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SUMMARY

This paper presents some first results of a project aimed to access the feasibility of monitoring
deformations of large concrete dams by terrestrial laser scanning. Case study of Studena Dam
in Bulgaria is described. A large number of retro-reflecting targets have been positioned and
measured by a total station in the local datum. Moreover, targets are measured also in
captured scans. They are placed in the surroundings as ground control point. Two
measurement campaigns are accomplished so far: the second one after earthquake in Pernik
on 22.05.2012. Reported analyses are focused on two main problems: the first one is the
accuracy and the stability of georeferencing, which is fundamental to make comparisons
between different multi-temporal scans; the second one is the computation of deformation
based on the acquired point-clouds. Moreover, some notes about a method to compute the
accuracy of surface points which have been measured by terrestrial laser scanning are
reported.

PE3IOME

B craTusTa ca nmpenctaBeHr IbpBUTE PE3YATATH IO MPOEKT U3CIIEABAIL Bb3MOKHOCTTA 32
U3I10J13BaHe HAa HA3€MHO JIa3epHO CKaHMpaHe 32 MOHUTOPUHT Ha jiehopMaliiy Ha ToJIeMH
OETOHHHU SA30BUPHU CTeHH. Pasriexna ce NpuiIoKEeHUEeTo Ha MeToja 3a a30Bup CryneHa.
KoHTponHM ToukH ca cTabMIIn3upaHy U3BBH JieopMallMOHHATa 00J1acT Ha 00EKTa U ca
M3MEPEHH C TOTAJHA CTAHLMSA B JJOKaJHA KOOPAWHATHA cucTeMa. TOUKUTE ChIIO Taka ca
CKaHUPAHU 3a TpaHC(HOPMHUpPAHE HA U3MEPBAHUATA C JITA3€PHUS CKEHEpP B JIOKaJTHATa
KOOpJMHaTHA cuctema. V3BbplIeHH ca ABa MKbJIa U3MEPBAaHUS KaTO BTOPUSAT € CIIE]
3emeTrpeceHneTo B rp. [lepauk Ha 22.05.2015 r. u3noxeHus ananus e GoKycHUpaH BbpXY J1Ba
OCHOBHH IIPO0OJIEMa: IBPBUAT € TOUHOCTTA U CTAOMIIHOCTTA Ha reopedepupaHeTo, KOUTO €
OCHOBEH IIPU CPAaBHEHHMETO HA JaHHU OT Pa3JIM4YHU €MIOXH, a BTOPUSAT € U3UUCIICHUETO Ha
nedopMauuTe MPU CPaBHEHUETO HA 00IalM OT TOUKH.
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1. INTRODUCTION

While exploring of deformations with conventional geodetic technics gives better accuracy
compared with terrestrial laser scanning (TLS), geometric modeling of point clouds could be
effective for presenting of changes in shape for the whole structure. Modeling surface gives
more accurate representation of the object than raw observations. Some researches are
presented to show the potential of application of laser scanners for deformation monitoring
and prove that their accuracy could be significantly improved by modeling of 3D point cloud.
The aim of these experiments is determining the sensibility of laser scanners for deformation
monitoring and exploring their potential for solving deformation tasks.

The extraction of deformations with laser scanning is made not for separate points but with
using comparison of modeling surfaces for different epochs. Determination of deformations in
discreet points can not be done, because the TLS doesn’t allow measuring the same points in
scanning in different epochs. The main advantage of this technology is representing of the
whole surface of the exploring structure. Different methods for surface comparison are
presented below.

The idea to extract information about the structural deformations from laser scanning data is
to improve the accuracy of the measurement taking into account the surrounding points, i.e. a
group of dots to represent the element of surface. In the most simple case it can be plain. It is
also possible to simplify the task of 2D analysis as presented the surface with profile lines.

2. SURFACE COMPARISON
2.1 Deformation monitoring using control points

Direct comparison of control points is presented in (Tsakiri,2005) using reflective marks
known for the software and algorithms for accurate determination of center of the mark.
Comparison of X,Y,Z vectors gives deformation 0.4 mm. The weakness of this method
according to my opinion is loosing the huge amount of laser scanning data. The same results
can be achieved by conventional geodetic measurements.

2.2 Direct comparison of single points

Direct comparison of single points without using brands is viewed in (Schafer, 2004), where
the points are located on a regular network created by the method of Delaunay-Triangulation.
Then for each point a new value (y ') can be interpolated. The difference between the two
corresponding y ' coordinates represent the value of the deformation (Fig. 1)
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Figure 1: Raw point clouds with an irregular model (left) and the interpolated regular
grid (right) identical for every point cloud epoch. The diference in y- direction represents
the deformation. Picture taken from Schafer et al, 2004.

2.3 Direct comparison of Digital Elevation Model (DEM)

Some authors as (Bitelli et al.,2004) and (Hesse and Stramm,2004) carry out research through
direct comparison of Digital Elevation Models (DEM) of different TLS campaigns. A similar
case is described in (Schéfer et al.,2004). Although this approach is easy to accomplish using
the proposed software, it has two important limitations. First, it has limited sensitivity for
small deformations, which makes it unusable for measuring small deformations. Second, if
the digital models are defined as a 2D function i.e. z = f (X, y), then the difference between
digital models allows measurement of 1D deformation in the direction z. Considering the 3D
nature of the point clouds derived from the laser scanner, this is a major limitation of this
approach.

2.4 Using appropriate approximating surface

Another type of method uses the appropriate surface models that fit of TLS point clouds. The
key idea is to move beyond the limited accuracy of single TLS points using the advantage of
the great density of measurements i.e. 3D points and geometrical characteristics of the
surveyed area. In (Van Gosliga et al., 2006) they use a cylindrical approximating surface to
remodeled tunnel, while in (Alba et al. 2006) this approach is followed to the study of large
dam as adjusted polynomial surface on measured 3D point clouds.

Another example of this type of method is described in (Schneider, 2006) for deformation
analysis of the television tower. To define the curves, the point cloud is divided into N thin
layers and is designed as a plain, and thus transforms the task of 3D in 2D corresponding
tasks. For each layer circle is approximated using the adjustment on the MNMK. The line of
the bending of the TV Tower is given by connecting the centers of the N circles.
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The main advantage of these methods is the high quality of strain parameters in terms of the
quality of the original TLS data. The limitation of these methods is related to the need to rely
on a model of the surface, which requires analysis, dependent on the specific task, applicable
only to objects with certain geometric characteristics. In addition, if the deformation is
calculated of the differences between models of surfaces defined for different epochs (Alba et
al. 2006), the deformation field is 1D. This is the same restriction mentioned for the previous
method. However, it is important to note that the impact of this restriction depends on the type
of application. In fact, in some cases, the 3D information is not necessary.

2.5 Using plane approximation

Finally, it is worth mentioning another study suggested by Lindenbergh and Pfeifer (2005),
which is based on the statistical deformation analysis for determination of deformation. This
study includes segmentation of the object of the planar pieces, least square adjustment for
each piece, least square calculation of deformations from age to age for each piece, and a
statistical analysis of the received deformation parameters. The key advantage of this study is
the ability to retrieve deformations under the nominal accuracy of separate point. The main
disadvantage of this technology is the need for a clearly defined model of the parts of the
surface, which cannot be applied to a variety of tasks, such as those which include many
natural sites.

3. CASE STUDY FOR STUDENA DAM

3.1 Description of the object

Studena dam is situated in west part of Bulgaria 40 km west from capital city Sofia. The dam,
built in the period 1950-1953 is a concrete buttress with 26 concrete blocks- 55 m maximum

high and 259 m in length in the crest. In blocks 6, 9, 11 and 16 are mounted four straight cliffs
with numbers respectively 1, 2, 3 and 4.

.:,,' 7“

Figure 2: On the left a typical cross section of the Studena dam, on the right a frontal view of
the dam the site.
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3.2 Geodetic frame

A local coordinate system is defined with the x-axis coinciding with the crest line, the Y axis
perpendicular to it in the direction of the air swath and the z-axis in the zenith. New ground
control points (GCPs) with the number 100, 101, 102, 103, 104 and 105 are located outside
the deformable zone and stabilized near the air-swath of the wall and were measured with
total station Leica TCA 1800 with angular accuracy 1 (0.3 mgon) and accuracy of
measurement of lengths 1 + 2 ppm. The least squares network adjustment has resulted in the
determination of 3D points with estimated standard deviations of £2 mm in X-Y and £3 mm
in Z.

3.3 Laser scanning measurements

In December 2011 geodetic measurement was carried out in the framework of the research
project on the theme "Use of terrestrial laser scanners for deformation applications” financed
by the subsidy for scientific research in 2011. The measurement is carried out under the water
level elevation 832,81 m and air temperature 6°C. The measurements were performed with
scanner Leica Scan Station C10 with a range up to 300 m and accuracy 6 mm and speed of
scanning 50000 points per second. The scan was performed by two stations at a distance of
100 m from the wall and a density of scanning of 2 cm. 80 million points were measured. The
orientation of the measurements was made using special signals from Leica, which the
software recognizes automatically. Local transformation of the measurements from both
stations is made with an accuracy of 3 mm using 5 GCPs 100, 101, 102, 103, 104. The
standard deviation of the results of the registration is 3.1 mm, which is 2 times more accurate
than the accuracy of the unit point. This value is actually the limit for registering the absolute
deformations (Schneider, 2006). The processing is done with Cyclone software (Fig. 3).

In June 2012 second measurement of the dam is made after the earthquake in 22 May. The
scan was performed by the same two stations and same density of points and configuration as
the first scan. 80 million points were measured in water level elevation 841,25 m and the air
temperature 22 ° C. As a result of the scan 3D model of object is obtained with 1 cm density
in point cloud.

3.4 Surface comparison for deformation extraction

On the basis of the analysis made above two methods for retrieving information about the
deformation state of the dam are selected and used:

1) direct comparison of Digital Elevation Model (DEM) obtained by two cycles of
measurements;

2) profile lines across blocks 11 and 16 at the dam were made, in which straight verticals
are located. Compare both profiles with one another and with the data from the reports on
straight verticals.

The comparison of the two surfaces obtained from measurements in December 2011 and June
2012 is done by these 2 methods and on the premise that the ground control points were
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stable. First irregular models of the surface of air swath of the dam is created with AutoDesk
Civil 3D for both measurement eras. Comparative area describing the differences between the
two measurements (fig. 4).

Legend

-15t0 -5 mm
-5t0 +5 mm
+5t0 +15 mm
+15to +20 mm
+20 to +25 mm

Figure 4: Surface comparison of TIN models with AutoDesk Civil 3D

The measured differences are in the range from 18 mm to + 15 mm, which corresponds to the
accuracy of the measurements (6 mm double point and 3 mm for the constructed surface area)
and expected for this period of year to the wall. Taken into account and that the air surface of
the dam collapsing, and the surface is not smooth.

Second surface comparison was made with PolyWorks. Differences from 5 to 10 mm are
detected. The results are shown in Fig. 5.

Figure 5: Surface comparison with PolyWorks with triangulated models
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4. CONCLUSION

Taking into account the above and based on the results of the scanning measurements before
and after the earthquake of 22.05.12 may make the following conclusion:

The resulting values of the movements correspond to the measurements of the technical
operation of the dam. Not observed extreme values of the deformation of the surfaces in both
measurements. Straight verticals report and geodetic survey confirmed the elastic nature of
these movements, which are in direct relation to the dynamics of water level in the dam and
from temperature fluctuations.

The reported differences are within the limits of the accuracy of the tool and of course within
the limits of the values measured during the prolonged period of operation of the wall. For
this time of year they are affected to a greater extent than the temperature of the air, which
heats air swath of the wall than the water level in the dam. In this situation, check the usual
returns to higher blocks toward the water.
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