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Introduction

Monitoring earth dams plays an essential role mlwating the structural safety condition of thipegyf dams.
Monitoring activities are related mainly with safdtut also with the collection of valuable dateetdhance the
understanding of the behaviour of these structureese purposes are not mutually independent luerra
complementary (ICOLD, 1982). Monitoring a dam inxeg several activities, namely: design of the nooimy
plan, installation of monitoring devices, readihggse devices at some pre-established frequendesgersion
of measurements to meaningful engineering quasitiiigerpretation of these quantities, comparisath w
models, dam (visual) inspection and issuing a gafgtort. A monitoring plan should define which ebsble
guantities are needed and which devices shoulddielied to measure those quantities. Furtherntioeeplan
should establish the location of the devices, theasuring procedures and monitoring frequenciper#ing
on the age of the dam, extreme events, heightyrattactions, conservation conditions, availablevianow
and technology, human and economic losses in tise o& failure, etc.. The quantities involved in dam
monitoring are those related both with the actionthe dam and with the dam response. Surfaceatispients
are important quantities to be determined, esggdimwhat concerns safety and long term behav{dedd et.
al, 1997). Surface displacement can be relatedttwnial deterioration processes, such as intemogion or
slope failure or to less important phenomena asnglry consolidation or creep. In order to evaluhtse
displacements, surface marks should be locate@aqtlar space intervals, usually in the dam crdstha
upstream and downstream sides, in the berm or bemasless commonly in other places in the dowastre
slope. Several combined terrestrial imaging systgisS) have been made commercially available dytire
last decade and are now a reliable and proven obmiy The laser component of these CTIS providiease
set of instrumental spherical polar coordinatearof unknown point that reflects the laser radigtibe CCD
photo sensors component provide the RGB intenditieshose points. The polar coordinates can bdyeas
transformed into a meaningful object Cartesianregfee system. Given their high sampling frequen@ySC
offer an unprecedented density of spatial inforamaitoncerning an object under study. This technoluas
been widely used by the architectural and archgemsb communities but there is enormous potential i
monitoring applications where such dense data amikl provide great insight into the nature of stuval
deformations (Lichti et al, 2000). This paper tiiesvaluate this new technology and points to thouology
for measuring surface deformations on earth dams.

1 Available technologies for surface deformation measement

Geodetic monitoring is widely used to measure tbhengonents of displacement vectors of materialized
representative points in a dam face. Unlike sonsruments that measure relative values, geodettbade
measure absolute displacements in a monitoring arktwhich is referenced to stable points outside th
influence zone of the dam and reservoir. A spedifiservation plan for geodetic monitoring shoulfindethe
reference system, network configuration and itsabdlty, functional models relating observablesdan
unknowns, blunder detection techniques, equipmeit @ccessories, operational methodologies, expected
quality for measurements and results, databaseiaagon, data presentation, metadata, etc.. Tlserghbles
are slope, horizontal and vertical distances asagelertical angles and horizontal directiongh# network is
redundant the most likely values for the componehtdisplacement vectors are estimated, togethidr ether
statistical parameters to assess the quality @ datl results as well as pertinent calibration mpatars. The
solution is usually found with the unified approachthe least squares criteria. Mainly when rolsatizotal
stations are used, it is advisable to use blundirction techniques (Berberan, 2007). Usually traiation of
coordinates method” (Cooper, 1987) is used toedlat observables to displacement vector companiEotsl
stations are used to measure the observable deamd&fined in the plan and spirit levels mightused for
more precise determination of the vertical compts@i the displacements. Motorization of total istad
together with automatic pointing and reading cdp@s have provided a fast and reliable monitortogl,
often permanent, at reasonable costs. As far agamcis concerned the millimeter range is achikvalth
total stations, for horizontal components of theptiicement, and the sub-millimeter range is achlevasing
geometric levelling at a time cost.



Recent technological developments, especially mirigation in image sensor and laser technologiesde
available a new combined data acquisition typeystesns which are capable of obtaining an accurBte 3
representation of objects, including pictorial imf@tion. Terrestrial Laser Scanners (TLS) equippigd CCD
digital cameras merge the advantages of tacheométinyphotogrammetry thus giving rise to a myriafd o
applications whose limits remain to be foreseen.

1.1 Laser scanning and referencing

Terrestrial laser scanners (TLS) became availalligl the last decade and operate on one of thieeifles:
triangulation, time-of-flight or phase comparis@tanners using time-of-flight principle are moréahle for
engineering scales. They can measure upwards 00 (oints per second with accuracy better thanné m
depending on distance, reflecting surface and egemp (Mills, 2004). By measuring the time betwebe t
emission of pulse of laser energy and the detecifdhe reflected signal, the distance betweenretiigpment
and the point that reflected its emission can Beutated. The laser beam is incrementally defledtetivo
planes which are perpendicular. Both angles ofed&tin and corresponding distance will provide & dfe
spherical polar coordinates which can be transfdrm& an instrumental set (xyz) of Cartesian comtes.
Each scan position will provide a dense cloud ahisoreferenced to their respective instrumentdépendent
system of coordinates. Obstructions usually regs@a&nning from different positions and, in orderget a
complete model of the object under study, it iseseary to concatenate several clouds into a sorgge As
each cloud is referenced in an independent instmtahsystem it is necessary to find the three-dsieeral
transformation parameters relating each indepen@éertence system with a common one, preferablyttié
Cartesian system related to the object.

It is possible, using shape matching techniquedli (B899, Pottmann 2002), to find the transformatio
parameters among multiple clouds as long as theg Baough overlapping coverage of the scenario.edew
in order to transform the data to a known referesystem the identification of control points andestimation
of the transformation parameters (Mills 2004) ieded. At this point a unique cloud composed ofrg dense
set of points attached to a meaningful referenstery of coordinates and covering the object unarlyshas
been acquired. This numerical XYZ representatiothefobject surface, although discrete in natuightrbe
considered continuous for almost every practicalieation, provided the spatial resolution is hagrough.

Because laser scanners have been developed otitsidggodetic community, only recently some TLS have
their own referencing capabilities. On the othenchaome studies are being carried out in ordeedace their
instrumental errors (Rietdorf et al, 2004).

Fig 1. — General layout of Lap&o dam and the locatif surface marks (MS) and reference stations)(RM

1.2 Photo imagery and data fusion

It is possible to attach a digital camera to a TR&wided the inner calibration of the camera heenbcarried
out (and the camera is dimensionally stable in vdoaterns the image formation) and the extericendaition



parameters have been determined for every picalkent the XYZ points collected by the laser scammaerbe
associated with their RGB values via the fundanidatanulation of photogrammetry. The fusion of theés/o
types of data leads to a rather dense set of paindse XYZRGB values are known and one gets ariertll
geometric model, a 3D photograph. In practical se@ncontinuous model with metric quality and pictor
information can be collected in a question of masutOnly CCD image sensor technology should be ased
the camera despite the similar qualities of CMO8gesensor technology which is available in someecas.

2 Lapao dam

Lapdo dam (Marcelino, 2004) is a 39.5 m high eddim and has a crest with just 96 m length. It¢ated in

the centre of Portugal near a small town called téfpra and was in an emergency situation during the
2002/2003 winter. This case is a paradigm of thgoitance of surface displacements monitoring tessthe
dam security because it was due to this type ofitmang, during the first filling of the reservoithat abnormal
behavior was detected. The monitoring surveyingvaet has 18 surface marks located on the cresttlaad
downstream slope grouped in 5 transversal profifesure 1).

During the first filling of the reservoir (2001/2B@vinter) the dam showed a deficient performanghibiting
large displacements. Despite the drawdown of tiserweir, a hard rainfall during December 2002 rcites
water level up to its maximum and large displacaseccurred. Settlement rates reached 15 mm/daggiur
2002/2003 winter (Marcelino, 2004). After a new @bate drawdown of the reservoir in February 20@3esal
monitoring campaigns were performed, including (March 2003) with a 3D laser scannerRebruary 2005,
prior to the rehabilitation design a new 3D lasmmsier campaign was made.
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Fig. 2 — Traditional presentation of surface malements, MS01 to MS05

2.1  Geodetic Monitoring

The geodetic monitoring network configuration opéa dam is composed by 2 reference stations antjést
points with forced centring. Figure 1 shows theatamn of reference and object points. There has beke
observation epochs with a variable frequency rapfiom two a day (on"4January 2003) to one every 3 or 4
month. Figure 2 shows a traditional graphical pnestéon of the settlements of some surface marks18&)

July 2007 the surface marks were observed fronréfeence stations with a total station Pentax ADS$-
(linear accuracy: +(2mm-+2 ppm); angular accurady) &and an adjustment was carried out using thgnar
EpochSuite ww.epoch-suite.cojn Object points were signalized with retro-refeedtargets which were used
for both laser scanning and geodetic measurem@nts. survey team (2 people) took 6 hours to set up
equipment, observe (position | and 1) and complagenetwork.

2.2 Combined terrestrial imaging system monitoring

On March 2003, February 2005 and July 2007 a coeabiaser scanning and photogrammetric survey hers be
carried out. Riegl Z360 laser scanner and a NikbA@digital camera with 20 mm lens were used tagetlith
RiscanPro software to operate the combined systehpig-process the data on site.



The general workflow in a CTIS campaign consistsaaguiring data, both point clouds and images, from
different stations and attitudes, to obtain a wroadeerage of the object under study. The data esdjidy the
scanner depending on sensor attitude and posisorgferenced on
several arbitrary instrumental systems of coord®aand must be
transformed into a common and meaningful referaystem, related
to the object. This particular CTIS uses the irdireeferencing
approach meaning that it relies on a set of wedtriiuted control
points, materialized by retro-reflectors and witheit coordinates
determined by tacheometric methods. Tie pointsy ordasured by the
scanning system, are used to strengthen the geonaftrthe
concatenation of the point clouds. Usually a pregssing of the data
is done in order to guarantee its quality, befari@ad the site. In 2003,
4 scan positions were required and 21 reflectorg wsed, 9 of them
. as control points and 12 as tiepoints. In 2005 rgelaarea was
Fig. 3 — Retro reflector targets on forcedsryeyed, with 7 scan positions were made usingettb-reflectors, 7
centering materializing an object point. .onro| points and 8 tiepoints. During the July 208poch, 3 scan
positions targeted a total of 27 retro-reflectansjuding the 18 surface
marks. Five of these surface marks (MS05, MS06, 818511 and MS13) were used as control points laad t
other 13 were used as tie points for the concatenat the clouds. The remaining points were uded as tie
points to strengthen the geometry of the concatemafigure 4 shows the configuration of the networ
including scan positions, targets and the connestil®tween scanning positions and targets.

i

Fig. 4 — Laser intensity 3D point cloud of the LafZam (2007) showing the 3 scan positions, retfleetr targets and
vectors between scan positions and surface marks.

Images were taken in each scanning station withrdibigal camera to get RGB information and texterthe
point clouds acquired with the laser. For both 2808 2007 epochs the field work, including targeitponing,
3D scanning and image acquisition, took 6 hourgh& 2005 epoch the field work took 7 hours du¢h®
larger area covered and the higher number of segrstations.

3 Processing

In what concerns the acquired model, TLS technotplg the so called DSM (Digital Surface Model) nieg
that every laser reflecting point in the scenariiblve present in the model (people, bushes, eto.garth dams,
vegetation is an obstruction as far as the objedeustudy is concerned. Using Riscan Pro softwazepoint
clouds were manually edited in order to get ridhaf vegetation. The resulting clouds were theeréidl on an
octree structure which produces cubes of a pregfitimension with just one point in the centerraiity of a



larger number of averaged points. For the meshioreand production of contours, cross sections@ofles,
a dimension of 30 cm for the cube was selecteds@ bkeaning and filtering operations on the claittsved a
significant and crucial reduction of the amourt

of data in a supervised way. After reductic 220.00—
procedures the final cloud of the dam had (
million points, from an original 10 million on the
2005 campaign. Mesh surfaces were crea
from point data using a 2D-Delauna
triangulation algorithm, computed from the 2| 00
coordinates of the vertices mapped onto
horizontal reference plane. For the example cit _
above (2005) the resulting mesh had 0.9
million triangles. It is now possible to proces
these surfaces, in various computer applicatic
and according to the aim of the work, so it c:
have a more useful and concise presentation. ]

Direct use of point clouds in CAD, CAE or DTNV
software packages (Microtation XM was used)
possible in order to extract conventional cros
sections, profiles, contours, lay-outs, vectoriz: .
3D models and other engineering document
This can be done by using specific pluged-
software that allows normal CAD software t
manage point clouds.
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applications running on CAD software allow
the vectorization of objects by usin
simultaneously point data and oriented imags
After the vectorized model is built, it's possibl
to map rectified images on the surfaces creat
realistic 3D objects and environments.
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After pre-processing, the volume of informatia Fig. 5 — Transversal cross section

gathered by combined laser scanning and phuw

sensors consists of a (sometimes) huge file oftpanith a (ID,X,Y,Z,R,G,B) structure. This file ©f little

direct interest and one needs to post processatiae With CAE software, conventional engineeringuoents
like contours, longitudinal and transversal craagiens have been produced (Figures 5, 6, 7 anmd@yer to
systematise the information and to get an engingetfocument which will be easily analysed by thgieser.
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Fig 6 — Logitudinal cross section



Fig 7 — Contour lines for design (straight linesyl dor the 2005 epoch.

Fig. 8 —Settlements: 20( epoclt as compared to the des

However, a new type of software is emerging to deal
with this wealth of information and generate
unconventional engineering documents, in electronic
supports. These documents, mostly, can only be
viewed in computer monitors.

3.2 Non conventional engineering documents

Collected three-dimensional data is traditionally
transformed into 2D data in order to represenhit i
paper, screens, etc. and synthesized in order ke ma
it legible. These transformations imply a subjeztiv
loss of information so, the ideal situation woukltb
keep the 3D model untouched and as close as
possible to reality.

The 3D texturized models can be visualized in

Virtual Reality environments were analisys and

decision can be made sparing aditional field work.

VRML and 3dPDF formats are both capable of

representing such models and displaying them & fre

and easy-to-use viewers where the engineer can
navigate through or around the object under study,,
measure and examine details. An imaginary camera
can move in a predefined path through 3D models
evidencing some detail. Dynamic scenarios can
simulate the visualization of an event, like flaogli

The colored point clouds can be a useful document
immediately available in site as it can be visuadim
free and user friendly viewers just after the saamn



and some pre-processing. This particular documembe available for the engineer at the end ofi¢e work
day to measure directly over the point clouds witremy modeling.

Figure 9 illustrates the importance and advent ek rtype of engineering documents, in this case shme
besides profiles, contours and the like. None efghenomena shown on the mesh, whether they axtanp
or not in this particular case, can be easily recagl in conventional engineering documents, anaesof them
not even on site.
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Fig. 9 — Mesh of the cloud of points showing thdist waveson the bottom of the upstream face (red arrowg, sirip
where rocks have been removed (and replaced)pedhthe face of the dam bellow the rockfill (bhreow) and two paths
left by rolling machinery (yellow arrows).

4 Comparison of laser scanning method versus geodetitethod

Laser scanning can automatically provide coordméde two types of discrete points: artificial (redalized)
points and natural points. The first type can beckbd against the results provided by the geodeéithod
during the same epoch of observation. In order vi@uate the positional quality of laser scanning th
coordinates computed via the CTIS and those praviyethe geodetic method were compared.

4.1  Positional quality comparison for materialised poiris

Table | shows estimated values for the averagéslate discrepancies, average of discrepanciestandard
deviations concerning the individual discrepantiesveen the average of the coordinates from treetlaser
scanner positions (SP1, SP2, SP3) and the totars{@olumns LS-GEO). In addition it shows therestions

for the same statistical concepts but concerniegrttlividual discrepancies between every indepen8eanner
Position and GEO (columns SP1-GEO, SP2-GEO, SP3}@EQvell as between scanner positions (columns
SP2-SP1 and SP3-SP1).

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

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

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 B 10 7 |5
Avg. discrepancies| 3 o0 2| 1 -1 6 5

P 11 7 |7
n 18 17 15 9 14 10

O b o
w

Stand. deviation 5 3 4 5 4 4 7 4 3 8 5




From Table I it is possible to detect an homoggneit the quality of the components, X, Y and Z. [Ealb
shows the root mean square error (RMSE) both feryecomponent X, Y, Z and for the triplet XYZ as
computed according to the formulas:

where coordinates labelled G refer to the Geodsthod and are assumed to be “exact” and coordinate

RMSE,, =

Ye)®

i:(YiL_

RMSE =

n

i=1
n

i[(xn_ _xiG)2 +(YiL _YiG)2 +(ZiL _ZiG)Z]

izl

n

labelled L were observed and computed with the lssanner.

Zs)*

Z (ZiL -

Root mean square error (mm) of whole set of poin-tr::tk)lsclli points and control points as computed from dble |
LS-GEO SP1-GEO SP2-GEO SP3-GEO SP2-SP1 SP3-SP1
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|11.7 578.4|83 44 35120 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 42123 549.0/84 44 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 1.2(2.6 2.7 1.1 50 8.01.0|29 2.1 15| 3.6 3104
RMSExyz 4.7 5.8 3.9 9.5 3.9 4.8

It is defensible to assert that the uncertaintyaskr scanning, as a positioning system and urgeisame
operational and computational environment, is beda@ centimeter.

4.2  Operational comparison

A comparison should be done also in terms of operalt costs. The laser scanner provided in 6 hthes
coordinates for some millions of points on the acef of the dam and the coordinates for the aslfigbints
materialized with retro reflector targets. The ltat@mtion provided in the same period the coor@isdor the
artificial points. As for the non materialised derggid of points it is unrealistic to collect sughd using total
stations. The cost of the CTIS equipment (includseftware, hardware and training) is roughly thtieges
larger than that for the total station.

5 Conclusions

On a previous paper (Berberan, 2007a) CTIS hava brRewn to be able to enhance visual inspections of
concrete dams. In the application to a concrete temesolution of the images is the challengerdteoto get
useful semantic information concerning the striecumder study.

The laser scanning approach to earth or embankdagntmonitoring, in terms of materialized points) get a
sub-centimeter positional accuracy at this eadgetof the application. This accuracy will impravih the
advance of laser technology, which is occurringogRess on the mechanical design of the scanner and
development of calibration models will reduce iostental errors. Thus, applied research on methgksio
including the design of specific accessories antherdevelopment of mathematical models which peeific

to this application are advisable to occur. Itxpextable that this approach will achieve in tharrfature the
positional accuracy of the so called geodetic neethishether the actual laser scanning accuracyosgimto
analyze the behavior of the dam is a decisionhfereingineer responsible for the analysis.

Besides materialized points, the spatially contirrunumerical model of the dam surface is acquinea very
dense grid, at one centimeter accuracy, at a rebEomxtra cost. Also for this type of points thesiponal
accuracy will improve soon for the same reason®fesred above. With this type of model the produncof
new era engineering documents will enhance thebdégao evaluate in less time and more corredtig
history or status of a dam, namely in case of entifelure.

The use of combined (laser scanner and digital @ma@pproach to monitoring, allows the texturiaatof the
above referred model of the dam surface and therfusf both types of data is a valuable asset imseof
semantic interpretation of several meaningful pinegra to dam safety assessment.
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