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Abstract: Determining the displacements and consequent deformations of structures is a demanding
branch of engineering. Displacements are most often determined by geodetic methods, among
which high-precision non-contact methods have recently taken the lead. Engineering geodesy is an
indispensable part of construction projects. In the desire for efficient and fast measurements, the
technology of terrestrial laser scanning (TLS) and the use of robotic total station (RTS) and other
geodetic methods are becoming more and more useful for engineers. In the presented study, we
focused on the measurement and comparison of vertical displacements with various mentioned
equipment and the determination of the influence of meteorological conditions on the displacements
of timber beams that we used to perform the experiment. Measurements were performed both in the
laboratory and outdoors. A novelty in the work was the use of a TLS scanner to determine the evalu-
ation of small value displacements and the analysis of the usability of geodetic measuring equipment.
In the Materials and Methods section, we describe the equipment used and the characteristics of the
beams. The Results section describes the experimental outcomes, which include the performance
of experimental analysis of vertical displacements of timber beams under different meteorological
conditions. Altogether, the results consist of geodetic measurements and the processing of measured
data. The results of measurements of vertical displacements with a terrestrial laser scanner were
compared with the results obtained with a robotic total station were evaluated and compared with
the displacements calculated from static analysis and the results of other methods used.

Keywords: terrestrial laser scanning; displacements; geodesy; timber beams; robotic total station

1. Introduction

Engineering geodesy is an essential part of construction projects, as it provides the
necessary support in all phases of construction projects, from design to construction
to recording of built facilities and infrastructure. The basic element of geodesy is the
acquisition of spatial data of the earth’s surface and objects with the help of various geodetic
measurement techniques and instruments. The applicability of non-contact methods
for determining displacements and deformations is described in [1–5]. In addition, the
analysis of various geodetic methods is carried out to determine displacements and their
applicability and suitability for detecting displacements of smaller values. Among the
described methods, the RTS method is in the forefront, which allows for automatic tracking
of the target in motion and a sufficient number of measurements per second. Our work
focused on the applicability of the terrestrial laser scanning (TLS) method, which has not
been previously used for this type of research. We also compared the results with the
applicability of the robotic total station (RTS) with other measurement tools and methods.
The comparison of the experimental results with RTS show the high accuracy of the TLS
measurements. When automatically tracking a measurement point, a parameter “number
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of measurements per second” is always defined, which can also be used to define dynamic
parameters. Moreover, the tables show the results of other methods used. The experiment
was performed on nine test specimens, three for each experiment, which corresponded to
the [6] standards for testing timber beams. Calculations of deformations of timber beams
were performed by SCIeng analysis, in order to compare the obtained results.

For many years, manual calculations were used to determine the statics of the structure,
which required a good knowledge of the structure and the loads. When calculating the
statics of a structure, we have to take into account all the additional parameters, such as
moisture content of the material, density of the test specimen, weight and mass of the load,
etc., which is a very demanding procedure when calculating the statics manually. Currently,
at least in the field of engineering, the computer calculation of statics is a much simpler
and reliable calculation procedure. In the procedure itself, with the help of programs,
parameters can be entered, the load can be changed at will, and displacements can be
simulated depending on the position of the load. The computer programs also allow us to
better present the results in 3D or 4D technology.

Due to the constant development of computer technologies, the requirements for the
representation of spatial data have changed. This allows users to improve the integrity
of their spatial perception and, above all, to find spatial solutions at a higher level of
quality. On the desire for efficient and fast measurements, the technology of TLS and RTS
is becoming more and more useful for engineers.

The first 3D scanning technology was developed in the 1980s. The basic idea was to
create as accurate a model as possible of the surface of various objects and buildings. The
technology and use of 3D laser scanning took off in the 1990s when the scanners not only
became more affordable but also became more accurate, faster, and able to realistically
capture the environment [7]. The authors of [8] compared different methods for measuring
the volume and deformations of a sand embankment. When using the TLS technology,
they emphasized the high measurement accuracy and the simplicity and speed of field
work. Focusing on the use of TLS to determine the deformation of structures, we note that
a number of researchers have conducted similar studies Due to the mentioned advantages,
the method may be suitable for monitoring deformations and displacements of structural
elements. The authors of [9] determined the deformations and described the computational
processing in the case of an arch beam loading. The applicability of the TLS scanner for
monitoring infrastructure was investigated [10] in the case of a retaining wall [11], in the
case of a bridge structure [12], in the case of a dam, and [13] in the case of a tunnel. A
non-contact data acquisition technique is mainly used in areas where obtaining data by
other methods is difficult.

Using TLS in combination with other deformation methods makes a lot of sense be-
cause the methods complement each other. Each measuring device has its own characteris-
tics, so the use of several methods is highly recommended. In particular, the determination
of small displacements or displacements within the reliability limits of the equipment is
recommended, as described in [14]. The authors used a laser tracker in addition to the
TLS and used both methods to determine the displacement of a small structure. Similar
research can also be found in [15–18], where the authors describe the use and reliability of
TLS to determine the deformation of structures.

Additionally, in the last decade, a lot of attention has been paid to determining
displacements using RTS. This method gives us very accurate results, and the advantages
are shown in the automatic sighting, registration, and tracking of measurement targets.
Methods of data acquisition by RTS techniques to determine static and dynamic responses
have been described in works [19–32].

Currently, TLS scanners are used for various purposes in the representation of the
mutual relationships between objects and surroundings. They are also very suitable for BIM
modelling of buildings and structures, for analysis of traffic accidents, and in architecture
for reconstruction of buildings. In addition, they are used for various forms of monitoring,
as described by the authors of [33–69]. In scan vs BIM methods for monitoring the progress
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of construction, the corresponding quality of the point cloud plays an important role, which
has been studied in detail by the authors in [70].

The mentioned research confirmed the thesis that the use of TLS and RTS is suitable
for performing measurements in hard-to-reach areas with an adequate number of stands
and stabilization of support points for the point cloud georeferencing process.

The Purpose of the Research

The research had two goals—namely, to determine the vertical displacements of
timber beams using non-contact methods under different conditions and to determine the
behavior of timber beams under load. For this purpose, we used the TLS method, and
for the comparison of results we also used the RTS technology, which is one of the most
geodetically reliable methods. Geodetic instruments for leveling and total station of lower
accuracy were also used. To perform the experiment, we used the available measuring
equipment that we have at the Faculty of the University of Maribor. In our case, TLS
technology was exposed in the laboratory to additional lighting and additional reflection
of rays from reflex surfaces, and the technology was exposed in the open to increased
humidity due to additional humidification of the beams. With additional humidification,
we wanted to determine how the increased humidity affected the load-bearing capacity,
and thus we also increased the air humidity. As is known from the available literature,
only a change in humidity has an additional effect on the results obtained with both TLS
and RTS technology. To avoid mistakes, we placed both instruments at an ideal distance of
less than 10 m and perpendicular to the brackets, which allowed us the optimal angle. To
analyze the results, we used the results obtained with a TLS Leica RTC 360 LT and RTS
Leica TS 50. As a second goal, we set out to investigate the static load-bearing capacity of
timber beams of the same type, which were exposed to different meteorological conditions
but the same load. We chose timber beams because wooden construction represents a new
trend in construction and timber beams often replace other building composites. For this
purpose, the static load capacity of the beams was calculated, and the predicted vertical
displacements were determined for the characteristic points on the beam. The bending
tests were carried out according to the recommendations of EN 408 [6], which prescribe the
performance of a 4-point bending test. The distance between the supports was 18 times the
height (3960 mm), and the load points were located at one-third of the span.

All static loads and consequent stiffnesses are statically and strength-determined
according to European regulation EN 408:2003. The regulation requires that the minimum
effective length of the test piece (L*) should be 19 times the height of the test piece, thus
ensuring a fully bending behavior of the member (tangential stresses are small). The test
piece should be freely supported on two edge supports with a center-to-center spacing
(L) 18 times the height of the test piece. The load is transmitted to the subject by two
symmetrically located equal point forces whose distance (a) to the axis of the support can
be chosen. A special steel backing plate can be inserted between the piston through which
the force is transmitted and the test piece, the thickness of which must be less than half the
thickness of the test piece, as shown in Figure 1.



Appl. Sci. 2021, 11, 8936 4 of 19

Figure 1. Example of load determination.

The so-called “global” elastic modulus of the sample (Em,g) can now be calculated
analytically in the form (1):

Em,g =
L3 · (F2 − F1)

bh3 · (w2 − w1)
·
[(

3a
4L

)
−

( a
L

)3
]

(1)

where w2 − w1 is the increment of the measured deflection by the increment of the loading
force F2 − F1.

The same requirements as for the modulus of elasticity shall apply as those regarding
the basic requirements of the tester. The static system as shown in Figure 1 above shall be
used. The flexural strength of the test piece material (fm) shall be calculated as (2):

fm =
a · Fmax

2W
(2)

where W represents the resistance moment of the test piece. The characteristic value (fm,k)
is statistically determined by taking into account the 5% fractional fraction.

Six 4400 mm long beams C24 with dimensions 60 × 200 mm, which are used in the
construction of houses, were used for the experiment. The beams were labeled TL (timber
in laboratory), TO (timber outside) and TW (timber outside—wet) and the serial number
of the beam. The TL beam series represented beams for measurements under laboratory
room conditions, while the TO and TW beam series represented measurements under
outdoor meteorological conditions under which the TW beam was additionally moist. In
our paper, the results of vertical displacements are presented for three beams—one from
each group. For further analysis and before the actual testing and loading of the timber
beams, the current condition—timber moisture content, mass, volume, and characteristic
density of the beams—was recorded. The meteorological data listed in Table 1 were needed
for the static load calculation. The characteristic bending strength was determined by EN
338:2004 [71]. All three timber beams were certified as solid timber—spruce C24. The
physical properties changed naturally during the measurements. That is, the difference in
moisture content and mass between TW and TO, which is given in Table 1.

Table 1. Physical and material properties of timber C24.

Beam Humidity
(%)

m
(kg)

V
(m3)

ρk
(kg/m3) fm,k (MPa)

TL_01 10. 22.1 0.05808 380.51 24
TO_01 11.2 26.05 0.05808 448.52 24
TW_01 10.5 22.5 0.05808 388.12 24

Where: m is mass per unit area, V is volume, ρk is characteristic density, fm,k is characteristic bending strength.
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Representative measurement points were placed between beams spaced 66 cm apart. A
total of 18 concrete blocks 29 × 39 × 19 cm were used to load the beam. The average weight
of a single block was 25.8 kg, and the total applied load was 1.17 kN/m2. Figures 2 and 3
show the loads on the beam and the installed targets.

Figure 2. Setting up and loading a timber beam in the laboratory (TL).

Figure 3. Setting up and loading of the two timber beams outside (TO and TW).

The experiment was carried out to verify the behavior of the timber beams under
different meteorological conditions and the same load, as well as the applicability of the
TLS method to determine the displacements. For this purpose, the beams were placed in
the laboratory under constant weather conditions and outdoors where they were exposed
to the weather. All loading events were recorded using available surveying equipment.
Flat, black-and-white targets printed on white, plasticized A4 paper were positioned for
georeferencing before performing the measurements. Five targets were placed inside and
five targets outside the laboratory in highly visible locations.

2. Materials and Methods

To perform the experiment, we used the available measuring equipment that we had
at the Faculty of the University of Maribor: Leica RTC 360 LT terrestrial laser scanner, 5 flat
black and white laser scanning targets measuring 10 × 10 cm, 10 flat black and white laser
scanning targets measuring 15 cm × 15 cm, robotic total station Leica Nova TS 50, total



Appl. Sci. 2021, 11, 8936 6 of 19

station Nikon DTM700, two electronic levelers (Zeiss and Leica), 4 self-adhesive reflection
retro targets with dimensions 6 × 6 cm, geodetic Pentagon prism, 5 measuring tapes for
levelling. Some of the equipment is shown in Figure 4, the technical data of the available
equipment are given in Table 2.

Figure 4. Measuring equipment used and marked measuring points (Leica TS 50, Nikon DTM700,
Zeiss DiNi10, Leica Sprinter 100, Leica RTC 360 LT, retro target).

Table 2. The technical data of the available equipment.

RTS Sprinter TLS DTM 730 Zeiss Dini 10

Accuracy (angle) 0.5” (0.15 mgon) 18” 1”to 3”
Accuracy (distance) 0.6 mm + 1 ppm 0.6 mm (per 1 km) 1 mm + 10 ppm 2 mm + 2 ppm 0.1 to 0.7 mm (per 1 km)

working range 1.5 m to 3500 m 2 to 100 m 0.5 m to 130 m 2 m to 2500 m 1.5 m to 100 m
Number of readings

(per sec) 9 3 1 milion 3 5

To prepare for the measurements, the optimal stand positions of the instruments were
determined before the measurements. Before and during the measurements, the relative
humidity was measured:

• In the laboratory, the measurements were performed under the conditions of 1 October
2020. The air temperature was 21.2 ◦C, the relative humidity 51%.

• Outdoor measurements were performed on 5 October 2020 under meteorological
conditions outside the laboratory. The air temperature was 16.5 ◦C, the relative
humidity 70%.

The measured meteorological parameters were taken into account when balancing the
data. Before starting the loads, TS 50 was used to determine the initial spatial coordinates
in the local coordinate system for all points on the beams and in the surrounding area.
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Determining the coordinates of all points is used for georeferencing point clouds and
identifying identical points in different series of data capture. Coordinate points represent
the zero state of the beams. Data registration with TS 50 was performed in 4 gyri, taking
into account metrological conditions.

For the analysis of displacements, we used additional targets for TLS technology—
namely, dimensions 10 × 10 cm and 15 × 15 cm. We decided to use the targets because we
anticipated that geodetic reflex self-adhesive targets would cause registration problems
due to beam reflection and light. Additional targets for TLS technology were used mainly
for georeferencing and connection with the results of RTS technology. Reference targets and
small-scale targets were placed in the space on the media for scanning. In addition, spatial
coordinates were determined for these targets. Scanning was performed using medium
resolution (6 mm at 10 m) automatic double scanning and HDR photography, which is
most often used in practice, as it provides a wide range of implementation with a medium
level of data-capture accuracy and time required for capture. It took 4 min 21 s to complete
one scan.

Georeferencing is the transformation of a point cloud from the local coordinate system
of a laser scanner into any reference coordinate system. Georeferencing can be performed
based on reference points in the point cloud or based on the known position of the device.
In our case, we used reference points for TLS and RTS technology.

The advantage of using targets is also reflected in the georeferencing process. Indirect
georeferencing is performed on the basis of known coordinates of scanned targets in the
reference coordinate system, which serve as reference points. We established a geodetic
network of these using classical terrestrial methods. The reference points represented the
starting point for the formation of transformation parameters between the local coordinate
system of the scanner and the reference coordinate system. At least 3 support points are
required for a successful transformation.

The computer processing process began with the registration of the scans. The com-
plexity of the procedure depended on the number of captured scans from different positions
and the coverage of these for quality registration. The number of stands was due to the size
and geometry of the scanned object, as we could avoid blind spots and possible physical
obstacles when working. Given that we were considering a single area or facility, it was
necessary to connect the stands. The basic purpose of registration was to find the bind-
ing parameters that optimally converted the point cloud of the local scanner coordinate
system into a single project coordinate system. This could be done through various regis-
tration methods, such as registration using binding points, using features, and iterative
approximation [72].

Combined method of registration—i.e., cloud-to-cloud and using targets—is the most
common way to register point clouds as it gives the best results. The basic principle
was to use special targets when scanning, which we placed in the field of view of the
scanner. Each target allowed optimal reflection of the laser beam. In this way, good target
identification was enabled. The scanner detected the target and determined its center based
on various algorithms. The center of each target thus represented an unambiguous and
direct connecting point in two different scans. Based on identical points, the program
automatically determined the transformation parameters of the spatial transformation
between the local scanner coordinate system and enabled their merger into a single project
coordinate system [73]. The use of three connection points was sufficient for determining
the transformation parameters. Increasing the number of these increased the reliability
and accuracy of matching the two point clouds. In addition to the number, the appropriate
layout was also important. Targets should be arranged to allow adequate homogeneity of
the point cloud in the core and at the outer edges of the scan [74].

The registration of the scans was done with the program Leica Cyclone Register 360,
based on the cloud-to-cloud and target registration process. This process used modern
registration algorithms and was an established and automated registration process for
combining individual scans. After combining the point clouds, optimizing the registration,
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and completing the registration, a registration report was created for all cases in the
mentioned software, which included a bundle report (registration of the point cloud before
and after the load). In all cases, the total registration error was below 3 mm, with overlap
above 84% and strength above 72%, which was base on the Calibration Certificate and
ensured that the results were within the specification of the product.

For georeferencing, the combined point cloud was transformed into a selected coordinate
system stabilized on laboratory and outdoor support points, as shown in Figures 5 and 6.

Figure 5. Georeferencing and input of support points when measuring the beam TL_01.

Figure 6. Identification of support points of the combined point cloud required for transformation
into the selected coordinate system.
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After merging the scans and georeferencing, the relevant distances were measured
using the “measure distance” function, comparing the point clouds (“cloud-to-cloud”)
before loading and after the performed loading of the beams. The displacements were
determined based on the change in the positions of the centric point of the target. Figure 7
shows an example of the determination of displacements in the middle of the TL_02 beam.
The procedure was repeated for all targets on the beams.

Figure 7. Evaluation of TL_02 beam displacements based on changes in target positions before and
after loading.

3. Results

The goals of the experiment were to determine the applicability of geodetic non-
contact methods for measuring displacements of timber beams and to check the static
load-bearing capacity of beams under different meteorological conditions. To this end, we
combined the two goals in a single, experiment. The focus was on the applicability of the
TLS method for calculating displacements. To achieve the desired values, a comparative
analysis and accurate calculation were performed for each medium.

First, the vertical displacements at a given load based on the performed measurements
were determined for each beam. Second, the beam displacements were measured at the
locations where the targets were placed (Figure 8). Third, the measurement results were
compared with the calculated value of vertical displacements based on the static analysis
of the beam.

Figure 8. Sketch of target positions with corresponding markings.

To evaluate the results, the vertical displacements were determined using a Leica
RTS NOVA TS 50 and Leica RTC 360LR. The difference was given by the measurement
error |∆z|. The measurement error was different for each individual measurement, so
the calculated error could not be generalized as a standard error. The measurement was
affected by many factors, such as changes in humidity, variations in temperature, variations
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in pressure, and, last but not least, the skill of the operator; it was therefore necessary to
calculate the error of measurement separately for each measurement, as can be seen in
Table 2, where the accuracies of the instruments used are given. The obtained results are
summarized in Tables 3–5. To illustrate the dispersion, the results are presented in the form
of graphs in Figures 9–14.

From the results of Figures 9–11, we see that the results are comparable with the
static calculation. In Figure 1, where we compared the displacements of the beam in the
laboratory, we see that the curve obtained with a robotic total station and a classical total
station fits best into the static calculation. The TLS method differs the most.

Table 3. Differences and comparisons of measurements with static analyses of the beam TL_01.

TL_01

Target
Static Analyses Leica RTC 360 LT Leica RTS NOVA TS 50

z [mm] z [mm] |∆z|[mm] |∆z|[%] z [mm] |∆z|[mm] |∆z|[%]

1 −4.9 −3.8 1.1 23.89 −5.0 0.1 0.14
2 −8.5 −6.9 1.6 19.48 −7.9 0.6 7.81
3 −9.8 −9.0 0.8 8.70 −9.8 0.0 0.00
4 −8.5 −7.1 1.4 17.14 −8.0 0.5 8.97
5 −4.9 −4.1 0.8 17.89 −5.1 0.2 2.14

TL_01

Target
Zeiss DiNi Leica Sprinter Nikon DTM 700

z [mm/%] z [mm] |∆z|[mm] |∆z|[%] z [mm] |∆z|[mm] |∆z|[%]

1 −6.1 1.1 22.17 −4.7 0.2 5.86
2 −9.6 1.1 12.03 −8.2 0.3 4.31
3 −10.5 (6.51%) −10.4 0.6 5.48 −10.4 0.6 5.49
4 −9.1 0.6 6.20 −9.1 0.6 6.20
5 −6.0 1.1 20.17 −6.0 1.1 20.17

Table 4. Differences and comparisons of measurements with static analyses of the beam TO_01.

TO_01

Target
Static Analyses Leica RTC 360 LT Leica RTS NOVA TS 50

z [mm] z [mm] |∆z|[mm] |∆z|[%] z [mm] |∆z|[mm] |∆z|[%]

1 −4.1 −3.6 0.5 12.20 −3.9 0.2 4.88
2 −7.0 −5.9 1.1 16.19 −6.9 0.1 1.99
3 −8.1 −7.9 0.2 2.47 −8.1 0.0 0.00
4 −7.0 −5.8 1.2 17.61 −6.8 0.2 3.41
5 −4.1 −3.7 0.4 9.76 −4.0 0.1 2.44

TO_01

Target
Zeiss DiNi Leica Sprinter Nikon DTM 700

z [mm/%] z [mm] |∆z|[mm] |∆z|[%] z [mm] |∆z|[mm] |∆z|[%]

1 −4.9 0.8 16.33 −5.0 0.9 18.00
2 −7.4 0.4 4.86 −7.5 0.5 6.13
3 −8.8 (8.64%) −9.1 1.0 10.99 −9.3 1.2 12.90
4 −7.4 0.4 4.86 −7.7 0.7 8.57
5 −4.6 0.5 10.86 −4.9 0.8 16.33
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Table 5. Differences and comparisons of measurements with static analyses of the beam TW_01.

TW_01

Target
Static Analyses Leica RTC 360 LT Leica RTS NOVA TS 50

z [mm] z [mm] |∆z|[mm] |∆z|[%] z [mm] |∆z|[mm] |∆z|[%]

1 −4.6 −5.4 0.8 17.24 −4.8 0.2 4.21
2 −7.9 −8.9 1.0 12.52 −6.8 1.1 14.03
3 −9.1 −10.0 0.9 9.88 −9.8 0.7 7.68
4 −7.9 −9.0 1.1 13.78 −6.8 1.1 14.03
5 −4.6 −5.6 1.0 21.58 −4.7 0.1 2.04

TW_01

Target
Zeiss DiNi Leica Sprinter Nikon DTM 700

z [mm/%] z [mm] |∆z|[mm] |∆z|[%] z [mm] |∆z|[mm] |∆z|[%]

1 −4.4 0.2 4.55 −4.8 0.2 4.04
2 −6.5 1.4 17.83 −7.5 0.4 5.47
3 −8.4 (7.69%) −8.1 −1.0 10.99 −8.9 0.2 2.26
4 −6.8 −1.1 14.03 −7.3 0.6 8.36
5 −4.6 0.0 0.21 −4.5 0.1 2.38

Figure 10 shows us the values of the carrier that were exposed to meteorological
conditions. The RTS curve is closest to the static calculation, while the Nikon DTM and
Leica Sprinter curves are the closest, which is attributed to the external variable conditions.
Subject to the golden rule, no method deviates from the static calculation.

Figure 11 shows the results of the additionally moistened support and thus also the
higher load. The Nikon DTM curve fits best into the static calculation, followed by the
Leica Sprinter curve. In this case, the geodetic instruments were greatly affected by the
increased humidity in the air, which has a great influence on the measurements. However,
none of the results exceeded the limit of the golden rule.

Figure 9. Comparison of the results of the vertical displacements of the beam TL_01.
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Figure 10. Comparison of the results of the vertical displacements of the beam TO_01.

Figure 11. Comparison of the results of vertical displacements of the beam TW_01.

Figure 12. Results of the static analysis of vertical displacements of the beam TL_01.
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Figure 13. Results of the static analysis of vertical displacements of the beam TO_01.

Figure 14. Results of static analysis of vertical displacements of the beam TW_01.

As can be seen from the results presented in Figures 9–11, different displacements
were obtained despite the same load. Therefore, for beams TO_01 and TW_01, the causes
can be found in the higher humidity and thus the increase in load. The load of one brick
increased by 2.6 kg in the superstructure during the experiment. Given that the modulus
of elasticity of the timber beam has a large influence on the displacements, more accurate
results would be obtained by means of long-term tests—i.e., exposing the beams to this
load for a longer period of time, e.g., 1, 3, 6, and 9 months—which may be the subject of
our further investigations. A detailed analysis of the behavior of the beams is shown in the
following subheadings.

3.1. Timber Beam TL_01

The air temperature was 21.2 ◦C; the relative humidity was 51%. Temperature and
pressure data are needed in the basic setup of measurements with geodetic instruments,
which calculate meteorological corrections based on the input parameters. From the static
analysis (Figure 12), it is possible to deduce the maximum vertical displacement that
occurred in the middle of the beam (target 3), which was −9.858 mm. The vertical displace-
ments measured by the RTC 360 LT were smaller compared with those calculated. The
absolute value of the difference ranged from 0.858 mm (target 3) to 1.669 mm (target 2) and
averaged 1.216 mm, which was comparable and had small deviations from the calculated
values of vertical displacements (Figure 9 and Table 4). The error ranged from 0.007 mm
(target 1) to 0.769 mm (target 4), with a mean of 0.322 mm. The calculated accuracy for the
middle point of the beam was 0.822 mm (Table 3).

3.2. Timber Beam TO_01

The air temperature was 16.5 ◦C; the relative humidity was 70%. From the static anal-
yses (Figure 13), the maximum vertical displacement could be calculated by introducing
the so-called center of support (target 3) −8.1 mm. The vertical displacements measured
by the RTC 360 LT were in the form of calculated minorities (Figure 10). The value of
the error ranged from 0.200 mm (target 4) to 1.240 mm (target 4) and averaged 0.696 mm.
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The displacements obtained with RTS were more appropriate, which is also shown by the
reduction in the curve in Figure 10. The average error value was 0.136 mm (Figure 10 and
Table 4).

3.3. Timber Beam TW_01

The air temperature was 16.5 ◦C; the relative humidity was 70%. From the static
analysis (Figure 14), the maximum calculated vertical displacement could be derived,
which occurred in the middle of the beam (target 3) and was −9.1 mm. This time, the
vertical displacements measured with the RTC 360 LT were higher than the calculated ones
(Figure 11 and Table 5). The error values ranged from 0.794 mm (target 1) to 1.090 mm
(target 5 and averaged 0.953 mm. The displacements determined with RTS were higher for
targets 1, 3, and 5. The corresponding errors were: 0.194, 0.699, and 0.094 mm, respectively.
In targets 2 and 4, the vertical displacements were smaller than calculated. The absolute
value of the error was 1.110 mm. On average, the error was 0.247 mm (Table 5).

Figures 12–14 show the results of the static analysis software SCIeng. These figures
can be used to compare the experimental results with the numerically calculated values. A
static model of a cantilever beam loaded with a permanent load along its entire length was
considered.

4. Discussion

In the measurements, the results obtained with the TS 50 appear to be most consistent
with the static calculation, which was to be expected since the TS 50 instrument is also
the most accurate geodetic instrument. The TS 50 has an angular accuracy of 0.5” (015
mgon) and a length accuracy of 0.6 mm +1 ppm, providing very accurate measurements.
Given the length (7.05 m in the laboratory and 5.55 m outdoors) between the stand and the
beam, the length error is negligible. In addition, the instrument was placed perpendicular
to the midpoint which allowed clear reflection and minimal angular error. The smallest
standard deviation of the measurements, which provides the precision of measurements
from the calculated displacements of the static analysis, was at the center of the beam
(target 3), where the largest vertical displacement for the single beam was also measured.
For the measurements performed with RTC 360 LT, the absolute value of the difference
between the calculated displacement and the measured displacement was less than 1 mm:
0.8 mm for beam TL_01 or 8.70% of the size of the calculated displacement, for beam TO
_01 0.200 mm or 2.47%, and for beam TW_01 0.9 mm or 9.88%.

Calculations of deformations of timber beams were performed by SCIeng analysis, in
order to compare the obtained results. If we compare only the highest obtained results—
i.e., the results on the core of the carrier—we can see that the static analysis at TL_01
coincides with the results obtained with Nikon DTM 700 and RTS TS 50; at TO_01 it is
comparable with RTS TS 50 and at TW_01 with Nikon DTM 700. We conclude that these
two instruments could be the most authoritative. Further analyses have also confirmed this,
but more detailed analyses would certainly require further investigations, which will also
be carried out if the need arises. Table 6 shows the comparison of measurement accuracy
between the Leica RTC 360 LT and the Leica RTS NOVA TS 50, so as to consider the most
accurate non-contact method. The results are presented for the midpoint of the beams.

Table 6. Comparison of measurement precision.

Beam Leica RTC 360 LT Leica RTS NOVA TS 50

|∆z|[mm] |∆z|[%] |∆z|[mm] |∆z|[%]

TL_01 1.2 17.42 0.3 3.93
TO_01 0.7 11.65 0.1 2.54
TW_01 0.9 15.00 0.2 8.40

Average 0.9 14.69 0.2 4.957
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Measurements made with the Leica RTC 360 LT terrestrial laser scanner, as a good
laboratory alternative and contactless method, were found to be less accurate than those
made with the Leica TS Nova TS 50. Furthermore, the difference between the calculated
value and the measured value of the vertical displacement was on average 0.2 mm or
4.957% (Leica TS Nova TS 50), while this difference was 0.955 mm or 14.69% of the vertical
displacement for the measurements with the RTC 360 LT.

Analysis of the measurement results of our experiment showed larger measurement
errors for points that the scenario did not automatically detect. These points were entered
manually into the program. The results thus show that the absolute value of the difference
between the measured and calculated displacement value for these points was greater
than 20%.

Table 6 shows that the lowest deviation from the displacements acquired from the
static analysis was obtained for the measurements of TO_01 (11.65%). For the mentioned
beam, the tripod was placed at a distance of 7.05 m, while for the other measurements the
tripod was 5.55 m away from the beam. These distances are within a radius of 10 m, where
the manufacturer guarantees maximum accuracy and minimum sampling scanning noise.
For this purpose, additional research on the use of TLS for such measurements would be
reasonable by changing the distance of the instrument within a radius of 10 m. It was
found that the uneven influence of lighting conditions in laboratory on the accuracy of
measurements made with the RTC 360 LT terrestrial laser scanner was significant. Mea-
surements of TL_01 (1.2 mm and 17.42%) under artificial light conditions in the laboratory
were less accurate than measurements outside the laboratory with TO_01 (0.7 mm and
11.65%) and TW_01 (0.9 mm and 15.00%). This can be mainly attributed to a larger number
of reflecting surfaces in the laboratory, which affect the reflection of the laser beam and
lead to imperfections in the point cloud of the scanned surroundings. The imperfections
were visible in the form of the resulting holes in the point cloud, which could be eliminated
by selecting a larger number of stands.

As one can see from the measurement results, there are some shifts in the reliability
rank of the measurement devices. From the declarations of the used devices, we can
conclude that displacements smaller than 1 mm cannot be considered as displacements
because this is the maximum reasonable limit for geodetic measurements. If we wanted to
measure displacements smaller than 1 mm, we would have to use other methods, such as
inductive gauges, laser gauges, or precision dial gauges that offer a measurement accuracy
of up to 0.01 mm.

Performing an experimental analysis of the displacements of timber beams aimed to
evaluate the suitability of using terrestrial 3D laser scanning as a good laboratory alternative
and non-contact method for determining the vertical displacements of structural elements.
Based on the obtained results and existing literature, the findings can be summarized in
the following points:

• Measurements made with the Leica RTC 360 LT terrestrial laser scanner were found to
be less accurate than measurements made with the Leica Nova TS 50. The difference
between the calculated value and the measured value of the vertical displacement
was on average 0.2 mm for the measurements with the Leica Nova TS 50, while this
difference was 0.9 mm for the measurements with the RTC 360 LT.

• A larger deviation of the vertical displacement measurements occurred with targets
that were not automatically detected by the program and were therefore recorded
manually.

5. Conclusions

Terrestrial laser scanning is a modern non-contact method of acquiring spatial data by
measuring the distance between an instrument and an observed object using laser light.
Measurements are made using terrestrial laser scanners with active sensors that operate in
the visible and infrared spectrum of light.
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The market for measuring instruments involves many manufacturers of high-quality
measuring and computing equipment. On account of competition, the technology has
become increasingly affordable for engineers in various technical disciplines. In addition
to the price, which is often a determining factor in equipment purchases, other important
elements of quality have been identified, such as scanner performance, accuracy and
precision, scanning speed, laser dot resolution, range, field of view, target usability, camera
features, and associated software. The advantages in the technology include the speed
and relative ease of making measurements in the field, which played a significant role
in conducting experiments. Working with the Leica RTC 360 LT terrestrial laser scanner
involved more than just collecting measurement data during the scanning process. A
necessary step in terms of the applicability of the technology is the computer processing.
This process was divided into several work phases in the following order: registration of
the scans, georeferencing of the point cloud, filtering of the point cloud, grid construction
and modelling, and analysis and interpretation of the vertical beam displacements.

Based on the written results, and in line with the purpose of the article, terrestrial 3D
laser scanning can be confirmed as a good laboratory alternative and non-contact method
for determination of vertical displacements due to following advantages: (i) the method
showed millimeter accuracy of the measurements performed, (ii) application in the field
was fast and easy, and (iii) the results could be post-processed quickly using standard
software and hardware.
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Ljubljana, Ljubljana, Slovenija, 2015.
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