing and vectorization

The data collected in the dam in one single dayped one skilled person for 5 days in
office. The workflow in terms of data fusion anepessing is as follows.

Firstly the pre-processing phase allows the ref@angnof every point cloud, concatenation
and cubic filtering of all the point clouds intosingle one. Cubic filtering is intended to
specify the size of the cube where no more thanpong will be filtered into, generating an
octree structure. The total number of points afikering was 1.191.563 for a 3 cm
parameterised cube. A second phase deals with gesdration (triangulation) of the filtered
point cloud, image undistortioning and, lastly, fagion of the undistorted images with the
mesh (texturing).
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Figure 2 - Ortoimages as a base map feigure 3 - Vectorisation of cracks, spalling,

heads up vectorisation of anomalies classifiexhching, leakage, indicators of chemical

and symbolised according to a catalogue. reactions, erosion or cavitation according to a
predefined legend.

A third phase is the processing of images in otddransform their originals, which are the

result of a central projection, into images ari#fily generated as a product of a normal
projection. These are the so-called ortoimagestlaeyl were concatenated in a single mosaic
that looks like a normal photograph but with a knaseale all over its extension.

The final step was the vectorization heads up antbp of the orthomosaic of the anomalies
in a conventional CAD software, namely Microstatidt® (Bentley) or AutoCad 2004
(AutoDesk), Fig. 2. The vectorization of the anoe®lwas done according to layers and,
graphic characterization specified in the inspectitata catalogue. The final result of the
vectorization, for a particularly damaged areahefdam, can be seen in Fig. 2 and 3.

3.1.2. Study results

Visual inspection techniques are the primary meshagkd to evaluate the condition of many
concrete structures, such as bridges, dams, turibespite the fact that for the last few years
concrete dams have been equipped with monitoristesys to support safety requirements,
visual inspection is still an activity of paramoumiportance, as many deterioration signs are
detectable only through an accurate visual inspecti

Along with the laser scanning and the digital imaggistration used, a visual inspection
support system was developed to facilitate datauiaitgpn and manipulation. Effective
implementation of such systems requires a previgergtification of the main symptoms to be
associated to any possible deterioration processtgl®, E. 2000]. The assisted visual
inspection framework requires a process of datadstalisation. For all deteriorations a
damage symptom catalogue must be created. To eshgd symptom a comprehensive set
of descriptors must be assigned. For cracks, g#scsimay include geometrical parameters,
such as length, continuity, orientation, openingl dype (craquelet, linear, etc.), or any
associated symptom such as leakage or deposits.

The scanning was conducted by a team of 2 spemialssirveying engineers and field
operations took 6 hours. The generation of theimdge, the vectorisation and codification of
the anomalies took 40 hours. Fig. 4 illustrates fimal result of the codification by

association of CAD points, vectors and polygonshwiteir attributes in a data base
management system (DBMS) environment. Once the alyois registered in the assisted
visual inspection support system, it is possibléottow up the evolution between two visual
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inspections epochs through a process of imagingdasdriptors comparisons, which will be
very convenient to identify any new degradatiomher evolution of an old one.

Figure 4 - Association of CAD and DBMS technologie®rder to get points, vectors
and polygons associated with alphanumeric classifins according to an inspection
data catalogue.

3.2. Surface deformation measurement on Lapdo embkment dam.

During the first filling of the reservoir (2001/2D0vinter) the Lap&o dam showed a deficient
performance, exhibiting unusually large displaceineDespite the drawdown of the reservoir, a
hard rainfall during December 2002 raised the wdéeel up to its maximum and large
displacements occurred. Settlement rates reachedri8ay during 2002/2003 winter (Marcelino,
2004). After a new complete drawdown of the resemnvoFebruary 2003, several monitoring
campaigns were performed, including one (March @@ a 3D laser scanner. In February 2005,
prior to the rehabilitation design for the dam ar8D laser scanner campaign was made.

3.2.1 Geodetic Monitoring

The geodetic monitoring network configuration ofpé@ dam is composed by 2 reference
stations and 18 object points with forced centrifigure 5 shows the location of reference
and object points.
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Figure 5 - Lapdo dam location of reference andatigeints



On 18" July 2007 the surface marks were observed fronteéfezence stations with a total
station Pentax ATS-101 (linear accuracy: x(2mm+2ppangular accuracy: £1”) and an
adjustment was carried out using the program Epaith3nvww.epoch-suite.cojn Object
points were signalized with retro-reflector targetsich were used for both laser scanning
and geodetic measurements. One survey team (2g)eopk 6 hours to set up equipment,
observe (position | and Il) and compute the network

This case is a paradigm of the importance of sarfiisplacements monitoring to access the
dam security because it was due to this type ofitoiang, during the first filling of the
reservoir, that abnormal behaviour was detected.

3.2.2 Combined terrestrial imagisgstem monitoring

On March 2003, February 2005 and July 2007 the ssonwined laser scanning and Nikon
D100 digital camera with 20 mm lens were used togretvith RiscanPro software to operate
the combined system and pre-process the dataeon sit

Figure 6 — Laser intensity 3D point cloud of thepEa Dam (2007) showing the 3 scan
positions, retro-reflector targets and vectors leetwscan positions and surface marks. The
smaller image is a retro reflector target on forcedtering materializing an object point

The general workflow in a CTIS campaign consist&équiring data, both point clouds and

images, from different stations and attitudes, itam a whole coverage of the object under
study. In 2003, 4 scan positions were required 2hdeflectors were used, 9 of them as
control points and 12 as tiepoints. In 2005 a laagea was surveyed, with 7 scan positions
and using 15 retro-reflectors, 7 as control poantsl 8 as tiepoints. During the July 2007

epoch, 3 scan positions targeted a total of 204retilectors, including the 18 surface marks.
Five of these surface marks (MS05, MS06, MS08, M&id MS13) were used as control

points and the other 13 were used as tie pointghferconcatenation of the clouds. The
remaining points were used also as tie pointsremgthen the geometry of the concatenation.
Figure 6 shows the configuration of the networkludang scan positions, targets and the
connections between scanning positions and targets.



For both 2003 and 2007 epochs the field work, idiclg target positioning, 3D scanning and
image acquisition, took 6 hours. In the 2005 epthehfield work took 7 hours due to the
larger area covered and the higher number of segratations.

3.2.3 Processing

In what concerns the acquired model, TLS technolggts the so called DSM (Digital
Surface Model) meaning that every laser reflecgiamt in the scenario will be present in the
model (people, bushes, etc..). In earth dams, aégetmight be an obstruction as far as the
object under study is concerned. Using Riscan Bfoware the point clouds were manually
edited in order to get rid of the vegetation. Tésuiting clouds were then filtered on an octree
structure of 30 cm. These cleaning and filteringragions on the clouds allowed a significant
and crucial reduction of the amount of data in pesvised way. After reduction procedures
the final cloud of the dam had 0.5 million pointsgm an original 10 million on the 2005
campaign. Mesh surfaces were created from poird daing a 2D-Delaunay triangulation
algorithm, computed from the 2D coordinates of tletices mapped onto a horizontal
reference plane. Direct use of point clouds in CADAE or DTM software packages
(Microstation XM was used) is possible in order @rtract conventional cross-sections,
profiles, contours, lay-outs, vectorized 3D modald other engineering documents.

3.2.4 Conventional formats

With CAE software, conventional engineering docutaelike contours, longitudinal and
transversal cross sections have been producediar ty systematize the information and to
get an engineering document which will be easilglgred by the engineer. However, a new
type of software is emerging to deal with this weabf information and generate
unconventional engineering documents, in electrosipports. These new generation
engineering documents, mostly, can only be viewmezbmputer monitors.

3.2.5 Non conventional engineering documents

Collected three-dimensional data is traditionallgnsformed into 2D data in order to
represent it in paper, screens, etc. and synthbsizeorder to make it legible. These
transformations imply a subjective loss of inforioatso, the ideal situation would be to keep
the 3D model untouched and as close as possibéality.

Figure 7 - True color point cloud. Figure 8 - Settlements Figure 9: Mesh showing the
- 2005 epoch as sliding waves.
compared to 2003.



The 3D texturized models can be visualized in \artReality environments were analysis
and decision can be made sparing additional fiedkwi/RML and 3dPDF formats are both
capable of representing such models and displatiiegy in free and easy-to-use viewers
where the engineer can navigate through or arohmedobject under study, measure and
examine details.

An imaginary camera can move in a predefined patbugh 3D models evidencing some
detail. Dynamic scenarios can simulate the visatibn of an event, like flooding. The true
color point clouds (fig.7) can be a useful documemnediately available in site as it can be
visualized in free and user friendly viewers juiteathe scanning. Figure 9 illustrates the
importance and advent of new type of engineeringudeents, in this case a mesh, besides
profiles, contours and the like. None of the pheananshown on the mesh, whether they are
important or not in this particular case, can bglgaecognized in conventional engineering
documents, and some of them not even on site. dtbthitom of the upstream face (red
arrow), one strip where rocks have been removed (aplaced) to inspect the face of the
dam bellow the rock fill (blue arrow) and two pate#t by rolling machinery (yellow arrows).

3.2.6 Comparison of laser scanning metliedsus geodetic method

Laser scanning can automatically provide coordmdtm two types of discrete points:
artificial (materialized) points and natural pointhe first type can be checked against the
results provided by the geodetic method duringglme epoch of observation. In order to
evaluate the positional quality of laser scannimg ¢toordinates computed via the CTIS and
those provided by the geodetic method were compared

3.2.6.1 Positional quality comparistar materialized point

Table | shows estimated values for the average bsfolate discrepancies, average of

discrepancies and standard deviations concerniagnlividual discrepancies between the

average of the coordinates from the three lasem&rgoositions (SP1, SP2, SP3) and the total
station (columns LS-GEO).

TABLE |
Global statistical values concerning the individualliscrepancies (in mm)
between coordinates provided by the laser scanneopitions (SP1, SP2, SP3) and the total station.

LS-GEO SP1-GEO SP2-GEO SP3-GEO SP2-SP] SP3-SPlL

Dx Dy Dz Dx Dy Dz Dx Dy Dz Dx Dy Dz Dx Dy Dz Dx Dy Dz

Avg.abs.values | 5 2 3| 4 4 4 6 3 3 10 5 6 7 3 B 10 7 |5

Avg. discrepancies] 3 0 2|1 -1 2/ 4 0o 3 9 4 1 3 1 p 6 5 |3

Stand. deviation | 5 3 4|5 4 4| 7 4 3 8 5 9 8 4 p 11 7 |7
n 18 17 15 9 14 10

In addition it shows the estimations for the sartadisgical concepts but concerning the
individual discrepancies between every indepen@aanner Position and GEO (columns
SP1-GEO, SP2-GEO, SP3-GEO) as well as betweenecpasitions (columns SP2-SP1 and
SP3-SP1).From Table | it is possible to detect hgeneity on the quality of the components,
X, Y and Z. Table Il shows the root mean squarer§flRMSE) both for every component X,
Y, Z and for the triplet XYZ. It is defensible tgsert that the uncertainty of laser scanning, as
a positioning system and under the same operatiandl computational environment, is
below one centimetre [Berberan et al, 2007a].



Table Il
Root mean square error (mm) of whole set of pointgheck points and control points as computed from dble |
LS-GEO SP1-GEO | SP2-GEO SP3-GEO SP2-SP]] SP3-SP]
Dx Dy Dz|Dx Dy Dz|Dx Dy Dz| Dx Dy Dz|Dx Dy Dz| Dx Dy Dz
RMSE

total 59 2.7 42|51 43 47|7.7 3.8 3.6 11.7 578483 44 35|120 837.2

RMSExyz 7.8 8.2 9..3 15.5 10.0 16.3
RMSE check 6.8 2.1 5.0|5.6 4.2 55(8.8 4.0 42| 123 5.49.0|84 4.4 35|103 7.06.3

RMSExyz 8.7 8.9 10.5 16.1 10.1 14.0
RMSE control 2.7 3.8 09|36 45 12(26 2.7 1.1 50 8010|29 21 15[ 36 3104

RMSExyz 4.7 5.8 3.9 9.5 3.9 4.8

3.3. The Cahora Bassa campaign

Cahora Bassa is a very large arch dam in SongoaMbijue. In late June 2007 a four day
campaign was carried out with two main proposes:glocessing of a one centimeter per

pixel resolution ortoimage of the concrete wall dmel near slopes high resolution survey.

As the dam concrete wall dimensions are very latge, distances from the adequate
equipment stationing and the wall laid between 400 250 meters, 180mm lenses were used
to accomplish he demanded image resolution. Mcaia #00 photos were taken for the full
dam wall coverage. The campaign had 40 scanpasition order to access, visualize and
analyze the different data produced an applicdiesed on PDF was developed (fig.10). The
main window of this application is a 3D window wiin embedded 3D PDF CAD model

from the Cahora Bassa dam and the level contoes kofi the near slopes.

Fig. 10 — PDF Application with embedded 3D CAD nmiadé€Cahora Bassa dam and its near slopes.
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4. CONCLUSION

Maximizing the benefits of existing dams is a weggproach to a correct management of
economic resources. In this paper we have discuased scanning technology as applied to
dam monitoring. We have presented developed melbgiés for 3 different real case studies
of embankment, concrete and very large dams.

The laser scanning approach to earth or embankrdant monitoring, in terms of
materialized points, can get a sub-centimeter jposit accuracy. This accuracy will improve
with the advance of laser technology, which is odng. Whether the actual laser scanning
accuracy is enough to analyze the behaviour ofdéwe is a decision for the engineer
responsible for the analysis. However one haveriphasize that beside materialized points,
the spatially continuous numerical model of the damface is acquired in a very dense grid,
at one centimeter accuracy, at a reasonable erta Also for this type of points the
positional accuracy will improve soon for the sameasons as referred above. With this type
of model the production of new era engineering doents will enhance the capability to
evaluate in less time and more correctly the hystor status of a dam, namely in case of
eminent failure.

In what concerns concrete arch dams, visual ingpecplay a major role during its life span
and particularly during its ageing process. On dtiger hand, visual inspections provide a
huge amount of diversified types of data which seedbe systematised and codified into an
electronic environment. When compared to the cotweal approach the present
methodology provided an economic and reliable wiagaguiring very quickly some of the
data typically gathered during traditional visuaispections of dams. Through the
methodology presented in this paper, the data weectly collected with conventional
Computer Assisted Drawing (CAD) software and cladiinto a Data Base Management
System (DBMS) environment. The gathered informat®more accurate from a positional
point of view and less subjective from a semantioipof view [Berberan et al, 2007b].

In the case of very large dams, and considerinddige distances involved, the use of the
adopted methodology reveals itself to be partitpladequate, as it allows a complete
coverage of the structure, as well as of the rlepes, in a fast, accurate and economical way.
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