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Abstract: The paper presenta new methodology for high precisiomonitoring of
deformationswith a long term perspective usingrrestriallaser scanning technologin
order to solve the problem of a stabiderence systerand to assuréhe high quality of
possibleposition changesof point clouds, scanning is integrated with two complementary
surveying techniques,e., high quality static GNSS positioningand precise tacheometry.
The case studybject where theproposed methodology was testisda high pressure
underground pipelinsituated inan areawhich is geologicallyunstable
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1. Introduction

Monitoring displacements andeformations of natural and anthropogenic spatialctures and
objects represenine of the most intricate areas in geadsurveying The knowledge abouypes,
characteristics and scales of structural deformations is essential when defining their naturetbend for
consequent verification of potential permanent damage possibilities or eventual destruction of structures
In traditional surveyingdifferentdeformation analysis approaches have evoleegl Delit, Fredericton,
Hannover, Kadruhe, Minchen, [1]). All these methods are aimed at ensurngafe operation and
usage of these structures. The second relevant aspect is closely connected with the
costeffective construction and management. The expenses of conceivable restoration eggrgb
bounds therefore the causes for the occurrence of deformation should be discovered and prevented
on time.

In recent yearsgtrestrial laser scanning (TL8as become increasinghged in differentengineering
surveyingapplications including in the field ofdisplacement andeformation monitoringDespite the
growing number of the presented solutions, the millimetre domain in displacement detectiorais still
very open area of investigatiohhe ability to performarapid and dense measurement of huge amounts
of object pointss a tempting advantage of TLS comparisorto other sensor technologiesd point-
wise monitoring approachesvhere deformation eustion is limited to few discrete and well signalized
points In contrast tathe lower precision of individual sampled points which may preclude their use in
high precision monitoring taskthe effective detection of deformations on the entire objectrrayes
possible g proper modellingof t h e o buyfaee exploting the high data redundanciLS is a
remote sensing measurement techngltiggrefore the direct object accessibility is not required and the
influence of installation of control pomtor other sensor compositioranto the observedobject
iS minimized.

In the process of long terdisplacement andeformation determination and analysis, the qualig
stability of the chosen reference systdra,, geodetic datumplays a vital roleThe geodeticdatumis
realized on the basis of geodetic points whsttould be stabilized on geologically stable ground if
deformation parameters (translations, rotations and other structural distortions, defined on the basis o
the comparison of 3D surfacmodels from TLS data) are not to be subdued by their movements.
Therefore the connection of the TLS aotthergeodeticsurveying technologies becomes inevitaBlg.
integrating TLS with these surveying tecigoesinto a multisensor compositiorthe weakhesseof
individual measurement methods involved can be overcome, while their intrinsic advantages could be
used for a complete expression of deformations on the entire surfdmsestfictures in question.

The main contributiorof this paper ighe preentation ofanoverall andeffective approach for long
term high precisiondeformation monitoringoy using geodetic measurememsmely TLS and two
other pointwise surveying techniques: precise tacheometry and GN8S$tioning The primary
purpose of thdatter two techniques is to design and control the stability of the frame for the evaluati
of point cloud displacementcquired with TLSBesides, te paper provides conclusioregardingif
and howTLS can be used in deformation detection along witielowell establishedensorsommonly
used in monitorin@pplicationsn order to assure high precisicgsultsin the long term.
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The paper is structured as followlhe next subsectiogives an overview ofhe related workand
outlinesits main drawbacksln Section 2 the methodologyof the proposed workflovior high precision
deformation monitorings presentedSection 3 is devoted to the description of tesearctwhich was
conducted in ordeto evaluate the approach. ledion 4 the results othe individual techniqus
involved in theresearchare presented. Sectionpbovides the analysis a@fe displacements computed
from the acquired datd&he paper finalizes with conclusions and possible futdeeelopmentof the
proposed surveying methodology.

Related Ve@rk

The main benefit of terrestrial laser scanning compared to other surveying techniques is the large
redundancy in observations that potentially alibv detecion of deformations well below the nominal
individual point quality B]. Severakase studies usinfLS technology for deformation monitoring have
been presented in recent yeafte objects othe study include dams, tunnels, bridges, towers and
other buildings in general.

In [3] the authors present the results of feasibility of nwoimy deformations of large concrete dams
by terrestrial laser scanning. In this studizas beeroncluded that the stability of the reference frame
is of great importance in order to separate the displacements from the noise produced by errors withir
the georeferencing procesg.wo approaches were also presented for the analysis of surface
displacements, including the shortest distance betthesonsecutive point clouds (one being a surface
model) and additionally displacements computed by compariagegular grids of the dam face.

One interesting approach for structural monitoring of large dams byisTt&scribed in 4|, where
the Radial Basis Function was used for the parameterization of the dam surface. Moreover, the accurac
control of the georetrencing phase was performed by incorporating/esghted Extended Orthogonal
Procrustes analysis.

In [5] it is described how artificial deformations of a cylindrical tunnel wall were detected using a
statistical adjusting and testing procedure.,(the Delft method).In this paperthe scanned surface was
approximatedwith a cylindrical model and the pointvise deformation analysis was performed by
comparing surface patches.

Scanning of a bridgexposed toa controlled load testings presented ing]. The results are
compared with high precision inductive transducers installed on the construction. The authors
conclude that TLS is recommended as a supplementary method in load tests and displacemen
measurements, providing useful additional informatiout, cannotcompletelyreplace the traditional
point-wise techniques.

Beside these case studies, many authors have applied TLS for the detection of deformations in the
controled environments or experiments with simulated values of displacementd]7¢.dn this way
the actual displacementnd the measurement noise can be distinguished more absilgecause the
effects of meteorological conditions can be neglected. Furtherntbee,quality and stability of the
reference framalsois not particulagt addressedh thesestudies(it is assumed to be stableginly due
to the fact that complementary surveying technologies must be implemented in the measurement setu|
in order to tackle the problem of datum correctly, which is the case in the follovpeg. pa
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2. Methods
2.1 General VWrkflow

The primary objective of the paper is to challenge the hypothdsih stateghat the millimetre
precision indisplacements andeformation monitoring can be achieved in the long term perspective for
objects and noonly for few signalizedi.e., marked)points, which is a typical approaerhen usinghe
point-wise surveying techniques. In general, the workflow of the proposed approach can be divided into
the followingsix steps:

1. A network of reference poinshauld be established

2. A geodetic network should lseesignechear the object ahe study

3. TLS should be performebly taking good care of the jelst coverage.

4. The object shape must be modelled with appropriate surfaces.

5. The object model is to beduced to single, representative paints

6. On the basis afepresentative pointslifferent deformation analysis approaches can be applied.

Apart from the presented workflow, the calibration of the instruments involved must be taken under
consideration However, as described in,8, the investigation othe stability of scanner systematic
errors still remainsomewhatpen for discussiorkinally, the field work has to be performed wiie
utmost precision and camhereasspecial emphasishould be pubn establishing the same surveying
conditionsin all measurementampaignsand following the same data processing algorithirise
surveying conditions do not include meteorological parameters since they cannot be coitnelled.
presented measuremeppioachenables a complete and effective control over the individual segments
involved as well as the error propagation procésshe following subsections theabove mentioned
stepsarediscussed imoredetail.

2.2 Reference &ints

In order to controthe quality and stability of the reference frame, the GNSS observatipresent
one powerful tool sincecurrentlythey arethe only time continuous geometric geodetims@rvation
technology that provideabsolute positionin awell defined geocentric ference systenit is limited to
open terrain areashere thanterruption of satellite signatsan be preventedror high precision tasks,
the pganningand processing strategy of GN®Bservationshould be based on recommendations for
high precision coalinate estimation found in e,dGS processing strate¥0], EUREF guidelines for
EPN AnalysisCentres [1], or high gecision geodynamic research [13]. The purpose of GNSS
observations is therefore the realization of a stable reference frame fi@r fietrestrial observations in
all measurement campaigns.

Another possibility of controlling the referenframeis to use precise tacheomethpwever, in this
case the reference points must be checked for their quality and statailityding to one adhe methods
mentioned in [1] with further consideration ofield work recommendations frome$tion 2.3 If
tacheometry is useid this step it is important that there are enough reliable oriemagoints in the
line of sight.
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In generalthis part of he workflowis one ofmost elusiveonesto be performed in the long term
perspective, dependingarticularlyon thesite characteristics.

2.3. Geodetic Mtwork

Thereference frame is linked witthe TLS measurementsg., point clouds acquired in ste@) on
the basis othereference points forming the geodetic netwdrkerefore, his network must includéhe
reference pointsscanner targgpositionsand control pointsas well The @ntrol points can be utilized
for comparison withthe TLS results ormay sipport the determination ofhe representativgpoints
describedn Section 2.6

It is important to design kigh qualitynetwork with appropriate configuration near the objedhef
study to be used for an accuratgative orientation of adjacent pb clouds. In high precision
surveying this task icommonlya domain of precise taeometryFor theestimation otigh precision
coordinats of network points, the tacheometric measurements are usually performed i setsafa
angles measuring harontal and vertical anglesand slope distances. Many precise electronic
tacheometers provide th&TR (Automatic Target Recognitiorfunctionality which can be used to
minimize the observerelated errors and to speed up the measurement process. This higly a
measurement redundancy can be achieved in order to assure the quality and stability of coordinate
estimation. However, if ATR is applied, the standard deviations of raw measurements have to be
examined to exclude the presence of gross errors whighootar due to the automatic measurement
process (e.gin casewhentwo reflectors ardocatedalmost in line).

Finally, the measured slope distances have toctwected properlyfor all errors which may
systematically affect the measured quantitiEee purpose of these corrections is to estimate the
unknown coordinates of network points only the basis of measurements affected by random errors.
In order to perform thsecorrections the atmospheric conditions have to té&en into accountA
detaileddescription of slope distance corrections can be fautike literaturee.g, in [14].

2.4. Terrestrial Laser 8anning

As already mentionedh Section 2.1 the TLS measurementshould result insufficient object
coveage i.e., point clouddensity Moreover, the point density depemust onlyon the predefinedcan
parametersangular resolutionbut also on the scanning geometirg,, the incidence angle and distance
to the objectThe selection of these parameters has a direct influence on thg gtiiie point clouds.
In [15], the authors conclude that by simply moving the scanner by two meters the paihtchiity
can be improved by 25. The effects of the object surface orientation on the quality of the tiatae
also been studied e.g, [16].

Eventually, he object coveragelso depends on the selection of instrun{enanner)stations.The
individual point clouds have to lvegistered in one commaaferencecoordinate systent.he quality of
the relative orientation of scans is closelygected with th@roper configuration of scanner targets in
the geodetimetwork described iBection 2.3 as well atheir precision parameters.
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2.5. Modelling theObject Shape

The intrinsic character of TLS can Heoroughlyexploited in the phase @iect shapemodelling
The object shape must be modelled with appropriate surfaces, including discontinuitjesdgesg,
break lines,etc There are a number of ways in which surfaces can be represented, ranging from
geometric primitives, such as planeglinder or sphereso more complex ones, such as parametric
patches and NURBS (Non Uniform Rational Basis Spline), which may be more convenient in case of
more complex objects with more surface featuié® selection of the appropriate surfaces verghmu
depends on the object itsefiowever, the object model should resemble the actual shape to a required
degreeln many cases the mamade objects can be modelled with geometric primitives only.

2.6. Determination oRepresentative Points

The determingon of identical representative points in atieasuement campaigns is of great
importance in order to treat their displacements correéfjain the definition of these points is
problem dependent.f ithe objecd shapehas been deformed,the representae points must be
determined on the surface itséfont r ary t o t hat, if the objecto
has only changed its position, the object may be presented by some specific points on its surface. Fo
objects with well defined gecetry which have not changed their form, we may choose the
representative points which do not necessarily lie on the surface of the objecihjed.axis).

2.7. Deformation Aalysis

One common approach for the determination of displacenmerio usehe rule of thumb[17]. In
this case, the point has moyédhe displacementectoris bigger tlan thepositional standard deviation
of end points increased by a factor of 3 ofTGree sigma are sometimes taken as the limialueto
what can be regardeasthe random erroiof the determined positianTherefore any larger deviation
from the estimated positior usually considered a blundaran actual displacement

Apart from this simple approach, there are many more sophisticated statistical aigéoitlihe
analysis of deformationshich arenot discussed here.

3. Research
3.1 TheTest Field and Its Characteristics

The pipeline used in ouesearcHor the evaluation of deformations, is a partiu Slovene natral
gas distribution networlopeated by the company Geoplin, the biggest distributor of natural gas in
Slovenia. This networkhas beerestablished for the transmission of gas for industrial facilities only,
therefore the pressure idsi the pipeline is very high 0 kPa). Due to thkigh pressure level and
variations in geomorphology, some parts of the network must be monitored continuously (annually) for
possible displacementsd deformationsThe monitoring seems even more justifiagilece in many of
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these critical locations thepeline runs close to permanent human settleméiats.our test field, e
most problematic of these locationshich is situated about 30 km east of Ljubljamaas chosen
(Figure 1).

Figure 1. Orthophoto image of the test field (due to the size of thefidd and the
researchnature of this research project, only the area, indicated by the dashed line,
was examined).

4202 503 4204 4208
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From Figure 1 it may beconclude that the pipelineorientationis approximately parallel tohe
contour lines, making it extremely widrable to perpendicular tensions of the earth masses above the
level of the pipeline (indicated with arrows). The height of the terrain decreases from north to south,
with an average elevatidmeing approximately 600 m. The sliding of the ground layersob®es even
more intensealuring periods of heavy rainfall, particularly in spring and autumn. Thergtbeepipeline
manager has already built a drainage system in some parts of the area in order to draw off the excessi
water volume.

At the time ofthe construction in the late 1980when the pipeline was placed underground, special
concrete pillars for geodetic observations directly connected to the pipeline below were installed. In
Figure 1 theseobservationpillars are indicated as dots numbered frob@X4 to 4216. The detailed
presentation of the design thfe observation pillars is depicted kigure2. Additionally, three different
locations were chosen according to the preceding geological survey of the site refeesace
pillars 4101, 4102 and 8B were groundedFgure 1). These pillars were placed @npresumably
stable ground in order to function as reference points for the comparison of displaceminats of
observation pillars andlerenot connected to the pipeline. However, the stabilitthefeference pillars
had never been tested before mgearctwasconducted

As shown in Figure 2, the top of the reference and observation pillars is equipped with a screw and a
metal platform, with a screw not completely in line with the pillar axisduer mounting a surveying
instrument (e.g., electronic tacheometer or GNSS antenna) or a reflector. The steel bar connecting th
observation pillars to the pipeline is about 8 cm in diameter and can be taken as solid, thus preventinc
occurrence of bendinof the pillar axis when exposed to ground layer movements. The pipeline itself is
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also made of steel with 15 cm in diameter, which has to compensate for the tensions of the
surrounding masses.

Figure 2. Pillarsused for monitoringhe movements of thendergroundipeline.
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Ground level
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The stability of the observation pillars aso-far beeninvestigatedoy means of simple tacheometric
approach. The positions ahe observationpoints were determined either fromhme reference
pillars 4101, 4102 or 4103, assumed&ostable. Thebservatiorpoints are located at the intersecton
of the screw and the tp planesof the observationpillars, about 1.5 m above the ground level
(Figure?2). If thesepillars areexposed to inclinations produced by the sliding of gramadsesthenthe
displacements ajbservatiorpoints cannot be taken as reliableasuresf the actual movements of the
pipeline undergroundlhe inabilityto access the underground pipelitwecty hasthereforecontributed
to the conclusion thathe representative pointgéstep 5)for the displacementnalysis could onlye
obtainedon the basis ofmodelling the shape of thebove groundoart of the observatiopillars
(Figure?2, left).

3.2. Field Work

According to the methodology presented in Sec®iptwo measurement campaigns were carried out,
first at the beginning of June and secaaitthe beginning of November 2008, together reflecting the
period ofsix months of possible deformatiggmocessDue to the openness of the area and the lack of
reliable orientation points, GNSS appeared to be more convenient for the reference frame realization.
The short time span available between both measurement campaigns suggested only the occurrence
very small deformations (in the millimetre domaimhereforeit was assumed that the initial hypothesis
could be put to a test.

Before the second measuremeampaignin September and October 2008, several periods of high
rainfall further increased the possibilitiestbé occurrence oflandslidesat the site of ouresearchThe
meteorologicatonditions were also quite complementary, the air temperature in particular, therefore
the acquisition of physicapropertiesof the atmosphere was necessary in ordecdmpute the
atmospheriadistance correctia The detded values othe measuredmeteorologicalparameters of
both surveying campaigns are suanipedin Table 1.A precise psghrometer for the acquisition of air
temperature and pslyrometric difference was used (with the thermometer resolution of 0. Ty air
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pressure was obtained using barometer Paroscientific, model nfl6Bo0Gvith the resolution
of 0.01 mbar and relative preasi of 0.024.

Table 1. Atmospheric parameters of the two surveying campaigns (average valligs).
atmospheric parametensere measured at the site of thetrument only.

Campaign date Temperature [C]  Humidity [%]  Air pressure [mbar]
June 2008 23.4 92.0 948.9
November 2008 11.2 87.8 953.9

Whendeploying themethodologyinto the field it was obvious that if the high emutecisionof the
representative poinisasto be achieved, it wouldavetaken more than one day per epoch to measure
all the observation pillarffom Figure 1. Becausdhe main goal of our research was to assess the
capability of the proposed methodolofyr the deformation monitoring purpose$e decision was
made to focus only on the easternmost part of the test field (the area indicated by the dashed line ir
Figure 1); therefore only five observationpillars were usedn the analysisof possibledisplcements
(pillars 4212, 4213, 4214, 4215 and 4216). However, the GNSS observations were performed on all
three reference pillars 4101, 4102 and 4i®&ssure better geometry and more reliable displacement
estimation The geodetic network established foe fpurpose ofhe point cloud tothe reference frame
connectivity and theletermination othe positions ofobservatiorpointslocated on top of each pillas
shown inFigure 3 To excludethe possible errors due to variations in the network configuration
scanner targets were placed in the same locations in both epochs.

Figure 3. The geodetic network designedar the object dhe study
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Apart fromthe observation pillarsRigure 3, the scanner targets were placed onto the tripods. In the
process otacheometric measurements, also the reference pillars 4102 and 4108celed which
made it possible to compare the adjusted basendes#1024103 with the GNSS data.

In the geodetic networkall possibleangles and distancesere observedwith altogether 19
instrumendl stationsin five sets of angles on each station, providing a high redundancy for the
adjustment process, presentedsaction 42. The Leica TCRP 1201 electronic tacheometehich is
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equipped with the ATR functionalityyas usedThe modulation frequency, additive constamgrtical
indexerror and collimation error were tested beforehand by the official kem@sentativetherefore

the instrument was working according the manufacturé specificationsFor the signalization of
network points, the Leica reflectors GPH1P, GPR121 and GMP101 were used. The additive constants
of all reflectors were also determingmior to each measurement campaidie evding of the
instrument andeflectorswas performed with poise tubular legls. After levéing all the tribrachs, they

were not moved any more avoiding the occurrence of possdtfementatentering errors.

The scanning was performed from three different viewing angles for each observation pillar
(Figure 4, using the Leica Sanstation 2terrestrial laserscanner, with stations regularly arranged
around each pillar. The average distance from the scanner to the pillar was about 10 m with the 2 mn
raster on the i | Isuafaic@, shus resulting in a very dense point samplingaol @bservation pillar.
Compared to the electronic tacheometer, the scanner was not calibrated before each measureme
epoch. One of the main reasons is that it was provided by the official legicasentativén Slovenia
and waghereforeassumedo be working according to thenanufactureis specifcation The processing
steps applied tthe TLS data are presented 8ection 43. Altogether it took one whole day to perform
the tacheometric and the TLS measuremientise field

Figure 4. Scanner positionwith respect to the observation pillars (top view). The adjacent
point clouds ha@n overlap of approximately 3@

— Scanning direction

In each measurement campaign, the GNSS equipment was installed onto the reference pillars shortt
after thetacheometric and TLS measuremis were performed The observations were carried out
continuously for two/three additional days, using dual frequency Trimble 40B5SEreceiversvith
Trimble Compact L1/2 with ground planeantennasor Trimble Geodetic L1/2 with ground plane
antenna The minimum elevation angle was chosertlnbasis of recommendations for high ps@am
processing, found in [101] and softwargrocessing characteristicgg]. It was set to 0°to estimate
troposphere parameters and height with higher reliabd®}. [The ampling interval was set to 15 s.
Thecharacteristicef both campaigns are listed in Table 2.






