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1. INTRODUCTION

1.1. Terrestrial laser scanning technology

Terrestrial laser scanning (TLS) is an innovative geodetic surveying technique
that allows remote capturing of high resolution and accurate spatial data. The
number and variety of applications of the TLS technology in the architectural,
engineering, construction and facility management (AEC/FM) industry are
continuously increasing. In addition to the wide range of its applications in the
AEC/FM industry, the TLS technology has been adopted by many other fields
as well. For example, the technology has been widely used for forensic
applications and surveying accident and disaster scenes. The collected TLS data
are very versatile making it possible to document and reconstruct the
surrounding three-dimensional (3D) environment with a high level of accuracy.

The benefit of the TLS survey compared to the traditional geodetic
surveying techniques (e.g. geometric levelling and total station surveying) is its
ability to record the surrounding environment by measuring a countless humber
(millions) of survey points within a matter of seconds. The surveying process is
contactless, therefore there is no danger of damaging the object or the scene
(e.g. accident documentation). Contactless surveying also reduces health risks to
the surveyor (e.g. while surveying hazardous objects). TLS provides an
automated data capture of everything within the instrument’s field of view and
maximum surveying range. The panoramic field of view can be up to 360° (full
circle) in the horizontal and 310° in the vertical direction, thus leaving only a
small area under the scanner unsurveyed. Since the TLS survey uses laser
technology, bright light conditions are not required unlike for surveys with
optical instruments. This, for example, is very beneficial for underground
mining surveys or surveys that are only feasible at night-time (e.g. surveying of
large traffic intersections).

Each TLS survey point in the resulting point cloud can be generally
characterized by the coordinate components, i.e. the 3D position of the point
(the rectangular x, y and z coordinates) and the intensity (1) value. The intensity
value is proportional to the power of the backscattered laser beam represented
generally in greyscale or in graduation of colours (i.e. HUE, Pesci and Teza
2008, Kaasalainen et al. 2009, cf. Fig. 1). The intensity values can be used for
example to detect surface damages (Armesto-Gonzélez et al. 2010) or
distinguish different surface materials (Gonzalez-Jorge et al. 2012). In addition
to the coordinate components and the intensity, many scanners are capable of
recording also RGB images with true colours. From these images, RGB values
for each survey point are derived resulting in a data packet where each (i-th)
data-point is characterized by x;, i, z;, I; and RGB;. The photorealistic TLS point
cloud images (Fig. 1) are beneficial for visualization purposes and for example
conservation and management of historic heritage sites (Wilson et al. 2013).
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Figure 1. Rendered point clouds with intensity values represented in HUE colours
(upper figure) and with true colours (lower figure) of the studied building (cf. Paper
1V). The scale bar units are in metres.

In general, TLS survey results are referred to the instrument’s internal
coordinate system or in some external coordinate system (e.g. project coordinate
system). In many cases, the object of interest is either too large (cf. Fig. 1) or
complex-shaped to be scanned from one position only. Therefore, multiple
scanning stations are usually needed. To obtain a complete representation of the
scanned object, the data from different scanning stations need to be referred to a
common coordinate system. For this, data can be transformed (also known as
registering) into a selected coordinate system during the post-processing stage
of the surveys. Also, surveys can be conducted directly in a common coordinate
system on site by orienting the TLS instrument using survey control network
points. Note that modern TLS instruments, similarly to other geodetic
instruments (e.g. total stations), can be centred over a known ground control
point and be oriented using back-sighting to a known control point. It is also
possible to use resectioning (in surveying also known as free stationing) for
orientation which is beneficial on construction sites where the occupation of a
pre-established control point may not be possible. In addition, some modern
scanners are also equipped with traverse functions that enable establishing
control networks required for example in building surveying and in road
surveying (GSA 2009, Caltrans 2011, BIM Task Group 2013).

Today TLS has become a standard tool in geodetic surveying. The impetus
for this has been the quite rapid development of the TLS technology in recent

12



years. Due to the technological developments, TLS instruments have become
more efficient, for example, data acquisition rates have increased within a
decade from approximately 2 kHz up to 1 MHz. The user interface of
instruments has become easy to handle and is rather similar to that of traditional
geodetic instruments that surveyors are accustomed to. In terms of data
processing, over the years different commercial and open source software has
become available.

TLS technology, in general, is based either on time-of-flight (TOF) principle
or continuous-wave principle. The latter is generally known as the phase-shift
(PS) principle. From the user’s perspective, the main differences between the
two technologies are the data acquisition time, working range and the
dependence on environmental conditions.

The TOF technology utilizes laser pulse measurement, the succeeding
measurement is only carried out after the detection of the backscattered echo of
the emitted laser beam. Due to this time delay, the data acquisition rate of TOF
scanners is limited (usually <50 kHz). Since the TOF technology generally
implements a high concentration of transmitted laser power, the possible
measuring distances can exceed a kilometre. In addition, TOF scanners are, in
general, more resistant to environmental conditions (e.g. air humidity), thus
making these scanners suitable for outdoor applications (Schulz 2007, Lerma
Garcia et al. 2008, Vosselman and Maas 2010).

The PS scanners, on the other hand, being based on continuous wave laser
principle, are able to acquire data at a rate exceeding 1 MHz. Generally, due to
the atmospheric attenuation of the laser signal, PS scanners measure shorter
distances (~100 m) and are more sensitive to environmental conditions,
especially air humidity and precipitation (Schulz 2007, Lerma Garcia et al.
2008, Vosselman and Maas 2010).

The most recent scanning technologies implement for example an enhanced
TOF principle that uses the waveform digitizing (WFD) technology. This
allows faster data acquisition rates up to 1 MHz with scanning distances
exceeding 250 m and better distance measuring accuracies compared to the
common TOF principle (Bayoud 2006, Maar and Zogg 2014).

In conclusion, due to remote measurements, moderate measuring distances
and very fast data acquisition rates TLS has become a very efficient tool. The
advantages of TLS can be summarized as follows:

e [Fast and accurate reconstruction of 3D spaces;

e Reduction of data acquisition costs and shortening fieldwork
(Reshetyuk 2009);

e Reduction of the need for possible re-survey;

e Improving surveyor safety (e.g. hazardous objects);

13



o Facilitating better information management on AEC/FM projects (BIM
Task Group 2013).

1.2. Limitations related to TLS

As TLS provides an excess of data compared with traditional surveying
methods, engineers and structural designers have become more aware of the
potential of the TLS technology. This includes benefits from better evaluation
of the existing spatial (geometry of the object) conditions, performing detailed
structural analysis, 3D recording of as-built conditions and improving an overall
information management on construction projects. Today the TLS technology
has been used in many AEC/FM applications including for example as-built or
as-maintained surveys (e.g. Golparvar-Fard et al. 2011, Larsen et al. 2011,
Bosché and Guenet 2014, Wang et al. 2015), surveys for building information
modelling (BIM) and FM purposes (e.g. Wunderlich 2003, Murphy et al. 2013,
Xiong et al. 2013, Paper V), surveying of different technical infrastructure like
roads (Paper I, Hiremagalur et al. 2009, Akgul et al. 2017, Barbarella et al.
2017) tunnels (Peji¢ 2013, Nuttens et al. 2014) and bridges (e.g. Tang and
Akinci 2012, Paper I1). The TLS technology has also proven to be beneficial
for the monitoring of structural deformations (e.g. Pesci et al. 2013, Holst et al.
2014, Papers Il and 111, Wunderlich et al. 2016, Xuan et al. 2016, Yang et al.
2017).

Over the years the TLS technology has been used in many different projects;
however, two challenging problems exist: (i) gaining sufficient knowledge of the
accuracy of the obtained TLS data and (ii) determining the optimal data
processing methods.

The present study addresses primarily the first problem: gaining/estimating
sufficient knowledge of the accuracy of the TLS data. The accuracy of the TLS
survey has been studied by many authors. For example, Barbarella et al. (2017)
implemented the covariance matrix to estimate the uncertainty of the position of
a generic point. Cuartero et al. (2010) investigated TLS accuracy by analysing
survey point locational errors using coordinate vectors. Chen et al. (2016), Xuan
et al. (2016) and Zhengchun et al. (2016) investigated TLS uncertainties by
modelling an error ellipsoid. These studies generally focus on survey point
uncertainties relative to the TLS coordinate origin rather than with respect to the
principal axes of the object itself. In contrast, the present study focuses on
estimating along-normal uncertainties (ANU) of TLS surveyed surfaces as these
uncertainties have a critical influence on geometric modelling results. The
present study makes use of the concept of the combined standard uncertainty
(CSU). The CSU originates from the classical theory of geodetic measurement
errors (e.g. Bjerhammar 1973) and has been adopted in contemporary guidelines
for the measurement industry (JCGM 100:2008). The concept of CSU has been
used in many previous studies, for example, Koch (2008) studied CSU for
correlated measurements. Alkhatib et al. (2009) investigated CSU in the case of
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combining both the aleatoric (referred to as irreducible) and epistemic (referred
to as reducible) uncertainty quantities. Niemeier and Tengen (2016) used the
concept of CSU to model the uncertainty within a geodetic control network
adjustment. Papers Il and 111 investigated CSU, in particular, ANU for the
cases of TLS surveying of engineering structures. The present study presents a
method to calculate ANU values using the estimates of CSU.

The second challenge concerns the complexity and time consumption of data
processing (e.g. Boukamp and Akinci 2007, Golparvar-Fard et al. 2011, Bosché
and Guenet 2014). Due to the complexity of data processing, it is also possible
to obtain different processing results by using different processing methods, for
example by using an iterative geometric modelling or a non-iterative modelling.
Some issues concerning geometric modelling of TLS data were identified in
Paper 1V. In addition, e.g. Holst et al. (2014), Wang et al. (2015) and Holst and
Kuhlmann (2016) indicated the need for calibrating the obtained TLS
measurements. Calibration of measurements is intended to reduce the influence
of systematic errors due to the instrumental imperfections of TLS instruments.
The calibration parameters can depend on TLS application (Holst et al. 2014).
These parameters may vary due to the object’s reflectance, surveying
conditions, instruments used etc. (Holst et al. 2014, Wang et al. 2015). For
geometric modelling of TLS data, in the case of some methods it is also
important to provide uncertainty estimates (i.e. ANU values) for each data point
after the field surveys have been carried out. The uncertainty estimates are
needed for example to properly weight the TLS data to be modelled (e.g. Gruen
and Akca 2005, Holst et al. 2014, Mao et al. 2015). Therefore, to provide
reliable laser scanning project results, the data should go through several
processing steps: data reduction, data segmentation, data calibration and
geometric modelling (Holst et al. 2014). These processing steps, in particular
data calibration, can make the time lag between the actual surveying and
handing over the scanning results to the customer quite long. Such a time lag is
a significant limiting factor in the usage of TLS technology in the AEC/FM
industry (Boukamp and Akinci 2007, Golparvar-Fard et al. 2011, Tang et al.
2011, Bosché and Guenet 2014). However, several methods have been proposed
to speed up data processing for example for construction quality assessment
purposes and for as-built survey purposes using TLS data (Boukamp and Akinci
2007, Bosché et al. 2009, Golparvar-Fard et al. 2011, Bosché and Guenet
2014).

The insufficient knowledge of the accuracy of the obtained TLS data and the
possibility that the results of data processing can differ, make it challenging to
assure the reliability and the quality of the obtained results solely relying on
TLS data. It is thus quite common that results obtained by TLS are verified
using a conventional geodetic surveying method, e.g. precise levelling or total
station survey (e.g. Zogg and Ingensand 2008, Rénnholm et al. 2009, Nuttens et
al. 2014, Papers Il and I11).
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1.3. Objectives of the study

In geodetic surveying, particularly in engineering surveying, it is relevant to be
able to assess the expected quality of the surveys both before and after the
surveys. Firstly, a prior quality assessment makes it possible to predict the
obtainable accuracy of the surveys and plan better the work ahead. By knowing
the expected quality of surveys, the surveyor can estimate whether the obtained
results are within the acceptable quality limits. Secondly, the quality assessment
of the surveying results mitigates risks and improves reliability for the clients.
Tang et al. (2011) pointed out that quality assurance for TLS surveying results
can be done by assessing deviations by (i) computing the minimum Euclidean
distance from each survey point to its nearest geometrically modelled surface or
(ii) computing point-surface distances along user-specified directions, e.g. the
direction of the surface normal.

The objective of the present doctoral thesis is to investigate TLS applications
for engineering structure surveys. In particular, a novel method that enables
assessing ANU of the surfaces is presented in this thesis (also in Paper I). More
specific goals are

(i) elaboration on a method for calculating ANU of surfaces of engineering
structures to be surveyed;

(ii) adapting a classical concept of the error propagation law of random
variables in investigating TLS uncertainties for engineering applications.

These complement the wide range of methods proposed in the literature for
assessing TLS surveying accuracy. An investigation of ANU occurring in the
surveying of engineering structures is also presented. The methodology for
calculating ANU values was tested and rigorously proved by the results
achieved in two geodetic surveying case studies. The first case study deals with
monitoring bridge deformations occurring during a unique bridge load test
where the collapse of the bridge was expected due to extreme loading (Paper
I1). The second case study deals with investigating the range and spatial
distribution of frost heave (the occurrence of which is common in seasonal frost
regions) of roads (Paper Ill1). The developed method for calculating ANU
values (Paper 1) proved to be beneficial for surveying projects where
deformations are numerically small and repetition of the measurements is
impossible (Papers 11 and I11).

In addition to the wide range of applications of TLS in the AEC/FM industry
(see the aforementioned literature sources), a number of empirical case studies
have been conducted by the author of the present thesis. The conducted
empirical case studies (Papers Il to V) investigate the application of the TLS
technology for engineering structure surveys considering the following
limitations: (i) scanning under a large angle of incidence (Papers II, 11l and
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V), (ii) the influence of atmospheric conditions on TLS surveying (Papers 111
and V) and (iii) validation of the obtained TLS results in engineering
applications (Papers I, 111 and 1V).

The results of the empirical case studies have been published in peer-
reviewed journal articles and in international conference proceedings.

In summary, the aims of the present study are to

(i) study and analyse ANU occurring in the TLS surveying of engineering
structures (Paper 1);

(i) study and analyse the application of the TLS technology for engineering
structure surveys (Papers Il to V).

1.4. Outline of the thesis

The introduction with the literature review provides a brief overview of the
current state of the TLS technology, brings out main limitations of using the
TLS technology in the AEC/FM industry and defines the problem statement.
The rest of the thesis is divided into two parts and is structured as described in
the following sections.

The first part of the thesis, which includes Chapters 2 to 5, focuses on the
theoretical assessment of TLS uncertainties occurring in the surveying of
engineering structures (Paper 1). The study of the theoretical assessment of
TLS uncertainties uses the classical concept of the error propagation law of
random variables (e.g. Bjerhammar 1973). Investigations are carried out to
determine the influence of the distance and the angle measurement uncertainties
(horizontal and vertical angle) to the CSU of a survey point. In particular, the
emphasis is on ANU with respect to the surface to be surveyed. A method is
derived on the basis of CSU to calculate ANU values for the general cases. In
addition, the magnitudes and the distribution of ANU values across the surfaces
are investigated based on computer-simulated engineering structures. The study
includes suggestions to optimize scanning locations in order to reduce ANU
values. The modelling of ANU distribution for engineering structures concludes
the first part of the thesis.

The second part of the thesis, from Chapter 6 onwards, focuses on the
application of the TLS technology for engineering structure surveys. The
developed method for calculating ANU values, as described in Chapter 3, was
tested in two empirical case studies. The first case study deals with monitoring
deformations occurring during a unique static bridge loading using the TLS
technology (Paper I1). The results obtained by TLS were verified by precise
levelling. The second case study deals with the monitoring of road surface
deformations occurring due to frost heave at selected road sections using the
TLS technology (Paper I11). The results obtained by TLS were verified by
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geometric levelling. Both of the mentioned case studies generally focus on
detecting structural deformations in the vertical (either down- or upwards)
direction.

Applications of TLS, in particular for road surveying purposes, are
investigated with a case study dealing with road surface surveying using TLS
and total station technologies (Paper V). The optimal scanning distance and the
effectivity of using TLS in road surveys are studied. Also, two surveying
technologies, the TLS surveying and the traditional total station surveying, are
compared (Paper V).

Lastly, the application of the TLS technology for building surveying is
investigated (Paper 1V). The study highlights benefits and problematic areas of
using TLS data for the purpose of compiling parametric building models for the
FM industry. The geometrical accuracy of the created model was verified using
pointwise total station survey data.

The conclusions and the discussion on further research needs conclude the
thesis.
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2. TLS MEASUREMENTS AND UNCERTAINTY

2.1. Relevant statistical estimates of measurements and uncertainty

Every measurement can contain errors. The measurements of the same quantity
may Yyield different values, the difference is called discrepancy. If discrepancies
are only of a small magnitude (below a certain threshold), the observations can
be referred to as being precise. However, these results may not be accurate,
since their definitions are different (Chilani and Wolf 2006, Schofield and
Breach 2007):

(i) precision is described by the compatibility rate between the repeated
observations, showing how close the observation results are to each
other;

(ii) accuracy is described by the absolute closeness of the observed value
and the true value.

Measurement precision is assessed through measurement uncertainty, which
is generally denoted by u (Fig. 2).

Range of independent observations
i.e. precision
Best estimate
(w)
True value Single observation
) (unknown) (w;)

Measurement units | | ] | >
| ! | ' o

Wiin P Error _ Woar

Accuracy Uncertainty (z)
< > < >

< >

A
A J

Figure 2. Relations between the true value, the best estimate W (i.e. mean value), single
observation w; and measurement uncertainty u (adopted from Ehrlich 2014).

An error is the difference between the measured quantity and the true
guantity (i.e. true value, cf. Fig. 2). Since in many occasions the true quantity is
unknown, the deviation, i.e. the difference between the measured quantity and
the estimated quantity (e.g. the mean value) is used (Eq. 2.1). Uncertainty is a
non-negative parameter that describes the dispersion of the obtained quantities
within the vicinity of the best estimate value, i.e. the mean value (JCGM
100:2008, Stadek 2016). The larger the measurement uncertainty, the lower is
the measurement precision. The parameters for uncertainty can be for example
the standard deviation (Eg. 2.2) or the combined standard uncertainty, i.e. CSU
(Eq. 2.3).
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i (2.1)

(2.2)

and

ug = Z[;N—fJ T (2.3)

i=1

where n is the total number of observations, Us is the combined standard
uncertainty of a survey point, U, is the standard uncertainty of an i-th

observable quantity (e.g. distance, angle, height difference etc.), P is an
estimate of the location (3D position, expressible via specific x, y and z-
coordinates) of the true location of the survey point P, f is the function

P=f(w),, , associated with the observations (W;),_, . For instance, the
coordinates can be derived from observables by

Xi p; C0S G, Cos g,
Yi |=| pising; cosg, : (2.4)
Zi pising |

where p is the distance, 8 is the horizontal angle accounted from the TLS
device’s x-axis, ¢ is the vertical angle (e.g. accounted from the horizontal
plane).

The knowledge of the accuracy and precision of the surveying equipment is
critical in order to meet the requirements of a survey project. However, due to
the novelty and the complexity of the TLS technology, independent and reliable
testing procedures provided by e.g. |International Organization for
Standardization (ISO) or German Institute for Standardization (DIN) are still
missing for TLS (Tsakiri et al. 2015, Holst and Kuhlmann 2016, Pandzi¢ et al.
2017). Such procedures exist for ordinary geodetic instruments, for example for
levelling instruments (ISO 17123-2:2001) and for total stations (ISO 17123-
5:2012). At present, according to ISO (iso.org) a standard for testing terrestrial
laser scanners, under the name of ISO 17123-9, is under development.
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Nevertheless, once the standard is available, the application of these
standardized methods by the manufacturers of scanners will take some time. For
the time being, the users of the TLS technology mainly rely on the accuracy
characteristics provided by the manufacturers of scanners. The absence of
uniform knowledge of the accuracy of TLS instruments makes it difficult to
classify and make a selection from different brands and technologies for the use
in a specific surveying project. The accuracy characteristics can be considered
essential since the AEC/FM industry comprises the majority of the customers of
the TLS hardware, software and service markets (Higgins 2007). In addition
Bosché (2012) reported that for example the US General Services
Administration (GSA), one of the world’s largest facility owners, has strongly
encouraged the use of TLS for building surveys. The use of the TLS technology
in the AEC/FM industry shows a growing trend. Not knowing the quality of the
obtained TLS survey data in terms of accuracy weakens the reliability of the
obtained results.

2.2. TLS related uncertainties

2.2.1. Factors affecting TLS accuracy

TLS instruments, like any other conventional geodetic instruments, are
influenced by many factors affecting the surveying accuracy and thus the final
results. In combination, these factors increase measurement uncertainty. The
factors affecting TLS accuracy are identified as follows:

(i) Uncertainties caused by the user, i.e. human errors (also including the
operator’s mistakes). At engineering surveying, it is expected that the
operator has basic land surveying and data processing skills, including a
theoretical background and practical surveying experience. Thereby the
operator is capable of minimizing and quantifying possible surveying errors
by better planning the scanning works (Chilani and Wolf 2006, Schofield
and Breach 2007, Hodge 2010). In laser scanning, human errors can occur
for example due to insufficient placement and the number of used TLS
targets for data registration purposes, unfavourable locations of TLS
instruments and incorrect data processing.

(ii) The metrological specifications of the TLS instruments used. The problem
with the available TLS specifications is that they are obtained using
calibration procedures not set by ISO or DIN standards (Gottwald 2008,
Tsakiri et al. 2015, Pandzi¢ et al. 2017).

(iii) Uncertainties caused by the object’s physical properties. Object-related
uncertainties due to surface roughness, colour, temperature and moisture
etc. are reported to have an influence on the scanning results by e.g. Maatta
et al. (1993), Kersten et al. (2005), Pesci and Teza (2008), Hejbudzka et al.
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(2010), Lichti (2010), Soudarissanane et al. (2011), Krooks et al. (2013)
and Roca-Pardifias et al. (2014).

(iv) A TLS survey can also be influenced by systematic errors. The sources of
systematic errors are generally due to the imperfections of TLS instruments
(Chow et al. 2012, Holst et al. 2014) and objects physical properties
(Kersten et al. 2005 and 2009, Reshetyuk 2009). The presence of systematic
errors and methods to minimize their effects are reported in many studies
e.g. Reshetyuk (2009), Chow et al. (2012), Abbas et al. (2013), Tsakiri et
al. (2015) and Holst and Kuhlmann (2014 and 2016).

In addition, a considerable number of researchers have investigated the
effects of scanning geometry on TLS accuracy. The following section gives a
brief overview of the matter as one of the factors affecting TLS accuracy.

2.2.2. Uncertainties due to scanning geometry
Scanning geometry describes the location of the scanning instrument with
respect to the object of interest. The scanning geometry influences for example

the density of the surveyed points on the surface and the angle of incidence
values (Fig. 3).

Beam

Surface

Figure 3. Angle of incidence («), accounted with respect to the surface normal ().

The influence of the angle of incidence on TLS uncertainty is studied for
example by Lichti (2007), Kaasalainen et al. (2009), Kersten et al. (2009),
Soudarissanane et al. (2009 and 2011), Krooks et al. (2013) and Soudarissanane
(2016). Many of these studies report that TLS measurement noise is mostly
influenced by the scanning geometry. A large angle of incidence leads to the
spreading of the laser footprint on the surface. The energy of the signal within
the footprint does not therefore obey a symmetrical Gaussian distribution. This
will increase the rise time of the backscatter signal pulse to reach a certain
threshold for the returned signal to be registered precisely. Thus surveying noise
is likely to occur (Deems and Painter 2006, Schaer et al. 2007, Vosselman and
Maas 2010).

According to Lichti (2007), Soudarissanane et al. (2009 and 2011) and
Soudarissanane (2016), the critical limit of the angle of incidence is reached
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already at 60°. Exceeding this threshold yields a sharp increase in the overall
noise. It should be noted that the aforementioned studies focused only on PS
scanners. Less noise occurs when scanning under a smaller, i.e. near-zero angle
of incidence values. At a near-zero angle of incidence the maximum backscatter
signal power (i.e. the intensity of the emitted signal) is obtained (Weichel 1990,
Hancock 1999, Wagner et al. 2006, Pesci and Teza 2008). Kaasalainen et al.
(2009) explained that the digital signal processor in the TLS signal receiver unit
of PS scanners optimizes the power of the backscatter signal, enabling thus the
scanner to produce better results at a near-zero angle of incidence.

An empirical study by Kersten et al. (2009) investigated the effects of angle
of incidence using both PS and TOF scanners. In the case of PS scanners,
Kersten et al. (2009) reported similar results as reported, for example, by
Soudarissanane et al. (2011). In contrast, TOF scanners did not exhibit
significant effects due to the change of angle of incidence. The study by Kersten
et al. (2009) thus concluded that a large angle of incidence is not critical in the
case of TOF scanners.

Engineering surveying often deals with uneven and coarse-grained surfaces
(e.g. historic and pre-manufactured contemporary structural elements). Thus a
laser signal at a near perpendicular angle of incidence (i.e. 90° with respect to
the surface normal) may easily backscatter from such coarse-grained surfaces.
Nevertheless, further derivations aim to include the possible influence of the
angle of incidence on ANU.
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3. THE RESULTING METHOD FOR UNCERTAINTY
ESTIMATION

Since the TLS technology has been used in many fields in the AEC/FM industry
(e.g. in as-built surveys and quality assessment), there is a need for a method to
estimate the range and spatial distribution of TLS uncertainties occurring during
surveying of engineering structures. The users of TLS data are mainly interested
in uncertainties in the direction of surface normal, i.e. ANU, as these influence
most the geometric modelling of TLS data. The knowledge of the probable
magnitudes of the ANU of a particular TLS instrument helps to better plan
different scanning activities for different projects.

3.1. Development of the ANU calculation method

A methodology was developed in this study for calculating ANU values for
engineering structures. This methodology allows conducting a priori quality
assessment of the expected scanning results (Paper 1). For this, the basic
concept of CSU presented by Eq. 2.3 from JCGM 100:2008 was used, which
originates from the classical theory of error propagation law of random
variables (e.g. Bjerhammar 1973). For investigating the behaviour of ANU,
various surveying scenarios were computer-simulated and studied. Theoretical
derivations were numerically verified, and these results were compared with the
results of previous empirical studies. The influence of along-normal noise on
geometric modelling of surveyed surfaces was studied. In addition, suggestions
were made for optimizing scanning locations that would yield reduced ANU
values. The following sections elaborate on the method for calculating ANU
values for the general surveying case.

In the general surveying cases the object’s “natural” coordinate system is not
parallel to the TLS coordinate system (see more detailed discussion of
orientations of coordinate systems in Paper I). Point location uncertainty in the
surface normal direction, as the developed method proposes, can be calculated
stepwise: (i) calculating the horizontal angle (w) between the x-axis (in the TLS
system) and X-axis (in the object’s system), (ii) calculating the inclination angle
(v) between the z-axis (in the TLS system) and the Z-axis (in the used object’s
system), (iii) projecting the axial CSU values (u,, u; and u, derived using

Egs. 3.3, 3.4 and 3.5, to be explained further on) onto the surface normal using
the error propagation law of random variables.

The surface’s horizontal rotation angle (w) between the TLS coordinate
system’s x-axis and the object’s X-axis in the 2D plane can be calculated by
using the coordinates x and y of arbitrary points B and P on the xy-plane on the
surface (cf. Fig. 4):
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Figure 4. Top view of the vertical sub-surfaces, the furthermost one being horizontally
rotated to an angle w (around z-axis) between the TLS coordinate system’s x-axis and

the object’s X-axis. The uncertainties u; and u

and coincide thus with the surface normal. Points P,"and P, are shifted along the
surface normal from their actual locations P, and P, due to the uncertainty in the

are parallel to the object’s Y-axis

surface normal direction (u ). 6, and 8, are the horizontal angles with respect to the

TLS coordinate system’s x-axis. Note that x and x’ are parallel to each other.

The surface’s inclination angle can be calculated using the coordinates y and
z of an arbitrary surface point A that is located either above or below the point P

(cf. Fig. 5):

v=tan

aYa~VYp

yP
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Figure 5. Side view of sub-surfaces, the top one is vertically inclined at an angle v
(around the x-axis) between the surveying coordinate system’s z-axis (z) and the

object’s coordinate system’s z-axis (Z). The uncertainties U, and u, are parallel to the
surface’s Y-axis. Points B’ and P, are shifted along the surface normal from their
actual locations P, and P, due to the uncertainty in the surface normal direction (u;)

and ¢, is a vertical angle measured from the horizontal direction. Note that z and z’ are
parallel to each other. A is an arbitrary surface point.

The CSU equations for u,, U; and U; (Egs. 3.3, 3.4 and 3.5, respectively)

are obtained using the partial derivatives of TLS observations (Eg. 2.4) with
respect to each variable (i.e. for X, dx/dp; dx/dy; dx/d6; analogously, also for the
y- and z-components, for more details see Paper 1), and then inserted into Eq.
2.3, incorporating also the uncertainty parameters stemming from the results of
the instrument’s individual calibration or by the manufacturer.

U = [cos2 0cos’ p Uy + p° cos’ psin O Ug e
(3.3)

1 1
+ p®cos® fsin’ uvang,eT

Uy = [sin2 6cos’ ¢ Uy + p° €0s% COS” O U7 1iie

1 , (3.4)
+ p?sin® @sin (puvang,J
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1
u, = [sin2 @ Uz, + p°cos’ @ uf_ang,eF , (3.5)

where U,

X!

Uy and U; are the calculated CSU values along the respective TLS
axes; ugg IS the scanner’s standard distance uncertainty, Uy gnge I the
scanner’s standard horizontal angle and U, ., Vertical angle uncertainty,
respectively.

The ANU for the general cases can be calculated by projecting CSU values
onto the surface normal. For the projection, right triangles can be formed using

the calculated CSU values (Fig. 6). The CSU component (u;,U; or u;) is the
hypotenuse of the right triangle formed (cf. Fig. 6).

|‘. . 1 P
yo= i, TR ] xy plane \ iz

Inclined surface .

Rotated surface .

A B

Figure 6. Geometric relations between CSU and the surface normal. (A) Top view of
relations between CSU and the surface that is horizontally rotated to an angle (w). (B)

Side view of the case when the surface is vertically inclined to an angle (v). u, , . U ,

and u, , are axial uncertainties projected onto the surface normal.

After all the CSU components have been projected (using trigonometric
relations in the formed triangles) onto the surface normal, using the error
propagation law of random variables (e.g. Bjerhammar 1973), the ANU values
are calculated for general cases by the following expression:

1
uﬁ=[sinza)u§+cosza)u§+sinzu ufF (3.6)

where u. is the sought uncertainty in the surface normal direction for the
general case.
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The maximum ANU estimates occur in special cases where the TLS axes
and the object’s axes are parallel (see a more detailed discussion of orientations
of coordinate systems in Paper 1). This is also considered as the worst case
scenario. An investigation is carried out to reveal the correlations between the
independent variables (angles and distances) with the ANU values. For this the
TLS x-axis and the object’s x-axis are taken to be parallel, thus the surface
normal is parallel with the y-direction. The measured quantities # and ¢ become
90° and 0°, respectively. In such a case, the ANU value is calculated using Eq.
3.4, which due to the properties of sine and cosine functions at 90° or 0°,

eventually reduces to Uy, only (see Eq. 3.7). This indicates that ANU is
correlated with the values of the measured angles 8 and ¢ (cf. results in Fig. 7).

ta2 2 2 2 2 2 2
uyz[sm 0C0S” @ Ugi + p° COS” 9 COS” € Uy e

1
2 F >
v.angle with #=90° and ¢=0° i (3'7)
1
- [sin2 0 cos? Q UjistF = ugist -

+ p?sin®@sin®p u

A numerical example of the worst case scenario is provided based on
simulated data points that form a horizontal line on a vertical wall. The scanner
is located at an arbitrary distance from the object, in this case, 4.3 m, a realistic
surveying distance from an object. Metrological characteristics of an instrument
are generally provided by manufacturers at a 68.3% (one sigma) confidence
level. To have a more practical accuracy estimate, the characteristic must be
multiplied by the factor 3, increasing the confidence level to 99.7% (three
sigma), which is the generally accepted uncertainty tolerance in surveying.
Therefore, rather than using the typical metrological parameter values of

Ugis =0.004 m and Uy znge = 12" (which are, for example, associated with
widely-used TOF scanners, e.g. Leica C10 and Leica P20), three times larger
values are used: Uy, =0.012 m and Upange = Uyange= 36" in numerical
verifications.

The results of the numerical example of the worst case scenario are
illustrated in Fig. 7. A maximum ANU value of Uy =0.012 m is obtained, as

expected (cf. Eq. 3.7), when 6 is equal to 90°, at the closest distance to the
scanner (i.e. 4.3 m). In the example (Fig. 7), as the distance (p) increases, the
angle of incidence (a) also increases, whereas the horizontal angle (6)
decreases. The relationship between o and @ is in this case simply 90° — 6 = a.

28



Horizontal angle [°]

90
72
54

125
100
75
50 36
25 18

Uncertainty values [m]
Anggle of incidence [°]

o
AN

Distance [m]

Figure 7. Calculated uncertainties of a horizontal line on a vertical wall. The blue line
indicates ANU (values on the left-hand vertical scale); the red line indicates the angle of
incidence (values on the right-hand vertical scale). The horizontal angle 6 (top
horizontal scale) at the closest point of 4.3 m equals 90° (i.e. & = 0°) and at the longest
distance (30.3 m) approx. 8° (corresponding thus to the angle of incidence 82°).

In general, ANU values decrease (i.e. the accuracy of measurements
increases) from the point where 8 is equal to 90° (the angle of incidence is 0°)
until reaching their minimum (i.e. the most accurate point) at approximately
17 metres from the scanner 6 of 14°, i.e. a = 76° (Fig. 7). This is because the
influence of uy, (0.012 m) decreases as the value of sin(d) decreases, cf. Eq.

3.7. Then ANU gradually begins to increase due to the increasing influence of
the distance (p). Also, the value of cos(6) increases as 6 decreases from 90° to
zero. Apparently, increasing thus the angle of incidence affects ANU only
insignificantly, cf. Fig. 7.
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4. APPROBATION OF THE DEVELOPED METHOD

The following section provides the numerical verification of the derived ANU
calculation method (Eq. 3.6). The achieved ANU values are compared to
geometrical uncertainties (cf. Section 4.2.) and are also confirmed with those of
previous empirical studies.

4.1. Set-up of the experiment

For verification purposes, a vertical surface that is horizontally rotated from its
initial direction (i.e. @ = 0°) will be simulated, as in the empirical studies by
Soudarissanane et al. (2009, 2011) and Soudarissanane (2016). In these studies,
a PS type of TLS was located at a distance (20 m) from a plane-like surface
which was rotated to different angles in increments of 10° within the interval
[0° < w < 80°], cf. Fig. 8. For each 10° turn, the surface was modelled from the
TLS point cloud, and modelling residuals (i.e. deviations from the actual
surface) were estimated. The goal of these empirical studies was to identify the
effect of the angle of incidence («) from the surveying results.

®=0° P

Normal

-—

Surface

Figure 8. Top view of a vertical plane-like surface that is horizontally rotated

[0° < w <80°] by an angle w in increments of 10°. The red dashed line illustrates the
laser beam from the scanner to the surface contact point (remains at a constant
distance). The direction of the surface normal at different angles w is shown by the blue
arrows.

In the present example, as the surface is rotated only horizontally, both u;
and Uy have an effect on ANU. The third component, u,, can be neglected in

this case since it describes uncertainty in the vertical direction. In order to
follow the worst case uncertainty scenario (cf. Eq. 3.7), the TLS measurable
guantities 8 and ¢ are taken to be 90° and 0°, respectively. Initially, at w = 0°,

the surface normal is parallel to u, (Fig. 8), and CSU values are calculated (by
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Egs. 3.3 and 3.4) to be u; =0.003 m and u, =0.012 m, respectively. Note

that the effect of u; on the surface normal can be completely neglected at

w =0°, as this is uncertainty along the surface. In the contrasting case of
o = 90°, the ANU becomes equal to u, only, as lim f(u;) - u;.
©—90°

The numerical results of ANU values of the simulated surface are presented
in Fig. 9. For the gradually rotated (with respect to the initial direction, @ = 0°)
surface (see Fig. 8) the numerical values of the ANU are calculated by Eq. 3.6

using the u,; and U; components.
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Figure 9. Results of the ANU of TLS survey points on a vertical surface that is
horizontally rotated by the angle w; the rotation interval is [0°, 80°] with the increments
of 10°. The distance from the TLS to the surface is 20 m. Units in metres.

The results in Fig. 9 reveal that the ANU values decrease gradually as the
angle w increases. Notably, the numerical results at & = 90° and @ = 0° (the y-

axis is parallel to the surface normal) are influenced by ug only (cf. Eq. 3.7).

4.2. Geometrical proof of ANU

The achieved ANU values are first compared to geometrical uncertainties that
are alternatively derived from the geometrical relations using the law of sines in

conjunction with the measuring uncertainties Uy, and Uy 5. (cf. Fig. 10):

Ugist.h.angle = \/(ph.angle - p)2 + ugist ) (41)
where Ugigt hangle 1S the total uncertainty (i.e. uncertainty in the direction of the

laser beam) due to the distance measurement associated uncertainties Uy, .,
and ug, , the scanner’s standard horizontal angle measurement uncertainty and
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the standard distance measurement uncertainties, respectively; Py age is the

distance due to angular uncertainty (Uy, 4,q ) Obtained using the law of sines:

P ph.angle ,OSin7
P _ Prange _ -2y 4.2
sint siny Phangle =i 7 (4.2)

where a triangle is formed (Fig. 10A) using the distance p, which is also a side
of the formed triangle; z is the angle opposite to the side p and y is the angle
opposite to the side py, g -
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Figure 10. Geometrical relations between the ANU components and the surface of
interest. (A) Top view of uncertainties in the direction of the laser beam (Ug;g  angle ).

where Py, angie i the increased distance due to angular uncertainty Uy, 5o , 7 IS the

angle opposite the side p and y is the angle opposite the side py, ,nqc - The red dashed

line indicates the true laser beam; the blue dashed line indicates the deviated laser beam;
the solid line indicates the true location of the surface; the first dashed line (starting
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from the left-hand side) indicates the surface’s locational shift due to the lengthening of

the laser beam by (,Oh,anme — p) ; the second dashed line indicates an additional shift

due to the Uy, effect; the third dashed line is the total shift of the surface by Ugg; p angle -
(B) Uncertainties when the surface is rotated to different angles (w) where uﬁ,10° ,
UMOC and uﬁ,80° are the ANU at o = 10°, 40° and 80°, respectively. (C) The geometric
relations between the horizontal angle (), the angular uncertainty U, znge , the angle the

surface is horizontally rotated to () and the angle of incidence (a) are used to calculate
the ANU (u;). Note that x and x* are parallel to each other.

The uncertainty in the direction of the laser beam is projected onto the
surface normal using geometric relations (Fig. 10C):

uﬁ = udist.h.angle Cosa, (43)
where the angle of incidence (a) can be determined by (Fig. 10C):
a=90° -0 +w. (4.4)

For surfaces tilted with respect to the z-axis, the contribution of U, ;54 Can
be accounted for by adding an additional term to Eq. 4.1:

2 2 2
udist.h.angle = \/(ph.angle - ,0) + udist + uv.angle ' (45)

Therefore, by using Eq. 4.5 similar geometrical verifications (and plots) can
be generated (by analogy) in the case of a vertically tilted surface.

4.3. Verification of numerical results

The results of the geometrically derived ANU (cf. Eq. 4.3) are presented in Fig.
11. The results indicate that uncertainties in the direction of the laser beam
(yellow line, cf. Eq. 4.1) have a steep increase at larger surface rotation angles
(w). The projected ANU values (grey line, cf. Eq. 4.3) are identical to the
results obtained by the proposed method using Eq. 3.6 (cf. Fig. 9 and Fig. 11).
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Figure 11. A comparison of the ANU estimated by the present study and that of the
Soudarissanane et al. (2011) empirical study. The yellow line indicates uncertainties in
the direction of the laser beam, derived from the geometric relations; the grey line
indicates the ANU derived using Eq. 3.6, also equal to the numerical outcome to the
geometrical uncertainties (cf. Eq. 4.3); the orange line indicates the (reconstructed)
uncertainties in the direction of the laser beam estimated by Soudarissanane et al.
(2011); and the green line indicates the (reconstructed) ANU estimated by
Soudarissanane et al. (2011). The distance to the surface is 20 m in all cases.

The achieved ANU results are compared (cf. Fig. 11) with the results of
previous empirical studies by Soudarissanane et al. (2009 and 2011) and
Soudarissanane (2016). The residuals obtained by their empirical studies
describe the noise in the direction of the laser beam (Fig. 11 orange line). The
difference between the orange and the yellow graphs appears to occur due to a

scaling factor (U, €.g. 0.012 m). The comparison results suggest thus that the
manufacturer's specifications used in the present study could be somewhat too
pessimistic. Arguably more accurate U estimates can be obtained using the

individual TLS calibration results, hence yielding a better agreement between
the theoretical and empirical values.

The differences between the ANU results of the previous empirical studies
(Fig. 11 green line) and the theoretical ones derived in this study (Fig. 11 grey
line) decrease with the increasing angle of incidence. This is due to the
difference in the magnitudes of the empirically obtained and the theoretically
determined values of uncertainties in the direction of the laser beam (Fig. 11
orange and yellow lines), and due to their cos(e) relation with the ANU (cf. Eq.
4.3).

Results in Fig. 11 show that the derived method can be used to obtain a
realistic assessment of ANU and makes it possible to estimate uncertainties
before the actual survey at the survey design stage.

In conclusion, the derived method was verified using the results of previous
empirical case studies and geometrical relations.
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5. MODELLING OF ANU DISTRIBUTION FOR
ENGINEERING STRUCTURES

Further approbation of the ANU is tested on computer-simulated engineering
structures, the facades of a building and the lower side of a bridge deck. Noise is
then introduced in the data to simulate realistic survey data. These noise-
contaminated data are then used for geometrical modelling in order to determine
the influence of along-normal noise to the modelling outcome. In addition,
optimal scanning locations in case the simulated engineering structures were
determined based on the magnitude and the distribution of the calculated ANU
values.

5.1. Set-up of the experiment

The ANU investigation was carried out on computer-simulated engineering
structures including a building with dimensions of 60.000 mx10.000 mx6.000
m and a bridge deck with dimensions of 60.000 mx10.000 m. For both
structures, the two-dimensional point step was chosen to be 0.100 m. The
building was thus covered with a total of 85 400 points, whereas the simulated
bridge surface consists of 60 701 points. The object’s axes were set parallel to
the TLS coordinate axes, allowing us to deal with the influences of maximum
ANU values for the surveyed surfaces (cf. Section 3.1 worst case scenario).

For the building survey, the scanning stations were chosen at its corners so
that two sides would be covered by one station (Fig. 12). This is a realistic
surveying scenario. Two additional scanning stations (S4 and S5, cf. Fig 12)
were added to obtain data from the potentially most suitable scanning location
(S4) and a likely unsuitable location (S5) with respect to the side ®.

The simulated bridge deck data consists of two sets of point clouds acquired
from two different scanner locations (Fig. 12). The scanning stations were
located (i) under the bridge at the centre of the bridge deck (station B1); (ii)
alongside the bridge deck at a horizontal distance of 6.0 m away from the deck
(station B2, in practice it would be a riverbank as it was in the case study
presented in Paper I1).
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Figure 12. Top view of the locations of the scanning stations. (A) scanning locations S1,
S2, S3, S4 and S5 for the building survey. The letters ®, ®, © and © denote sides of
the building. (B) The underbridge scanning locations B1 and B2. TLS axes are shown
near each scanning location, the object’s axes are shown in the left-hand corner of

figure A. Units are in metres.

5.2. Numerical results

The spatial distribution of uncertainties calculated using Eq. 3.4 (cf. TLS axes
in Fig. 12) with the uncertainty parameters Uy, = 0.012 m and Uy ;g = Uy angle

= 36" (as used in Section 3.1) indicated that the data from the most remote
scanning station (station S5, max distance to the surface approximately 75 m)
yielded the largest ANU values compared to other stations, e.g. station S1 or S4

(Fig. 13).
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Figure 13. Side views of spatial distributions of ANU along the building fagades for
scanning stations S1, S2, S3, S4 and S5. The height of the vertical wall is 6 m. The
coloured ANU scales are at the right-hand side. The grey colour in the fixed-value scale
denotes the non-occurring ANU values in particular surveying cases. Units in metres.

For the building facades, the ANU values from stations S4 and S5 are clearly
larger than those for data from stations S1, S2 and S3, while the ANU for data
from stations S1, S2 and S3 are almost identical. The larger ANU values for
data from station S4 are due to surveying in the perpendicular direction to the
surface (a being close to 0°, cf. also Eg. 3.7). Station S5 was deliberately
located relatively far from the north-west corner of the building fagcade (approx.
27 m), and as expected, the largest ANU values are associated with this station.
Larger distances are also generally more likely to yield systematic errors, e.g.
due to an increase in the backscatter signal to noise ratio (Eling 2009, Kersten et
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al. 2009). However, station S5 also provided a more even distribution of ANU
values over a larger part of the facade surface (cf. Fig. 13E).

In general, due to limited & variation (less than +20°), ANU values do not
vary significantly at the shorter sides (® and ©) of the building. Note that the
uniform fixed-value scale is applied to Figs. 13 and 14 in order to make the sub-
plots comparable to each other.

As expected based on the result of Eq. 3.7, the largest ANU values for the
bridge deck surveying cases were from station B1 located directly under the
bridge deck (Fig. 14A).
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Figure 14. Top view of the spatial distribution of ANU estimates along the bridge deck
surface for scanning stations B1 and B2. The images are rotated 90°. The locations of
the stations are denoted by white dots. The grey colour in the fixed-value scale denotes
the non-occurring ANU values at particular surveying cases. Units in metres.

In conclusion, the calculated ANU values are relatively large (Figs. 13 and
14). This is most likely due to apparently pessimistic metrological values
provided by the manufacturers of the TLS instruments.

5.3. Results of geometric modelling of the noise-contaminated data

The one-signed (positive) ANU values determined by Eq. 3.6 do not fully
represent the actual measuring uncertainties, which are in general random, thus
having both negative and positive values. Therefore the simulated data are
further contaminated with random along-normal noise of a zero expectation
(yielding thus a near-zero mean value). For determining the influence of ANU
for geometric modelling of surfaces, the noise-contaminated data are to
geometrically modelled.

The modelling results indicated good surface fitting. This was most likely
due to the fact that noise in the survey data did not include any significant
systematic error and had a normal distribution with a near-zero mean value. The
simulated along-normal noise did not produce significant effects on the
geometric modelling of surfaces. The modelled surfaces were very similar to the
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true dimensions of the surfaces (cf. Section 5.1). For detailed explanations of
introducing noise to the simulated data and geometric modelling results see
Paper I.

5.4. Optimization of scanning locations

The optimality criterion for identifying the optimal scanning locations was
defined according to the magnitude and the distribution of the calculated ANU
values (cf. Figs. 13 and 14).

Based on the analysis of different simulated scenarios (and the given
metrological parameters), optimal scanning locations were determined for (i)
the vertical surfaces of a building fagade and (ii) the horizontal surfaces of a
bridge deck.

In the first case, they were found to be the locations closest (less than 10 m)
to the corners of the building (stations S1, S2 and S3). Approximately 85% of
the ANU values for the longer sides ® and © obtained from these stations
were less than 1 cm. This ratio was only 67% and 50% for stations S4 and S5,
respectively (cf. Fig. 13). For the short sides of the building, the ANU values for
stations S1, S2 and S3 were all less than 0.7 cm. In the second case, the optimal
location was found to be at the side of the bridge deck (station B2), since all the
ANU values obtained for data from this station were less than 1 cm (cf. Fig. 14).
Thus, in the case of bridge surveys, it is recommended that the TLS station
should be placed to the side of the bridge. This suggestion, however, will only
help to minimize possible ANU values. At side locations, some structural
elements of a bridge may remain hidden from the scanner’s field of view.
Therefore, in some cases, the expected ANU values may not compensate the
data void.

It is shown that maximum ANU values are expected when the surveying is
carried out in a direction perpendicular to the surface. As the surveying distance
also has a significant impact on the magnitude of the ANU, the optimal
scanning distance at which ANU can be reduced is between 10 and 25 metres
(cf. results in Fig. 7, which demonstrates that the smallest uncertainties occur
within this interval, and that beyond 25 m the uncertainties start to increase).
For detailed explanations of the optimal scanning locations see Paper 1.
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6. TESTED TLS APPLICATIONS

A TLS instrument is capable of recording a countless number of survey points
within a relatively short period of time. A large number of survey points enable
acquiring information of the spatial distribution of surface deformations, rather
than describing single point movements obtained by classical pointwise
measuring techniques (e.g. total station surveys). A TLS technology, in
particular a TOF technology, was applied for deformation monitoring purposes
to monitor bridge deformations occurring during a static load test (Paper 11)
and in investigating road surface deformations due to the effects of frost heave
(Paper I111). In addition, the methodology for calculating ANU values (see
Chapter 3) as proposed in Paper | was tested and proved by the results achieved
in the aforementioned case studies (Papers Il and I11).

6.1. TLS for monitoring deformations of engineering structures

The application of the TLS technology was investigated in the case study of
monitoring deformations occurring during a static bridge load testing (Paper
I1). The structure of the bridge was of beam type with two concrete cantilevers.
The TLS measurements were carried out alongside of the bridge (Fig. 15, cf.
also Fig. 12B). According to the literature, e.g. Soudarissanane et al. (2009 and
2011), TLS surveys are expected to be noisy due to large values of the angle of
incidence (ranging approx. from 80° to 87°) and relatively poor reflectivity
conditions (e.g. Kersten et al. 2005) of the lower sides of the concrete cantilever
beams (approx. reflectivity of concrete is 24%, Wehr and Lohr 1999). Since
TLS survey results can suffer some accuracy limitations reported by e.g. Holst
and Kuhlmann (2016), alternative geodetic survey methods (such as precise
levelling) were applied as well. The TLS monitoring results were also compared
with results obtained from using the 3D finite element simulation model.

41



< TLS targets

N
@ Height mark far precise levelling
a TS
- 690m

: —_——— | 17.40m
SP.1 SP.2 SP.3 SP.4 :
& E @h . L ‘_/@\‘ = - 3 -
T e T Tt H:f:fﬁ ==
-—Tallinn W AE == JL[ J — L f_ gL _‘Lj { ll ‘-: c
§+: ‘!F[ ] —TCT F __:j \jl i:#g Norva e
Mgl ) ¥
o ar o 5| P —T=-
. SLZ8L3 sl sis Tes o7 ais /SLQ T Sin SLﬁz STWS

1263 m ]
/ f

!
=
]
£
3 {
51
[

/ /
IoNZ e [

Figure 15. Scheme of the bridge structure (columns, cantilever beams illustrated by
dashed lines) with locations of TLS stations, TLS targets, load blocks and levelling

height marks.

The methodology for calculating ANU values (as proposed in Paper 1) was
used to assess the theoretical TLS uncertainty in the monitoring of a bridge load

test. For this, the observation equation

Z=pCosk, (6.1)

was used to determine the height of a survey point on the lower side of a
cantilever beam. Note that in the observation equation « is the measured zenith
angle (cf. Eq. 2.4). The estimated ANU values for the heights of the survey

points on the beams were obtained by (cf. Eq. 3.5).
(6.2)

u; = [cos K U + pPsin®x u? angIe]E

where u, is the estimated ANU value for the heights (z-component) of the

z
survey points on a beam, p is the measured distance, ug is the scanner’s
is the scanner’s standard

standard distance measuring uncertainty, U, e
vertical angle measuring uncertainty. For detailed explanations of the

uncertainty estimations see Paper 1.
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The application of the TLS technology was also investigated in the case
study of detecting road surface deformations (Paper I11) occurring due to frost
heave (the occurrence of which is common for seasonal frost regions) of roads
(Fig. 16). To study the effects of frost heave of roads, TLS surveys were
expected to be affected by environmental conditions, the near-perpendicular
angle of incidence values and the relatively poor reflectivity of the asphalt
concrete surface of the road (approx. reflectivity of dry asphalt is 17%, Wehr
and Lohr 1999). The scanning works were carried out at near-zero air
temperatures (+1 °C and +4 °C) and contrasting air humidity (98% and 3%).
According to e.g. Lerma Garcia et al. (2008) and Hejbudzka et al. (2010), such
combinations of atmospheric conditions can have a significant influence on the
survey data quality.

524 Geodetic reference point

Embedded benchmark
A...C Scanning road section
Scanned section

4
AN
Figure 16. Locations of the scanned areas (depicted in green) and the levelling
benchmarks. Section A was scanned from benchmark 5, section B from benchmark 3
and section C from benchmark 2.

The methodology for calculating ANU values (as proposed in Paper 1) was
used to assess the theoretical TLS uncertainty in detecting road surface
deformations. For the theoretical uncertainty assessment, an observation
equation (Eg. 6.3) for the calculation of the absolute height (above sea level) of
the survey point was used. Note that the observation equation takes into account
the geometrically levelled height of the benchmark (z,) and the tape measured
height of the instrument above the benchmark (it s). Also in this case, « is the
measured zenith angle. The estimated ANU values for the heights of the survey
points were obtained by (cf. Eq. 3.5)
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H =2z, +i;s + pcCOSk, (6.3)

and

1
2 2 2 2 2 ain? 2
Uy =|uz, +US +00s”k Ugy +p°sin’x uv'angleF, (6.4)

where H is the absolute height of the survey point; Uy is the ANU of the height
of a survey point, U; is the estimated uncertainty of the benchmark height
determined by geometric levelling and Us is the estimated uncertainty of the

tape measured height of the instrument. The estimated values for the worst case
scenario for U; and u; ~were 3 and 2mm, respectively. For detailed

explanations of the uncertainty estimations see Paper Il1I.
6.1.1. Results of deformation monitoring

For either case study, no significant unfavourable behaviour was detected in the
obtained point clouds, e.g. due to surveying under a large angle of incidence
values. According to results of studies by Kersten et al. (2009) and Hiremagalur
et al. (2009), TLS of TOF type are not very sensitive to scanning under a large
angle of incidence values. The latter is also supported by the results reported in
Paper I.

The result of the theoretical uncertainty assessment for the bridge
deformation monitoring is reported in Paper Il. The estimated ANU (Eq. 6.2)
for sequential TLS data sets for the lower surface of the cantilever beam
reached 2.8 mm (+2.0V2) at 95% confidence level (two sigma). The differences
of the obtained beam deflection magnitudes (TLS vs. precise levelling) in the
central parts of both cantilever beams (Fig. 15) were of the £2 mm magnitude.
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Figure 17. Comparison of TLS and levelling results of the southern beam. At the centre
of the beam (SL.7) the deflection difference between TLS and levelling is under 785 kN
+0.108 cm; under 1608 kN +0.169 cm; under 1961 kN +0.342 cm.

Deflection of the northern cantilever beam
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Figure 18. Comparison of TLS and levelling results of the northern beam. At the centre
of the beam (SP.7) the deflection difference between TLS and levelling is under 785 kN
—0.177 cm; under 1608 kN —0.24 cm; under 1961 kN —0.289 cm.

Precise levelling shows slightly larger deflection values for the southern
beam (cf. Fig. 17). In the case of the northern beam, precise levelling results
show slightly smaller deflection values (cf. Fig. 18). They remain just within
millimetres (see detailed values in Table 1).

Table 1. Comparison of deformation results

Differences at the centre of the beams [cm]
(TLS - Precise levelling)

Load [kN] Southern beam Northern beam
758 +0.108 —0.177
1608 +0.169 —0.240
1961 +0.342 —0.289

These differences between TLS and precise levelling results (cf. Figs. 17 and
18) occurred for the following reasons: (i) the large angle of incidence values
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(close to 90°) associated with the TLS measurements, (ii) the eccentric
placement of the levelling marks on the bridge deck with respect to the TLS
monitored bridge beams, (iii) different deformation behaviour of the bridge
deck and the bridge beams, and (iv) the asymmetric placement of the load with
respect to the bridge deck and the two beams. These reasons are also
summarized and confirmed by L6hmus et al. (2017).

The predicted maximum deflection of the beams using the 3D finite element
simulation model was 50.3 mm, the obtained maximum with TLS was
30.2 mm, which is 1.6 times less than predicted (see Paper Il). Since the 3D
finite element simulation model relied on the idealized geometry of the
structure, not based on its existing geometry, such differences can be considered
reasonable (Riveiro et al. 2011). In general, geodetic surveying results can be
considered an indispensable source of information to test and adjust theoretical
assessments made by bridge engineers. For more detailed information about the
obtained case study results see Paper II.

In the case study of detecting the magnitude and spatial distribution of frost
heave (Paper I11), the theoretical ANU assessment for two sequential TLS data
sets in the case for the road surface surveying (Eq. 6.4) was 11.3 mm (+8.0v2)
at 95% confidence level (two sigma). Such results were obtained by averaging
the results of four ANU values calculated for the survey points at distances 5,
10, 25 and 50 metres. The verification of TLS surveyed heights was carried out
using the benchmark heights obtained by geometric levelling. The verification
results indicated +2.9 mm for TLS surveying accuracy. The verified accuracy
differed from the theoretically estimated TLS uncertainty by 5.1 mm (2.9 mm
vs. 8.0 mm). This indicates that the actual TLS surveying accuracy is better than
the theoretical one. The maximum estimated magnitude of frost heave was
determined to be 90.0 mm in a small part of road section A (Fig. 19A). The
main parts (up to 50%) of the selected road sections indicated a rise from
22 mm up to 63 mm, the rest of the areas indicated smaller or no rise at all.
According to the guide for the design of elastic pavements from the Estonian
Road Administration (2001), the maximum allowed pavement vertical rise for
asphalt concrete pavements is 40 mm. Thus the obtained deformations due to
frost heave were generally a little over the normative threshold. To conclude,
the TLS technology benefits in determining accurate magnitudes and spatial
distribution of frost heave of roads, which may also be an evidence of relatively
poor road design quality.
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Figure 19. Comparison of road surface models November 2012 vs. April 2013 (cf. Fig.
16). (A) Road section A; length of the section 63 m. (B) Road section B; length of the
section 42 m. (C) Road section C; length of the section 94 m. The non-coloured half-
circle indicates the location of the scanner, dashed lines denote roughly the edges of
tarmac and the widths of road shoulders.

6.2. TLS for road surveying purposes

Since TLS implements contactless surveying, the technology has advantages for
road surveying purposes over conventional geodetic surveying methods. These
advantages include the reduced need for traffic lane closures and the safety of
surveyors. For example, Yu and Lo (2005) and Lee (2009) reported that there
are three major items affecting the social costs of road construction: traffic
interruptions, road closures and accidents. The study by Yu and Lo (2005)
concluded that the monetary value of the social cost itself can be more than five
times higher than the road construction cost. The surveyor safety of using the
TLS technology for road surveys has been addressed in the literature by e.g.
Chow (2007), Hiremagalur et al. (2009) and El-Ashmawy (2016). In general,
TLS can reduce road construction project costs because of not closing down
lanes for traffic for surveys. Due to contactless surveying, TLS also increases
the safety of the surveyor.
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6.2.1. Comparison of TLS and conventional surveying techniques in road
surveys

A comparison of two road surveying techniques, TLS and a traditional total
station surveying, was carried out and the results are reported in Paper V. The
study also investigated the benefits of TLS for road surveying purposes. The
asphalt concrete pavement surface of the road section selected (37 metre long
strip) was described by apparent rutting and shoving (Fig. 20). The road section
was planned to be renovated soon after the surveys for the study were carried
out. The renovations planned included only replacing the top layer of the
asphalt concrete surface. Thus the study also aimed to identify differences in the
material quantities (material that should be milled off and material required for
filling) obtained by using TLS and total station survey data.

Figure 20. The road section selected is characterized by shoving and rutting.

The optimal scanning distances of using TLS for road surveys are identified
based on Papers Ill and V to be approximately 30 to 70 metres for road
surveys using a TOF type scanner.

6.2.2. Results of the comparisons and the optimal scanning distance for
road surveys

The results of the study investigating the application of TLS for road surveys
(Paper V) confirmed expectedly the surveyor safety feature of TLS. Therefore
the technology is well suitable for road surveys under non-stop traffic.
According to the traffic count in 2007 by Teede Tehnokeskus AS (2007), the
average daily traffic density is more than 8400 vehicles on this particular road
section. Also, a benefit of using the TLS technology for road surface surveys is
clearly the high level of detail in the obtained data. Detailed information of the
surface of the road (Fig. 21) makes it possible to optimize the quantities of
material needed for reconstruction.
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Figure 21. TLS measured points with intensity values (left) and total station survey
points (right).

The case study in Paper V also indicated that TLS surveys are dependent on
the weather conditions, especially precipitation. The TLS surveys were
conducted on a day with some rainfall, and some noise in the obtained point
clouds was caused by the reflection of the laser beams from raindrops.

Based on the analysis of the data and the results obtained during the case
study reported in Papers Il and V, the optimal scanning distance from the
scanner is approximately 30 to 70 metres for road surveys using a TOF type
scanner. However, the exact value for the optimal scanning distance for road
surveys is rather challenging to suggest. This is mainly due to the fact that a
TLS survey is dependent on the scanner type and surveying conditions, e.g.
pavement type, the longitudinal and transverse profile of the road, atmospheric
conditions, moisture etc. In addition, the scanning distance is influenced by the
larger angle of incidence values in road surveys and relatively poor surface
reflectivity (recall that the approx. reflectivity of dry asphalt is 17%, Wehr and
Lohr 1999). As the angle of incidence increases the laser signal footprint on the
surface elongates (e.g. Deems and Painter 2006). Because of this, the power of
the signal attenuates up to an energy level that the backscatter signal may not be
recorded at all. The problem is even more critical when the asphalt concrete
surface of the road is wet (cf. Section 6.1. and Fig. 22). In such a case a lot of
points attenuate completely due to the absorption of electromagnetic radiation
by water. In general, the survey points at longer distances become more sparsely
distributed on the surface. The ANU values in the vertical direction of those
points increase with the increasing distance (e.g. Eling 2009, Barbarella et al.
2017, Paper 1).
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wet surface due to thawing snow

Figure 22. The point cloud of the road section C used in Paper 111 (A) and photo
illustrating scanning conditions in early spring (B). The scanning conditions were very
good, the surface of the road was mainly dry (air temperature +4 °C and humidity 3%).
The expected surface reflectivity of the asphalt was improved partly due to some
influence of the dried chloride used for anti-icing on roads in frost seasons.

6.3. TLS for building surveying purposes

For the AEC/FM industry parametric modelling, the basic concept of BIM has
become of great importance for efficient resource management. For new
buildings, the major benefits of BIM according to Volk et al. (2014) are the
consistency and visualization, cost estimations, clash detection, implementation
of lean construction and improved stakeholder collaboration. For existing
buildings the benefits lie for example in the documentation of objects of cultural
heritage (Murphy et al. 2013, Wilson et al. 2013), as-built surveys and quality
assessment (Boukamp and Akinci 2007), maintenance (Becerik-Gerber et al.
2012), retrofit planning (Larsen et al. 2011) etc. The data for creating
parametric models of existing buildings are usually obtained using a geodetic
survey, e.g. total station survey or TLS survey. Other survey methods applying
simple techniques such as tape measuring or laser distance measuring are also
used. Note that according to COBIM (2012), building models based on
measurements using laser distance measuring instruments are not considered
geometrically reliable. In building surveys, in general, a TLS data cloud is
geometrically modelled to determine e.g. the object’s conformance with design
parameters etc. The ANU plays a significant role in geometric modelling results
(Paper 1). In addition, Tang et al. (2011) pointed out that one of the main
quality assurances for TLS surveying results can be done by assessing ANU
values. The main challenge, however, of creating a BIM model using TLS data
is in linking data from different surveys together, e.g. data from separate rooms
or floors (Tang et al. 2011, Bosché 2012).
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6.3.1. TLS for BIM purposes

The applicability of the TLS technology for building surveys was investigated
in the case study presented in Paper V. The general aim of this study was to
generate a BIM model of an existing building with the level of detail 300
(Weygant 2011) allowing functionalities regarding design, construction and
maintenance processes. The survey data were collected using a TLS survey and
a total station survey. Also here one of the main challenges is linking different
surveys together (e.g. different building floor levels etc.) to provide data in a
common reference frame (Tang et al. 2011, Bosché 2012). For this purpose, a
classical geodetic control network was established around and inside the
building (Fig. 23).
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Figure 23. The established survey traverse. Points P41, P42 and P43 represent control
points on the fourth floor of the building.

Using a control network for building survey purposes is also suggested by
GSA (2009). The control network allowed all TLS surveys, including total
station surveys, to be directly carried out in a uniform reference frame. Using
the control network assured the alignment of the survey data between different
TLS stations. In addition, a control network allows verifying the obtained data
quality (Paper I1I).

6.3.2. Results of building surveying

The results of the building survey study (Paper 1V) indicated that using highly
detailed TLS data for the generated BIM model of an existing building makes it
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possible to detect and determine the magnitudes of e.g. facade damage areas
that are in need of refurbishing. Also, TLS data make it possible to detect spatial
conflicts between the designed and the existing objects (i.e. clash detection). For
example, the shape and the size of the pyramid-shaped skylight in the courtyard
of the building under investigation differed largely between reality and the fire
zone drawings (Fig. 24). Such an example illustrates possible shortcomings in
the building management documents.

Figure 24. The pyramid-shaped skylight in the courtyard of the studied building (black
and white) and the skylight in the fire zone drawings (green).

The results of this study indicated also some problematic areas concerning
the usage of TLS data for BIM purposes. Problems arose when adding
supplementary point cloud data to the BIM model that was in the processing
stage. Merging of additional data is generally done manually. Another problem
is the lack of the best fitting functions for surfaces. The modellers draw the
surface into the point cloud using their best intuition. In general, the results of
the case study brought out that the usage of TLS data for BIM purposes is
limited due to low automation possibilities for data processing. Nevertheless,
TLS data proved to be indispensable for modelling older and historic buildings
with e.g. non-vertical walls.

In addition, as the scanning of the facade of the four storey building (see
building details in Paper 1V) was conducted at the ground level, TLS surveys
were expected to be also challenged by the large values of the angle of
incidence and relatively poor reflectivity conditions. However, no significant
unfavourable behaviour was detected in the obtained point clouds caused by
surveying under the large angle of incidence values. This may also be due to the
fact that the major part of the fagade surface is covered by an uneven limestone
surface and thus the laser signal at the near perpendicular angle of incidence
could be reflected back from the coarse-grained surface (Fig. 25).
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Figure 25. An example of a point cloud of the building’s limestone fagcade (Paper 1V);
front view (left) and side view (right). The limestone joints are at intervals of approx.
15cm.
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7. DISCUSSION

The objective of the PhD studies was to investigate certain TLS applications for
engineering structure surveys. For this purpose, a novel method that enables
assessment of along-normal uncertainties was developed. The developed ANU
calculation method supports a wide range of users of the TLS technology with a
tool for quality assessment of TLS surveys. The method also contributes to a
variety of methods of assessment of measurement uncertainties occurring during
the surveying of engineering structures. The significance of the proposed ANU
calculation method is that the method focuses in particular on assessing ANU. The
ANU have a critical influence on geometric modelling and they can be used for
quality assessment of TLS data (e.g. Tang et al. 2011).

The developed ANU calculation method makes it possible to carry out
uncertainty assessments both before and after the actual surveys. Having a
possibility of assessing the obtainable uncertainty of the surveys helps to better
plan the work ahead. For example, the knowledge of the expected accuracy allows
assessing, in general, whether the existing scanning device can ensure the accuracy
of the results needed for meeting the accuracy requirements of the project. The
knowledge of the obtainable surveying results is essential especially in
construction engineering where the accuracy requirements are rigorous.

The thesis also addressed the main limitations (large angle of incidence,
atmospheric conditions and validating TLS results) of using TLS for the surveying
of engineering structures. As claimed in the literature (e.g. Lichti 2007,
Soudarissanane et al. 2009, 2011), the most crucial limitation is surveying under
a large angle of incidence. Arguably, exceeding the 60° threshold is expected to
yield a sharp increase in the overall measurement noise. Based on the results of
the present study, however, the influence of a large angle of incidence appeared to
be rather insignificant for a TOF type instrument. Such results are similar to the
findings reported by Kersten et al. (2009). Nonetheless, the possible effects of a
large angle of incidence should not be neglected in the process of planning TLS
surveys and should be addressed with some caution (cf. aforementioned literature
sources). In general, the effects of a large angle of incidence on TLS surveys need
to be investigated more thoroughly. This should be done for example by testing
different TLS distance measuring principles, similarly to Kersten et al. (2009).

7.1. Suggestions for future research

The developed method for calculating ANU values for the general TLS surveying
cases as described in Chapter 3 of this thesis allows conducting both a priori and
a posteriori quality assessment of the scanning results. Thus the developed
method can help to better plan the TLS surveys ahead.

Concidering that up-to-date total stations enable laser scanning, in future
studies, it would be worth investigating the ANU values for total stations as well.
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The proposed ANU calculation method can be developed and extended further
by incorporating for example atmospheric factors (e.g. air humidity and
temperature). In addition, a computer program can be developed that calculates
the estimated ANU values. The program should include a simulation of a standard
scanning scenario of an engineering structure (e.g. a vertical surface representing
a building fagade). The location of the scanner with respect to the structure should
be freely changeable. This can be used to test different scanning locations to
obtain ANU values. Such developments would allow surveyors to better plan
different scanning activities. Also, it would help to better optimize scanning work
and improve the quality of TLS survey data in terms of ANU values. In addition,
investigations should be conducted to study how to incorporate the estimated
ANU values in the post-processing of TLS data to improve the obtained scanning
results.

In engineering surveying the surveying environments are sometimes very
challenging having dusty, cold, hot, wet etc. conditions. The magnitude of the
surveying projects can vary from very small to very large. Also, surveys can
involve to some accuracy restrictions (e.g. GSA 2009, Caltrans 2011, Fraunhofer
IFF 2015). As different TLS working principles (generally TOF and PS) are
available, it is worth investigating the optimal TLS type for a specific field of
work, e.g. as-built surveys, road surveys etc. Different TLS principles should be
tested in homogeneous conditions. The conditions should vary for example by
different surface properties (e.g. reflectance and material) and environmental
conditions (e.g. air humidity and temperature). As a result, such investigation
should also reveal the cost benefits of different TLS principles in terms of for
example the estimated working time, the optimal scanning distances (e.g. road
surveys) etc.

For traditional geodetic instruments (e.g. levelling instruments and total
stations) there are regulations describing the accuracy requirements for the
instruments used in specific geodetic surveying projects (e.g. ISO 8322-1:1989
Building construction - Measuring instruments). However, no specific
regulations exist for the TLS technology. In future studies, suggestions should be
made for the AEC/FM industry to help to determine criteria for the TLS
technology. The criteria would help to distinguish between instruments that are
acceptable for rigorous geodetic surveys and instruments that are suitable only
for mapping and documenting purposes where the accuracy requirements are not
very high.

Since the TLS technology has been used quite widely in the AEC/FM
industry, future studies should focus more on investigating the possibilities of
improving data processing and data management. The focus should be more on
how to derive quickly, for example, as-built and quality control results using TLS
data. In particular, identification of the significance of the obtained results
following, for example, project-specific and standardized construction
specifications (e.g. ACI 117-10 2010) need to be addressed.
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8. CONCLUSIONS

8.1. Contribution to estimating TLS along-normal uncertainties

The PhD studies were aimed at contributing to the methods of the assessment of
measurement uncertainties occurring during the surveying of engineering
structures. The developed method makes use of the concept of combined standard
uncertainty (CSU), which originates in the classical theory of geodetic
measurement errors (e.g. Bjerhammar 1973) and has been adopted in
contemporary guidelines for the measurement industry (JCGM 100:2008).
Although, at the moment, no standardized testing procedures of TLS instruments
exist, the results reported in Chapter 4 indicate that the derived method to
calculate along-normal uncertainties (ANU) using a classical error propagation
method is very promising. This is due to the fact so far manufacturers of scanners
provide only the general metrological specifications of an instrument. The results
in Chapter 4 suggest that these specifications are rather too pessimistic. This is
confirmed by the results obtained in empirical deformation monitoring case
studies (Papers II and III), where the theoretically estimated uncertainties
obtained were larger than the actual uncertainty. However, using the available
TLS characteristics, the expected magnitudes of ANU values can be assessed a
priori and a posteriori. Such a solution is very beneficial especially for surveying
projects where the magnitude of deformations is small and repeating the
measurements is not possible.

Specifications of TLS accuracy should be obtained by using uniform testing
methods (according to ISO.org, standards for testing TLS are being developed).
This is essential for example because already a significant number of studies
conducted have relied on specifications provided by the manufacturers of
scanners (e.g. Boukamp and Akinci 2007, Golparvar-Fard et al. 2011, Riveiro et
al. 2011, Bosché and Guenet 2014 etc.). The available specifications for TLS are
generally not evaluated independently. According to GSA (2009) and Fraunhofer
IFF (2015), the surveying instruments (i.e. TLS) used in the projects are required
to be calibrated before the start of the project and should have been calibrated
within the 12 months prior to the project start date. Today a lot of effort is required
for developing calibration methods for each specific scanning project (e.g. Holst
et al. 2014, Wang et al. 2015). This is eventually very time-consuming, and is
also a general problem in the AEC/FM industry concerning the usage of TLS.

The ANU results (Chapters 4, 5 and 6) suggest that the uncertainties provided
by instrument manufacturers should be looked over critically. It is expected that
with the establishment of standardized calibration methods for TLS more
accurate estimations of ANU can be made.
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8.2. Engineering structure surveys using the TLS technology

Today the TLS technology is widely used in the AEC/FM industry. Many
previous studies, as well as the present study, have indicated that the TLS
technology benefits from a high level of detail of survey data and fast data
acquisition rates (exceeding 1 MHz). A problematic area of using TLS for
engineering structure surveys is the assurance of the quality of the survey data
(e.g. Holst and Kuhlmann 2016, Soudarissanane 2016). In addition, TLS
accuracy can be influenced by systematic errors (Holst and Kuhlmann 2014), a
large angle of incidence (e.g. Soudarissanane et al. 2009, 2011) and atmospheric
conditions (Lerma Garcia et al. 2008, Hejbudzka et al. 2010). The
aforementioned problematic areas are investigated in the empirical studies
(Papers Il to V).

The following conclusions can be drawn on the basis of the empirical case
studies carried out during the doctoral studies:

(i) The results of the empirical case studies presented in Chapter 6 (Papers 11,
III and IV) indicated no significant effects of a large angle of incidence in
the data. For both case studies, a TOF scanner was used. The influence of a
large angle of incidence values on the quality of point cloud may be a critical
factor for PS scanners, which use the digital signal processing of continuous
wave lasers (Hiremagalur et al. 2009, Kersten et al. 2009).

(if) As reported in the literature (e.g. Lerma Garcia et al. 2008), atmospheric
conditions can have an influence on TLS survey data. The case studies
presented in Section 6.2 (Papers V and III) indicated that atmospheric
conditions affecting TLS surveys are mainly related to precipitation and the
object’s surface reflectivity deterioration due to moisture. Precipitation can
generate noise due to laser signals reflecting back from raindrops (Paper V).
Common construction materials like concrete and asphalt have generally a
low level of reflectance. If these materials were wet, the reflectance would be
even more degraded. The results in Section 6.2.2 indicated that wet surfaces
reduce the number of backscattered points.

(iif) Due to the fact that the specific construction of each laser scanner is hidden
the actual measuring principles are not known (Holst and Kuhlmann 2014).
Therefore it is difficult to rely solely on the scanning data for providing
reliable results for e.g. deformation monitoring. Supplementary geodetic
measurements are still suggested to validate TLS surveys. These are also
suggested for the cases where it is necessary to validate results, e.g. in
building surveys (Paper IV) and in road surveys (Paper III) with TLS data.
This is also supported by the guidelines from the AEC/FM industry, e.g. GSA
(2009), Caltrans (2011), BIM Task Group (2013) and Fraunhofer IFF (2015).
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In conclusion, based on the empirical studies and the gained experiences
obtained throughout the conducted work, it can be said that the TLS technology
is beneficial for surveying engineering structures. Naturally, this agrees with the
general opinions found in the literature. However, for the sake of certainty, for
the most demanding engineering applications TLS results still need to be verified
using other geodetic surveying technologies.
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ABSTRACT

The terrestrial laser scanning technology (TLS) has existed for almost two
decades. The TLS technology has been widely used in the architectural,
engineering, construction and facility management (AEC/FM) industry for
different purposes (e.g. designing, documentation etc.). The objective of the
present doctoral thesis is to investigate TLS applications for engineering structure
surveys. The thesis consists of two parts.

In the first part of the thesis, a method for estimating the range and spatial
distribution of TLS wuncertainties occurring while surveying engineering
structures is presented. The emphasis is on along-normal uncertainties (ANU) of
the surfaces to be surveyed. The presented methodology is numerically verified,
and the results are compared with the results of previous empirical studies. The
developed method for calculating ANU values make it possible to better plan
different scanning activities. It helps better to optimize scanning work and
improve the quality of TLS survey data in terms of ANU values. The proposed
ANU calculation method is found to be especially very beneficial for surveying
projects where deformations are small and repeating the measurements is not
possible.

The second part of the thesis focuses on the application of the TLS technology
for engineering structure surveys. The developed method for calculating ANU
values, proposed in the first part, was tested in two empirical case studies. The
first case study deals with the monitoring of deformations occurring during a
unique static bridge load test using the TLS technology. The results obtained by
TLS were verified by precise levelling. The second case study deals with the
monitoring of road surface deformations occurring due to frost heave at selected
road sections using the TLS technology. The results obtained by TLS were
verified by geometric levelling. The result of using ANU values for the empirical
case studies indicated benefits in assessing the uncertainties of the obtainable
results. The application of TLS for road surveying and for building surveying
purposes is also investigated considering limitations stated in the literature: (i)
scanning under a large angle of incidence, (ii) the influence of atmospheric
conditions to TLS surveying and (iii) validation of the obtained TLS results in
engineering applications. The results indicated that a large angle of incidence
does not have a significant effect on scanning results of TOF technology. This is
also confirmed by the results of studies from the literature. Atmospheric
conditions were mainly related to precipitation where laser signals were reflecting
back from raindrops, and to the object’s surface reflectivity deterioration due to
becoming wet. The results of the study indicated that supplementary geodetic
measurements are also suggested for the cases where it is necessary to validate
TLS results, e.g. in building surveys and in road surveys with TLS data.

Keywords: surveying uncertainties, measuring noise, error, point cloud,
geometric modelling.
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KOKKUVOTE

Terrestriline laserskaneerimine (TLS) on eksisteerinud iile kahe aastakiimne.
Ténu kogutavate ruumiandmete detailsusele on TLS leidnud laialdast kasutust nii
arhitektuuri, inseneeria ja ehituse valdkonnas, aga ka rajatiste haldamise
valdkonnas. Kéesoleva doktorivéitekirja eesmirgiks on uurida TLS-i rakendust
peaasjalikult ehitusvaldkonnas. Kéesolev doktorivéitekiri on jaotatud kahte ossa.

Doktoriviitekirja esimeses osas esitletakse uudset meetodit, kuidas hinnata
tasapinna normaalisuunalist modtemadramatust (ANU) TLS mdddistamisel.
Tuletatud meetodit kontrolliti 1abi geomeetriliste seoste. Samuti vorreldi saadud
tulemusi eelnevalt kirjanduses esitatud empiiriliste katsete tulemustega. Lisaks
katsetati loodud meetodit kahe ehitusmdodistamise juhtumi puhul. Esimene
moddistamisjuhtum késitles betoonsilla koormuskatsetuse TLS monitooringut.
Teine mooddistamisjuhtum késitles maantee kiilmakergetest pdhjustatud
deformatsioonide TLS monitooringut. Uuringu tulemusel jéreldati, et esitletud
ANU arvutusmeetod on sobiv viis hindamaks saadavaid modteméddramatuseid nii
moddistuseelselt kui ka -jargselt. See on kindlasti abiks erinevate suuremat
tdpsust noudvate moodistustoode planeerimisel ja ka teostamisel. Samuti
jéreldati, et kuna hetkel puuduvad TLS seadmetele iihtsed tipsuslikud standardid
on instrumendi tootjate poolsed tdpsuslikud parameetrid pigem iildsonalised.

Doktorivéitekirja teises osas keskenduti TLS-i rakendamise uurimisele
ehitusvaldkonnas. Vaatluse alla on vdetud kirjanduses késitletud tihed TLS-i
mérkimisvdarsemad rakendamise piirangud nagu: (i) TLS moddistamisel suur
langemisnurk, (ii) TLS-i mdoddistuskeskkonna moju, ja (iii) TLS-i
moddistustulemuste usaldusvédrsuse tagamine. Uuringu tulemusel jéreldati, et
labiviidud TLS  moddistustel ei  tdheldatud suure langemisnurga
ebaproportsionaalset moju moddistamise miira kasvule. Todeti, et langemisnurga
mdju voib olla seotud kasutatava TLS-i tehnoloogiaga. Mdddistuskeskkonna
mdju on seotud enamasti sademetega, kus mdddistuse miira voib tekkida tinu
lasersignaali tagasipeegeldumisele niiteks vihmapiiskadelt. Samuti mojutavad
sademed ka pinna peegeldumisomadusi. Tidheldati, et tinu pinna
peegeldusomaduste halvenemisele vidheneb mérkimisvairselt mdooddistavate
punktide arv. Kéesoleval hetkel puuduvad TLS seadmete tdpsusstandardid, mille
alusel on seadmete tdpsuslikud parameetrid méératletud. Sellega seoses on TLS
moodistustulemuste valideerimiseks kindlaim viis kasutada monda suurema
tdpsusega tehnoloogiat (geomeetriline nivelleerimine voi tahhiimeetria).
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Assessment of along-normal uncertainties for
application to terrestrial laser scanning surveys
of engineering structures

Tarvo Mill ®* and Artu Ellmann

A method for estimating the range and spatial distribution of terrestrial laser scanning uncertainties
occurring during the survey of engineering structures is presented and numerically verified. The
emphasis is on the assessment of along-normal uncertainties of the surface to be surveyed. To
investigate the behaviour of such uncertainties, various surveying scenarios are simulated and
studied. Theoretical derivations are numerically verified, and these results are compared with
those of previous empirical studies. The influence of along-normal noise on geometric modelling
of surveyed surfaces is studied. In addition, suggestions are provided for how to optimising
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scanning locations, yielding the reduced ANU.

Keywords: Surveying uncertainties, Data noise, Error, Data simulation, Optimisation of TLS surveys

Introduction

Terrestrial laser scanning (TLS) technology has many
applications due to its ability to determine the detailed
3D geometry of engineering structures within a relatively
short period of time. For instance, TLS has been used in
various engineering applications, such as the surveying
of technical structures (Riveiro et al. 2011, Pejic 2013,
Mill et al. 2014, Nuttens et al. 2014) and the monitoring
of structural deformations (Gonzalez-Aguilera et al.
2008, Pesci et al. 2013, Mill et al. 2015). A TLS survey
provides a more complete spatial overview than that
achieved using a limited number of conventional survey-
ing points at pre-selected locations.

Although TLS would be an appealing tool for as-built
surveying and the determination of the ranges and spatial
distribution of deformations of the surface of interest, two
very challenging problems remain: (i) gaining sufficient
knowledge of the accuracy of TLS data and (ii) determin-
ing optimal data processing methods. These two problems
have required the use of conventional reference geodetic
technology (e.g. precise levelling or tacheometry) to verify
TLS results.

This study is concerned primarily with the first pro-
blem, and its aim is to assess uncertainties in TLS data
that occur during the surveying of engineering structures.
The study makes use of the concept of combined standard
uncertainty (CSU), which originates from the classical
theory of geodetic measurement errors (e.g. Bjerhammar
1973) and has been adopted in contemporary guidelines
for the measurement industry (JCGM 100:2008). CSU
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has been used in many previous studies, e.g. Koch
(2008), Alkhatib et al. (2009), Mill et al. (2014, 2015)
and Niemeier and Tengen (2016). In addition, Cuartero
et al. (2010) analysed survey point locational errors by
statistically analysing spherical data, and Zhengchun
et al. (2016), Chen et al. (2016) and Xuan et al. (2016)
investigated TLS uncertainties by modelling an error
ellipsoid. Nevertheless, these studies generally focus on
survey point uncertainties relative to the TLS coordinate
origin, rather than with respect to the principal axes of the
object itself. In contrast, the present study focuses on
along-normal uncertainties (ANU) of TLS-surveyed sur-
faces, as these uncertainties have a critical influence on
geometric modelling results. The ANU are calculated
using estimates of CSU.

This study also investigates the optimisation of scan-
ning locations with the aim of reducing ANU. Optimis-
ation issues have been addressed in a few previous
studies. For example, Argiielles-Fraga et al. (2013) and
Roca-Pardifias et al. (2014) sought to determine optimal
scanning locations for tunnel surveys, and Soudarissa-
nane et al. (2009) and Soudarissanane (2016) introduced
a method for optimising scanning locations for building
surveys. These studies were primarily concerned with the
problem of how to avoid surveying with large angles of
incidence, which are considered by some to be the main
cause of surveying noise (e.g. Lichti 2007, Soudarissanane
et al. 2009, 2011). It is, however, also possible to provide
suggestions for optimal scanning locations based on esti-
mated ANU and the approximate geometry of the object.
Different TLS station locations can be selected and tested
to determine expected measurement uncertainty. It may
be necessary to simulate different scenarios to ensure
that the final survey has been rigorously carried out,
especially when failure is not an option (e.g. in the case
of bridge load tests, deformation measurements, as-built
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surveys). The study also investigates the along-normal
influence of surveying noise on geometric modelling
from TLS point cloud.

The paper is structured as follows. The introduction is
followed by a review of TLS uncertainties, with an
emphasis on scanning geometry. Then a method is pre-
sented for calculating ANU, accompanied with numerical
verification. The next section investigates the distribution
of ANU on simulated engineering structures. In the fol-
lowing section, random noise is imposed on the data to
simulate realistic conditions, and the data are then geome-
trically modelled. Conclusions are then drawn on the
basis of modelling results. This is followed by a discussion
of how scanning locations can be optimised in the case of
simulated engineering structures. A brief summary con-
cludes the paper.

CSU expressions for the TLS survey

TLS uncertainties

Similarly to conventional surveying technologies, TLS is
also subject to different sources of uncertainties — related
to equipment, object properties, scanning geometry,
environmental conditions and even human error. Each
of these sources of uncertainty contributes to the overall
uncertainty budget of TLS surveys. In some cases, there
is a need to pre-assess the magnitude and distribution of
possible uncertainties due to these sources.

As in the case of other geodetic instruments, the person
carrying out the TLS survey can be a source of human
error. The magnitude of this error depends on the level
of the operator’s basic land surveying and data processing
skills, as well as on his or her theoretical background and
practical surveying experience. Human error, however,
will not be considered in this study.

Uncertainties related to equipment depend largely on
the metrological characteristics of the instrument used.
Unfortunately, the manufacturers of scanners usually pro-
vide only the general technical specifications of an instru-
ment, omitting the instrument’s individual calibration
results. Stated characteristics often do not follow gener-
ally accepted criterion set by ISO, DIN or other stan-
dards. In effect, these characteristics are just estimates
(Gottwald 2008, Cuartero et al. 2010, Tsakiri et al. 2015).

Object-related uncertainties are associated with the
object’s physical properties, such as surface colour, reflec-
tivity, roughness, temperature and moisture level (Kersten
et al. 2005, Pesci and Teza 2008, Lichti 2010, Soudarissa-
nane et al. 2011, Roca-Pardifias et al. 2014).

Atmospheric and environment uncertainties are mainly
associated with atmospheric effects (humidity, dust, temp-
erature, etc.) on the scanning device (Borah and Voelz
2007, Pfeifer et al. 2007).

TLS survey can also be influenced by systematic effects,
which may significantly distort the expected results (e.g.
Kersten et al. 2005, Holst et al. 2014a). The presence of
systematic effects can be determined and minimised
using different calibration methods, as proposed, for
example, by Reshetyuk (2009), Chow et al. (2012), Tsakiri
et al. (2015) and Holst and Kuhlmann (2014, 2016).
Accounting for systematic effects is not, however, within
the scope of the present study.

In general, the combined uncertainty of a survey point,
including the uncertainties arising due to the instrument,
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environment, object properties and scanning geometry,
can be estimated using the following equation (Soudaris-
sanane 2016):

L 2 2 2 2
Up = \/uinslr + Tlatm + Urnaterial + Mgeom (1)

where u}, represents the estimated combined uncertainty
of a TLS survey point, u,g, is the instrumental CSU,
which comprises uncertainties, e.g. due to the instrument’s
mechanical design, technical limitations and hardware,
Tam 18 Uncertainty due to atmospheric transmittance,
Umaterial 18 Uncertainty due to object surface properties
and ugeom is uncertainty due to scanning geometry.

For the purposes of the present study, it is assumed that
errors are normally distributed and uncorrelated. In this
case, for each term on the right-hand side of equation
(1), the combined standard uncertainty (CSU) values
for an individual TLS survey point can be calculated by
summing up the partial contributions of all relevant
uncertainty sources (JCGM 100:2008):

A A
Y= ; <6w,-> o @
where ) is the standard uncertainty of a survey point,
whereas P is an estimate of the location (3D position,
expressible via specific x, y and z-coordinates) of the
actual survey point P, f1is the function P = f(w,) associated
with the observations (w;), where i =1, ... ,n. The symbol
u,, is the standard uncertainty of an i-th observable (e.g.
distance, angle, height difference).

The total magnitude of CSU is obtained by adding up
the components on the right-hand side of equation (1). It
should be noted that the contribution to CSU by atmos-
pheric conditions (m,.,,) and object surface properties
(Umaterial) 1 not considered in this study. Note that this
contribution is quite specific to each TLS survey and
tends to cause systematic measurement errors. The inter-
ested reader is referred to Kersten et al. (2005), Pfeifer
et al. (2007), and Borah and Voelz (2007), Pesci and
Teza (2008), Lichti (2010), Soudarissanane et al. (2011),
Roca-Pardifias et al. (2014), where systematic error due
to an object’s physical properties and the environment is
considered.

This study focuses on uncertainties arising during the
survey of engineering structures, where the general sur-
veying requirements (instruments, methods, accuracy
etc.) are rigorous. In particular, the influences of instru-
mental metrological characteristics and scanning geome-
try on ANU are investigated. In addition, a method is
developed on the basis of CSU for calculating ANU in
the general cases. The developed method allows a priori
quality assessment of the expected scanning results, and
thus help design better the TLS surveys.

Uncertainties due to scanning geometry

As debated in the literature, e.g. Lichti (2007), Soudarissa-
nane et al. (2009, 2011) and Soudarissanane (2016), TLS
measurement noise is mostly influenced by scanning geo-
metry, which is correlated to distance, beam divergence,
angle of incidence (for its definition, see Fig. 2), and
reflectance. Note that the aforementioned studies con-
cluded that scanning should be conducted at angles of
incidence of less than approximately 60°. If this threshold
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is exceeded, a sharp increase in overall measurement noise
occurs. It should be noted that the aforementioned studies
used only phase-shift (PS) scanners. Kaasalainen et al.
(2009) and Soudarissanane (2016) explain that the rescal-
ing of measurements by the digital signal processing unit
of PS scanners at the near-zero angle of incidence leads to
better results. An empirical study by Kersten ez al. (2009)
investigated achievable accuracies using both PS and
time-of-flight (TOF) scanners. In the case of PS scanners,
surveying noise increased significantly as the angle of inci-
dence increased. This is similar to results reported, for
example, by Soudarissanane et al. (2011). In contrast,
TOF scanners did not exhibit significant effects due to
the change of angle of incidence. A study by Kersten
et al. (2009) thus concluded that a large angle of incidence
is not critical in the case of TOF scanners. Another study
by Kersten et al. (2005) reported poorer point accuracy
when a smooth surface is measured in a perpendicular
direction (i.e. with a near-zero angle of incidence a = (°)
using TOF scanners.

The differences in the achieved results of TOF and PS
scanners are presumably due to the differences in the dis-
tance measuring technology and digital signal processing
methods (Reshetyuk 2009). Indeed, the angle of incidence
may be critical in TLS surveys of rather smooth surfaces
(e.g. plywood, polystyrene), as shown by previous studies,
e.g. Soudarissanane et al. (2011) and Kersten ez al. (2005).

Uneven and coarse-grained surfaces are generally
associated with historical buildings (Fig. 1) and also
many pre-manufactured contemporary structural
elements. Thus, a laser signal at a near perpendicular
angle of incidence (i.e. 90° with respect to the surface nor-
mal) may easily backscatter from such coarse-grained sur-
faces. Nevertheless, further derivations aim to include the
possible influence of the angle of incidence on ANU.

1 A sample of a point cloud of a building’s limestone facade,
front view (left-hand side) and side view (right-hand side).
The limestone joints are at intervals of approx. 15 cm
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The instrument’s axial orientation, the measured (or
predicted) quantities (6, ¢ and p) and the scanning geome-
try with respect to the surface to be surveyed, let it be a
plane, are illustrated in Fig. 2. The scanning geometry
can be described via distance (p) and angle of incjdence
(a) between the vector of emitted laser beam (SP) and
the surface normal (77), see Fig. 2. The shortest distance
(d) can also be obtained via angle of incidence and the
measured distance as follows (cf. Fig. 2):

d = psin (90° — @) = pcosa 3)

The interrelations between spherical polar (8, ¢ and p)
and the x, y and z-coordinate sets of an individual survey
point yield (cf. also Fig. 2):

pcos Ocos ¢
= | psin fcos ¢ “)
psin ¢

SR

The z-axis of scanners equipped with a dual-axis com-
pensator coincides with the zenith direction.

To calculate CSU values, the partial derivatives of TLS
observations (equation (4)) with respect to each variable
are taken (i.e. for x, dx/dp; dx/de; dx/df; analogously,
also for the y- and z-components), and then inserted
into equation (2), using also the uncertainty parameters
for the TLS provided by the manufacturer, the following

2 TLS measurables with respect to surface (a plane).ﬁ-") isa
vector (with a length p) of the transmitted laser beam from
TLS centre to the survey point (P) on the surface. Horizon-
tal angle (6, where 0°< 8<360° arc degrees) to P is
accounted from an arbitrary initial direction (here
accounted from the TLS-device x-axis), whereas vertical
angle (¢, where —90° < ¢ < +90° arc degrees) is accounted
from the horizontal plane (embedding the origin of the TLS
coordinate axes, S). a is the angle of incidence between
ﬂg falling_lgser beam and the surface normal (n). Vectors
PA and PB are residing on the plane between arbitrary
surface points A, P and B, these two vectors can be
used for determining the plane coefficients. d is the short-
est distance in the direction of the surface normal from the
scanner centre (i.e. d is strictly parallel to n). In general,
the surface is horizontally rotated by an angle (w, where
0° < w<180° arc degrees) with respect to TLS x-axis, the
surface is also vertically inclined at an angle (u, where
0°<u<180° arc degrees) from the vertical (zenith,
plumb line, which is parallel to TLS’ z-axis)
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equations are arrived at

us = [(cos Bcos @)1, + p(cos gsin 6)° uiangls
1
+ p*(cos Osin @)%, ]2 )

v.angle

uy = [(sin Ocos @) 2ul + p*(cos @cos 6) uﬁ(angle
1
+ p*(sin Osin )1} 1. ]2 ©6)

1
u = [(sin @) w3 + p*(cos @ ul 0 2 (7)

where uz, u; and u: are CSU with respect to the corre-
sponding TLS coordinate axis, ugiy is the scanner’s stan-
dard distance uncertainty, upange is the scanner’s
standard horizontal angle and u, angle Vertical angle uncer-
tainty. The scanner’s standard uncertainty values can be
obtained from the manufacturer’s specifications or from
the individual calibration results.

These expressions are to be used to derive ANU, taking
into account scanning geometry for general cases.

ANU of TLS-surveyed surface

A special case

In general, TLS data cloud is geometrically modelled to
determine, for example, the object’s conformance with
design parameters and the deformations. It is essential
that survey points lie directly on the surveyed surface,
or at least, in its closest vicinity, i.e. within the range
of expected measurement noise. Ideally, the resulting
layer of data would be infinitesimally thin. Therefore,
in TLS surveys, it is important to be able to estimate
the magnitude of ANU relative to the surface, while
point location uncertainties along the surface are less
relevant, as these have an insignificant effect on geo-
metric modelling results. Uncertainties in the along-nor-
mal direction play a significant role especially in
construction surveys, e.g. as-built surveys and defor-
mation monitoring.

Some modelling methods, in particular, statistical
gridding methods, e.g. Mao et al. (2015), and other itera-
tive modelling methods, e.g. Gruen and Akca (2005) and
Holst et al. (2014a), use uncertainty estimates to properly
weigh the data to be modelled. For this reason, it is also
important to provide uncertainty estimates for each data
point after the field surveys have been carried out, i.e.
not only during the design stage of the surveys.

Expressions 5, 6 and 7 allow the estimation of each
uncertainty component relative to the TLS axes. In gen-
eral cases, the surface normal (77) can be described using
all three coordinate components (7= (a, b, ¢)), cf.
further sections). This is not convenient when estimating
ANU. The following sections tackle the relation
between the TLS coordinate system (denoted by x, y
z) and the object’s coordinate system (denoted by X,
Y, Z). For instance, the object’s X-axis can be directed
horizontally along the plane-like surface to be surveyed,
the Z-axis, vertically along the surface (thus not necess-
arily in the ‘up’ direction, e.g. in the case of tilted sur-
faces), and the Y-axis, perpendicular to the surface.
Note that the horizontal angle (6, cf. Fig. 2) is entirely
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dependent on the direction of the scanner’s x-axis.
Today, the directions of coordinate axes of many mod-
ern TLS instruments (e.g. Leica C10 and P20) can be
set at the survey site just before measurements are
taken. In addition, the orientation of the coordinate sys-
tem and the location of the scanner relative to the
object can be predetermined on the basis of existing
sources, e.g. plans, digital surface models, airborne
laser scanning data and web maps. It is then possible
to estimate values for the measured quantities (6, ¢
and p) beforchand (provided that TLS locations can
be pre-defined) and thus, estimate the approximate coor-
dinates (x, y, z) of the surface of interest already at the
survey design stage.

The maximum ANU estimates occur in special
cases where the TLS axes and the object’s axes are parallel
(considered the worst-case scenario). For example,
the TLS x-axis is set parallel to the object’s X-axis.
Thus, u; is parallel to the surface normal, and ANU
can be calculated using only equation (6). The measured
quantities 6 and ¢ are 90° and 0°, respectively. In this
case, equation (6) reduces to ugis; only:

uy = [(sin Ocos @)’ 1%, + p*(cos pcos (9)2u,21_,(mgle
1
+ p’(sin @sin qo)zuf_a,,g]e]i
1
with 6 = 90° and ¢ = 0°[(sin fcos <p)2u§m]§ =
®

The result in equation (8) indicates that ANU is highly
correlated with the values of the angles 6 and ¢ (cf.
equation (6)).

A numerical example of the worst-case scenario is pro-
vided based on simulated data points that form a horizon-
tal line on a vertical wall. The scanner is located at an
arbitrary distance from the object, in this case 4.3 m, a
realistic surveying distance from an object. Metrological
characteristics for an instrument are generally provided
by manufacturers at a 68.3% (one sigma) confidence
level. To have a more practical accuracy estimate, the
characteristic must by multiplied by the factor 3, increas-
ing the confidence level to 99.7% (three sigma), the gener-
ally accepted wuncertainty tolerance in surveying.
Therefore, rather than using the typical metrological par-
ameter values of ugis = 0.004 m and uj, angle = 12” (Which
are, for example, provided by manufacturers of widely
used TOF scanners, e.g. Leica C10 and Leica P20), values
which are three times larger are used: ugis = 0.012 m and
both uj, angte and uy angle = 36” in numerical verifications.

The results of the numerical example of the worst-case
scenario are illustrated in Fig. 3. A maximum ANU value
of u; = 0.012 m is obtained, as expected (cf. equation (8)),
when 6 is equal to 90°, at the closest distance to the scan-
ner (i.e. 4.3 m). In the example (Fig. 3), as the distance (p)
increases, the angle of incidence (o) also increases,
whereas the horizontal angle (6) decreases. The relation-
ship between a and 8 is in this case simply 90° — 6 = a.

In general, ANU values decrease (i.e. accuracy of
measurements increases) from the point where 6 is equal
to 90° (the angle of incidence is 0°) until reaching their
minimum (i.e. the most accurate point) at approx. 17 m
from the scanner 6 of 14°, i.e. a=76° (Fig. 3). This is
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Calculated uncertainties of a horizontal line on a vertical wall. The decreasing line indicates ANU (values on the left-hand ver-

tical scale); the increasing line indicates the angle of incidence (values on the right-hand vertical scale). The horizontal angle
6 (top horizontal scale) at the closest point of 4.3 m equals 90° (i.e. a=0°) and at the longest distance (30.3 m) approx. 8° (cor-

responding thus to the angle of incidence 82°)

because the influence of ugise (0.012 m) decreases as the
value of sin(f) decreases, cf. equation (8). Then ANU
gradually begins to increase due to the increasing influ-
ence of the distance (p). Also the value of cos(6) increases
as 6 decreases from 90° to zero. Apparently, increasing
thus the angle of incidence affects ANU only insignifi-
cantly, cf. Fig. 3.

The foregoing described the special case ANU where
the TLS axes are strictly parallel to the object’s axes.
Since such cases are not very typical for TLS projects,
the following sections elaborate on a method for calculat-
ing ANU for the general case, where the TLS axes and
object’s axes are not parallel.

LS

Surface

4 Top view of the vertical sub-surfaces, the furthermost one
being horizontally rotated to an angle w (around z-axis)
between the TLS coordinate system’s x-axis and the
object’s X-axis. The uncertainties u; and u;, are parallel
to the object’s Y-axis and coinciding thus with the surface
normal. Points P} and P, are shifted along the surface nor-
mal from their actual locations P, and P, due to the uncer-
tainty in the surface normal direction (uy;). 6; and 6, are the
horizontal angles with respect to the TLS coordinate sys-
tem’s x-axis. Note that x and x’ are parallel to each other

General expressions
Although in the special case (cf. previous section), the
TLS axes (x, y, z) can be parallel to some of the object’s
axes (X, Y, Z), in the general case, the object’s coordinate
system is not parallel to the TLS coordinate system.

Point location uncertainty in the surface normal direc-
tion can be calculated stepwise: (i) calculating the hori-
zontal angle (w) between the x-axis and X-axis, (ii)
calculating the inclination angle (v) between the z-axis
and Z-axis (iii) projecting the uncertainties onto the sur-
face normal. These steps will be reviewed below.

The necessary horizontal rotation angle () in the 2D
plane can be calculated using an arbitrary point B on

y
I
1
1

S

Uy

wl

Z
S e P{
E hor. plane _H———l ?
2

Surface

5 Side view of sub-surfaces, the top one being vertically
inclined at an angle v (around the x-axis) between the sur-
veying coordinate system’s z-axis (z) and the object’s
coordinate system z-axis (Z). The uncertainties u; and
ug;, are parallel to the surface’s Y-axis. Points P; and P,
are shifted along the surface normal from their actual
locations P and P, due to the uncertainty in the surface
normal direction (u;), and ¢, is a vertical angle measured
from the horizontal direction. Note, that z and z’ are paral-
lel to each other
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the xy-plane on the surface (cf. Fig. 4):

0=tan' 2227 ©
XB — Xp,

Note that the point B should preferably be located at the
same height (along the z-component) as the survey point
P, (Fig. 4, cf. also Fig. 2). For typical fabricated objects,
only a single angle w is needed to describe the plane-like
orientation of the surface of the object, and thus it is suf-
ficient to choose only one arbitrary point B on a particular
surface (see Fig. 4). For more complex situations, the sur-
face can be segmented into several sub-surfaces (e.g. Nut-
tens et al. 2014, Lahamy et al. 2016, Yang et al. 2016), and
the direction with respect to the TLS coordinate system
can be found for each sub-surface.

Surfaces can also be vertically inclined to an angle (v)
(Fig. 5). Hence, the inclination angle can be calculated,
provided that the coordinates of two points P, and A
(located either above or below the surface point) on a sur-
face are known (cf. Figs. 4 and 5):

v=tan' 2420 (10)

Z4—Zp,

The surface normal vector 77 is obtained from the cross
product of two arbitrary vectors on the plane surface
(e.g. vectors PA and PB in Fig. 2). The resulting normal
vector (with components a, b, ¢) is orthogonal to the
plane:

—  —

7= (PA x PB)=(a, b, ¢) (11)

From this, the angle of incidence («) can be calculated
using well-known relations in linear algebra (cf. Fig. 2):

SP i
a=cos™! <_> ”) (12)
|SP||7)

— )
where the vector SP is calculated from the centre point
(S) coordinates of the scanner and the coordinates of
the survey point (P) of interest (see Fig. 2), SP - ii'is the

(@)

X
Lz

Unx P

Rotated surface

dot product of two vectors:

SP = (xp — xs)a+ (p — ys)b + (zp — z5)e (13)

The ANU for the general cases can be calculated by
projecting CSU values onto the surface normal, cf.
Fig. 6. For the projection, right triangles (see Fig. 6)
can be formed using calculated CSU values (uz, u; and
uz) and the object’s rotation angles w and » with respect
to the TLS coordinate system (Fig. 6). The ANU com-
ponent (either us, uj, u: cf. Fig. 6) is the hypotenuse of
the right triangle formed. After all the CSU components
have been projected (using trigonometric relations in the
formed triangles) onto the surface normal, the total
ANU is determined using the error propagation law of
random variables (e.g. Bjerhammar 1973) as follows:

|
ws = [(sin wuz)? + (cos wuz)® + (sinwe)’2 (14)

Numerical verifications of ANU

This section verifies numerically the above-derived along-
normal component of CSU. The results are also com-
pared with those of previous empirical studies.

First, a vertical surface that is horizontally rotated from
its initial direction (i.e. w =0°) is tested, as in empirical
studies by Soudarissanane et al. (2009, 2011) and Soudar-
issanane (2016). In these studies, a PS type of TLS was
located at a distance (20 m) from a surface which was
rotated to different angles in increments of 10° within
the interval [0° < w < 80°], cf. Fig. 7.

Note that as the surface is rotated horizontally (in other
words — 77’ is dependent only on the components ¢ and b,
herewith ¢=0 cf. equation (11)), both u; and u, have an
effect on ANU (cf. equation (14)). The third component
uz, in this case, can be neglected since it describes uncer-
tainty in the vertical direction. To follow the worst-case
uncertainty scenario (cf. equation (8)), the TLS measurables
6 and ¢ are taken to be 90° and 0°, respectively. Initially, at
@ = 0°, the surface normal is parallel to u, (cf. Fig. 7), and
CSU values are calculated (by equations (5) and (6)) to be
uz; = 0.003m and u, = 0.012m, respectively. Note that

(b)

Normal

xy plane Un;

Inclined surface

6 Geometric relations between CSU and the surface normal. a top view of relations between CSU and a surface that is horizon-
tally rotated to an angle (w). b Side view of the case when the surface is vertically inclined to an angle (V). unx, Uny and u, , are

axial uncertainties projected onto the surface normal
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©=80°

7 Top view of a vertical surface which is horizontally rotated [0° < w < 80°] by an angle w in increments of 10°. The coordinate
axis location coincides with the centre location of the TLS. The dashed line illustrates the laser beam from the scanner to the
surface contact point (remains at a constant distance). The direction of the surface normal at different angles w is shown by

the arrows

the effect of u; on the surface normal can be completely neg-

lected at w =0°, as is uncertainty along the surface. In the

contrasting case of @ =90° the ANU becomes equal to

u; only, as lirglof (u7) = u;. For a gradually rotated
w—90

(with respect to the initial direction, o = 0°) surface, the
numerical values of the ANU are calculated by equation
(14) using the u; and u; components. The results are
depicted in Fig. 8.

The results reveal that the ANU decrease gradually,
as the angle w increases. Notably, the numerical results
at 6=90° and w = 0° (the y-axis is parallel to the surface
normal) are influenced by ugis; only (Fig. 8, cf. equation
(8)). The results can then be considered the worst-case
scenario, since the ANU reaches maxima (cf. equation
(8)). The ugis; influence dominates in the immediate neigh-
bourhood of §=90°.

The achieved ANU values are compared to geometri-
cal uncertainties, which are alternatively derived from
the geometrical relations using the law of sines in conjunc-
tion with the measuring uncertainties ugisc and i, angle. The
main aim of the exercise is to relate the angle of incidence to
ANU. Derivation of the related quantities is omitted here;
only the main numerical results are presented and com-
pared with the results of previous empirical studies by Sou-
darissanane et al. (2009, 2011) and Soudarissanane (2016).
Tt appears that the ANU is dependent on the cosine of the
angle of incidence. This relation is also confirmed by the
aforementioned studies. They scanned (using a PS scanner)
avertical surface, which was gradually rotated around the
z-axis between 0° and 80°. For each 10° turn, the surface

0.0135 0.01200 0.01183 0.01134

0.01054
0.0110

0.0085

0.0060

0.0035

Uncertainties [m]

0.0010
0 10 20 30

was modelled from the TLS point cloud, and modelling
residuals (i.e. deviations from the actual surface) were esti-
mated. The residuals obtained describe the noise in the
direction of the laser beam (results shown in Fig. 9). The
goal of these empirical studies was to isolate the effect of
the angle of incidence (@) from the surveying results.

The values estimated by Soudarissanane et al. (2011) are
compared to the results in the present study in Fig. 9. The
results indicate that uncertainties in the direction of the
laser beam (uppermost line) have a steep increase at larger
surface rotation angles (w). The projected ANU (7, second
line) are identical to the results obtained by the theoretical
equation (14) and depicted in Fig. 8. Thus, the ANU by
equation (14) are verified also by the geometrical relations.

The differences between the Soudarissanane er al.
(2011) empirically estimated ANU (Fig. 9 fourth line)
and the theoretical ones derived in this study (equation
(14), cf. Fig. 9 second line) increase with the increasing
angle of incidence. This is due to the difference in the
magnitudes of the empirically obtained and the theoreti-
cally determined value of uncertainty in the direction of
the laser beam. Obviously, only a scaling factor
(ugist €.g. 0.012 m) is needed to make the two studies
comparable to each other. This also supports that the
manufacturers’ specifications used in the present study
could be somewhat too pessimistic.

Similarly to empirical studies (Soudarissanane et al.
2009, 2011, Soudarissanane 2016), the uncertainties
obtained in the direction of the laser beam increase
more sharply at larger angles of incidence. More accurate
theoretical estimates can be obtained using individual

0.00946

0.00816

0.00672

0.00525
0.00402

40 50 60 70 80

Surface rotation angle w [* ]

8 Results of the ANU of TLS survey points on a vertical surface, which is horizontally rotated by the angle w; the rotation inter-
val is [0°, 80°] with the increments of 10°. The distance from the TLS to the surface is 20 m. Units in metres
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9 A comparison of ANU estimated by the present study and that of the Soudarissanane et al. (2011) empirical study. The upper-
most line indicates uncertainties in the direction of the laser beam derived from the geometric relations; the second line indi-
cates the ANU (uj;) derived using equation (14), also equal to the computed geometrical uncertainties; the third line indicates
the (reconstructed) uncertainties in the direction of the laser beam estimated by Soudarissanane et al. (2011); and the fourth
line indicates the (reconstructed) ANU estimated by Soudarissanane et al. (2011). The distance to the surface in all cases is

20 m

calibration results, and using these values, the ANU esti-
mated using the proposed method (equation (14)) should
be also more accurate.

To conclude, the proposed theoretical method for cal-
culating ANU has been verified by comparing calculated
uncertainties with the reported results of previous empiri-
cal studies and studying geometric relations. Results show
that the derived method can be used to obtain a realistic
assessment of ANU and makes it possible to estimate
uncertainties at the survey design stage before the actual
survey. Results also suggest that the uncertainties pro-
vided by instrument manufacturers should be looked at
more critically. Nevertheless, the metrological parameters
provided by instrument manufactures are used in further
computations to ensure consistency with earlier estimates.
The following sections deal with examples of uncertainty
estimations for engineering structures.

ANU at TLS surveys of engineering
structures

The fagades of a building and the lower side of a bridge
deck were computer-simulated to investigate the behav-
iour the ANU at TLS surveys of engineering structures.
Noise is then introduced in the data to simulate realistic
survey data. These noise-contaminated data are then
used for geometrical modelling to determine the influence
of along-normal noise to the modelling outcome.

The simulated building has dimensions of 60 x 10 x 6
m, representing thus a simple two-storey building
(Fig. 10). The structure is covered with 85,400 points
(601 x 61 +100 X 61 + 600 x 61 +99 x 61, the corner
points and edges included) with a resolution of 0.10 m.
The length and width of the bridge deck are 60 and 10
m, respectively, see Fig. 105. The simulated bridge surface
thus consists of 60,701 survey points. In both cases, a
point density of 0.10 m (i.e. less dense than in realistic

8 Survey Review 2017

TLS surveys) was chosen for demonstrative purposes
and is considered to be sufficient for a description and
further analysis of the spatial distribution of expected
uncertainties. The object’s axes are parallel to the TLS
coordinate axes, allowing us to deal with the influences
of maximum ANU values for the surveyed surfaces
(cf. section ‘A special case’).

For the building survey, the scanning stations were cho-
sen at the corners of the building so that two sides would
be covered by one station (Fig. 10a), a realistic surveying
scenario. Two additional scanning stations (S4 and S5, cf.
Fig 10) were added to obtain data from a potentially the

(a) (b)
S5 T T
e PR
Y s2 S3 FEN
.o ® o, SO
Ly 7 = Ls :
Fes
¥ g Blgi<i:] @
40 @ 218 © Rt I
L, 7 5
L.,
B2 ¢
L, Z -
s1e e hefei
X @ —
Ly 10.000

10 Top view of the locations of the scanning stations (S1,
S2, S3, S4 and S5) for the building survey a and the
bridge deck (B1 and B2) survey b. ®, ®, © and ©® in a
denote the sides of the building. Units in metres
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Scalar field
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' 0.00850
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0.01300

0.00850

0.00400

11 Side views of spatial distributions of ANU along the building facades for scanning stations S1, S2, S3, S4 and S5. The height
of the vertical wall corresponds to 6 m. The ANU scales are at right-hand side. Note that lower- and uppermost parts in the
fixed-value scale of each sub-plot denote the non-occurring ANU values at particular surveying cases. Units in metres

most suitable scanning location (S4) and a likely unsuita-
ble location (S5) with respect to the side @.

The simulated bridge deck data consist of two sets of
point clouds acquired from two different scanner
locations. The scanning stations were located: (i) under
the bridge at the centre of the bridge deck (station B1);
(ii) alongside the bridge deck at a horizontal distance of
6.0 m away from the deck (station B2, in practice, it
would be riverbank), cf. Fig. 105. These locations were
selected according to common surveying practices, e.g.
Zogg and Ingensand (2008), Riveiro er al. (2011), de
Asis Lopez et al. (2014) and Mill et al. (2015). Figure
105 illustrates the case when it is not possible to place a
scanner under the bridge, e.g. when there is water or
risk of collapse (e.g. during the bridge load tests). In this
case, the scanner is shifted away from the deck, as in,
e.g. Mill et al. (2015). In no obstacles case, the scanner
can be located directly under the bridge deck (Fig. 105).
In both cases, the vertical distance as of 4.3 m from the
scanner centre to the bridge’s lower surface was adopted.

Spatial distribution and range of ANU

The results in Figs. 11 and 12 illustrate the ANU us, u;
and u: obtained using equations (5), (6) and (7). Recall

0.00400

that in this particular case, the TLS axes are strictly par-
allel to the object’s axes (cf. Fig. 10), which justifies the
usage of equations (5), (6) and (7) for calculating the
ANU. The calculated ANU values have a confidence
level of 99.7% derived from the uncertainties provided
by the instrument manufacturer (cf. section ‘A special
case’).

In general, as shown in the previous sections, the worst
ANU are obtained when the horizontal scanning angle
6 is either 0° or 90° (cf. equation (8)) and scanning is car-
ried out in a direction perpendicular to the surface (the
region closest to station S4 in Fig. 11d). Recall that this
is due to the behaviour of sin(#) and cos(6), as the value
of 0§ decreases from 90° to 0° in equation (8) (cf. the sub-
section ‘A special case’).

The largest ANU values of the @ side are associated with
station S5 (Fig. 11e), due to its remoteness from the object.
The influence of both vertical and horizontal angular uncer-
tainty on ANU increases, as the distances increase (the max.
distance reaches approx. 75 m at the right-hand end of the A
side; cf. also Fig. 3). The spatial distribution and range of
calculated ANU values for the building fagades at symme-
trically located (with respect to the object) stations S1, S2
and S3 (Fig. 1la—c) are almost identical, with only some
marginal differences. Note that the uniform fixed-value

(b)

12 Top view of spatial distribution of ANU estimates along the bridge deck surface for scanning stations B1 and B2. Note that
the images are rotated 90°. The location of the stations is denoted by white dots. Note that uppermost part in the fixed-value
scale of each sub-plot denotes the non-occurring ANU values at particular surveying cases. Units in metres
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13 Distribution of the measurement noise obtained from scanning station S1 for side ®. The top segment indicates the noise
interval for group I, which contains the majority of points (18,873 points from a total of 36,661 points, yielding RMS = 0.00409
m); the middle slab indicates the noise interval for the group Il (RMS = 0.00516 m); and the bottom slab indicates the noise
interval for the group lll, which contained the minority of points (7708 points, RMS = 0.00619 m). Note that the RMS values are

correlated with results in Fig. 11a.

scale is applied, for Figs. 11 and 12, to make the sub-plots
comparable to each other.

In Fig. 11, the regions of the surfaces closest to the
stations S1, S2, S3 and S4 (in a, b, ¢ and d) illustrate
the dominant influence of ugiy. Similar region in the
case of station S5 occurs at the right-hand ending of
side @ due to the increasing influence of the errors in
measured distance (cf. Fig. 1 1e). However, the ANU mag-
nitudes are distributed more uniformly across the entire
surface. In general, for remote stations, the less variation
in ANU values is expected.

The shorter sides (® and ©) of the building show very little
variation in ANU, cf. Fig. 12a—c and e. This is due to the
6 variation less than *20° (whereas an average o is 68°)
and thus ANU does not vary significantly. Note that
0 does not reach 90° at S1, S2, S3 and S5. Thus, with such
a measurement set-up, the uncertainties obtained for the
shorter sides are more accurate than those for the long sides.

For the bridge surfaces, there is a clear distinction
between the uncertainties obtained from different
locations (Fig. 12a and b). The largest ANU, due to dom-
inating ugis, as expected, are obtained for the centre of the
bridge deck from station Bl (i.e. ¢ is 90°, thus o =0°).
Smaller ANU estimates were obtained from station B2
at the side of the bridge (Fig. 12b).

Calculated ANU values are relatively large (Figs. 11
and 12), likely due to the apparently pessimistic metrolo-
gical values provided, ugs in particular, for the instru-
ments. Nevertheless, they provide a general insight into
the nature of the predictable outcome.

Note that the positive ANU values determined by
equation (14) do not fully represent actual measuring uncer-
tainties, which, in general, are random, thus having both
negative and positive values. For determining the influence
of ANU for geometric modelling of surfaces, the data points
were contaminated with the random measurement noise.

Random measurement noise

The ANU intervals for each surface were defined by
dividing the difference between the maximum and the

Survey Review 2017

minimum ANU value by three (equation (15)).
(ANUmax - ANUrnin)/3 = ANU,, (15)
Then the ANU intervals were defined as follows:

[ — (ANUyin + ANU.,), (ANUpin + ANUz‘a)]I (16)

[ - (ANUmin + 2ANU(.,,), (ANUmin

+ 2ANU )y (17
[ - (ANUmin + SANUca)a (ANUmin
+ 3IXI\IUM)]III (18)

where sub-indexes I, II and IIT denote different noise
groups with corresponding upper- and lowermost (a
positive and negative value) limits for each group. Three
intervals are sufficient for generalising influences of
along-normal noise to surface modelling. Note that
these major groups were determined to comply the
range and spatial distribution of the ANU, and are also
associated with the prevailing three ANU regions in
Figs. 11 and 12.

Thereafter, the normal inverse cumulative distribution
function was used for generating random measurement
noise for each noise group (I, IT and III). An individual
noise value was generated for each individual data point.

The noise introduced follows a normal distribution
(e~N(0,1)) (cf. Fig. 13) with the near-zero mean noise
value (see Table 1):

n
e
=2l (19)
n

where ¢ is the generated noise value at an i-th data point
and /=1, ... ,n, where n is the total number of data points.
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Table 1 Comparison statistics for the facade side @ and the bridge deck

Station Station Station S1 and S2 with Station Station Bridge deck, Bridge deck,
Statistics S S2 overlap S4 S5 Station B1 Station B2
Number of 36,661 36,661 44,079 36,661 36,661 60,701 60,701
points
g 0.02 0.04 0.04 0.00 0.02 0.01 0.00
A 0.02 0.04 0.04 0.00 0.02 0.01 0.00
[Amax] 0.2 0.2 0.2 02 0.4 0.1 0.1
STDEV 0.08 0.05 0.08 0.06 0.09 0.02 0.03

Units are in millimetres.

(1l) RMS 0.00619 m () RMS 0.00516 m

(1) RMS 0.00482 m (I1) RMS 0.00569 m

(1) RMS 0.00567 m

) () RMS 0.00409 m
@, station S1

(111 RMS 0.00649 m
@, station S4

(I11) RMS 0.00721 m
@, station S5 15

(1) RMS 0.00362 m (Il1) RMS 0.00507 m (Il) RMS 0.00656 m

(1) RMS 0.00457 m
station B2

station B1

(Il) RMS 0.00376 m (1) RMS 0.00301 m

14 Spatial distribution of noise groups (|, Il and lll) across side ® of the building facade and the bridge deck surface, from
stations S1, S4, S5, B1 and B2. Note correlation with Figs. 11 and 12 as well
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15 Distribution of noise-contaminated survey points from stations S1 (dot markers), S2 (triangle markers), S4 (square markers)
and S5 (rhombus markets) for the north-west corner of the facade; the dashed line is the trendline obtained from averaging
the y-coordinate values obtained from the four stations with a mean discrepancy of 0.4 mm. The maximum deviation from
the actual coordinates is 12 mm for data from station S2. The left- and right-hand sides of the figure denote the top and the

bottom corner of the building, respectively

The root mean square (RMS) of noise in each group is
estimated as

(20)

The spatial distribution across side ® of the building
fagade of the three noise groups is illustrated for scanning
stations S1, S4, S5, Bl and B2 in Fig. 14. Note that the
distribution of noise groups for stations S2 and S3 for
sides ® and © is mirroring the distribution of noise groups
for station S1. The distribution of noise groups is similar
to the distribution of uncertainties in Figs. 11 and 12,
where generally the data with the largest noise are at
both the closest and remotest parts of the surface. The
same observation applies to noise distribution from
other scanning stations as well.

Figure 15 illustrates the distribution of the noise-con-
taminated survey points (i.e. along-normal in the y-direc-
tion, cf. Fig 10) obtained for the north-west juncture of
sides ® and ® of the building. The figure shows the
balanced distribution of points around the true y-coordi-
nate value of exactly 8 m. In spite of a few large deviations
from the true value, the general trendline determined by
averaging the y-coordinate values obtained from stations
S1, S2, S4 and S5 practically coincides with the correct
location of the object’s corner (Fig. 15). This is the
expected outcome for the geometrical modelling.

These noisy data need to be geometrically modelled to
investigate the influence of along-normal noise on surface
modelling.

Geometrical modelling of erroneous data

In general, surface modelling can be carried out using
both non-iterative and iterative methods. Non-iterative
fitting is a method whereby the surfaces are described
using only a few parameters, allowing the fitting of simple
geometrical shapes using robust non-iterative methods
that detect clusters in parameter space (e.g. Lindenbergh
et al. 2009, Erdélyi et al. 2014). Tterative fitting uses an
iterative algorithm to find the best-fit surface with con-
strained least squares using the discrepancies of the
scanned points from the surface (e.g. Holst et al. 2014c,
Wang et al. 2015).

Considering the nature of TLS measurements, the
selection of appropriate data processing methods is
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crucial, since different methods provide somewhat differ-
ent results.

For the purposes of investigating the influence of along-
normal noise on the modelling, an iterative method can
be expected to provide the most adequate results and is
used in practice. Since the magnitudes of the introduced
noise across different parts of a surface differ, geometric
modelling is expected to result in a slightly curvilinear sur-
face (cf. Fig. 14). Therefore, instead of using a simple
plane model for investigating the influence of ANU to
modelling, the geometric modelling is carried out using
an iterative method that implements a quadratic poly-
nomial function (equation (21)). This method is widely
used for geometrically modelling of TLS data, e.g. Park
et al. (2007), Holst et al. (2014b), Yang et al. (2016):

z=A+ Bx+ Cy+Dx* + Exy+F*  (21)

where 4, B, C, E and F are coefficients.

For geometric modelling, an open-source software
CloudCompare (Lague et al. 2013) was used. The result
of fitting a point cloud data to the quadratic polynomial
function is represented as a standard triangular mesh.
As an indication of the quality of fitting of the erroneous
data to the quadratic polynomial function, the RMS (cf.
equation (20)) of the fitting is compared to the RMS of
the introduced noise.

The position of each true data point with respect to the
modelled (i.e. erroneous) surface is identified and the
cloud to surface distance is estimated. The results of the
comparisons are evaluated using the mean discrepancy
(equation (19)) and the standard deviation (STDEV)
between the modelled surface and the true data:

STDEV = 22)

where A; is the discrepancy value at an i-th data point and
i=1,....n

Modelling results

Since the simulated data for side ® of the building fagade
were acquired from four different scanning locations (S1,
S2, S4 and S5), then this side is considered most suitable
for detecting the influence of simulated along-normal
noise on the modelling. The data for sides ®, © and ©
due to analogous distribution (thus yielding similar
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16 Noise-contaminated data from stations S2 (left) and S1 (right). The noise groups are denoted as follows: group lll (second
from the edges), group Il (edges) and group | (central part). The overlapping data (S1 + S2) area in the centre spans approx.
12m

-0.00009
Station S1 -0.00024

-0.00040

0.00022

-0.00009
S2 -0.00024
-0.00040

0.00022
0.00006-

S1and S2
With overlap
S4 -0.00024
-0.00040
0.00022
0.00006
S5
0.00022
0.00006-
-0.00009-
B1 -0.00024-
-0.00040
0.00022
0.00006-
-0.00009-
82 -0.00024-
-0,00040 |

17 The range and spatial distribution of discrepancies between the modelled surface and the true point clouds. The coloured
discrepancy scales and obliquely oriented histograms of discrepancies are on right-hand side. Note that lower- and upper-
most parts in the fixed-value scale of each sub-plot denotes the non-occurring discrepancy values at particular surveying
cases. Units in metres
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results) are not considered. Data selected from stations S1
and S2, including an approx. 12 m overlap (in the middle)
are also considered separately (Fig. 16).

In addition to the fagade data, data from stations Bl
and B2, representing a bridge deck, are also modelled.

The results of the comparison of the geometrically
modelled erroneous data and the true point clouds are
shown in Table 1.

Regardless of the small magnitudes in the reported
modelling results in Table 1, some noise-induced distor-
tions in the shape of the actual surface occur (see
Fig. 17). Note that the values of the mean discrepancies
(A) coincide with the mean values of the introduced
noise (g, cf. Table 1). Owing to non-zero mean of the
noise at some locations, systematic effects in the model-
ling results occur.

Figure 17 illustrates the distribution of the obtained
discrepancies between the modelled surface and the true
data. The obtained discrepancies are at a submillimetre
level for all cases, indicating a good surface fit.

In the case of the fagade surface modelling, the largest
mean discrepancy, the maximum absolute value of discre-
pancy (|Amax|) and the standard deviation (Table 1, cf.
Fig. 17) were obtained using the overlapped data from
stations S1 and S2. Such results occur likely because the
uncertainties along the surface ® vary considerably
between the middle part and the two ends of the surface
(cf. Fig. 16). Better results were, however, expected using
these data since the larger portion of the surface (approx.
83%) was covered by the most accurate noise group
(Fig. 16).

Also somewhat worse results, compared to results for
other fagade scanning stations, were obtained for station
S5 (see Table 1). Recall that station S5 is positioned at
the most remote location from the north-west corner of
the fagade of the building (c.f. Fig. 10). Thus, measure-
ment noise is larger than it is for the other stations
(cf. Fig. 14), yielding also the largest residuals of the geo-
metrical modelling (Table 1).

Despite the symmetrical relations in-between the
locations of the scanning stations S1 and S2, the model-
ling results are not identical and differ somewhat
(Fig. 17). The probable cause for this lies in the difference
between the mean values of the introduced noise
(Table 1). Note that the magnitude of the difference is
only marginal.

The modelling results for station S4 show the smallest
mean discrepancy (Table 1, cf. Fig. 17) in spite of some-
what larger ANU values compared to other stations (cf.
Fig. 11).

In the case of horizontal surfaces, there are only mar-
ginal differences between the mean discrepancies and
the standard deviations for data from stations Bl and
B2 (Table 1, cf. Fig. 17). However, larger differences are
expected due to the differences in the calculated ANU
for the two stations (cf. Fig. 12) and thus differences in
the introduced noise (cf. Fig. 14). Recall that noise values
for data from station B2 were smaller than those for data
from B1.

In conclusion, the obtained mean discrepancies, the
maximum absolute value of discrepancy and the standard
deviations (cf. Table 1) indicate good surface fitting
results. This is likely because noise in the survey data
does not include significant systematic error and has a
normal distribution with a mean value of close to zero
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(Table 1.). In spite of the larger ANU values for scanning
stations S4 and BI (cf. Figs. 11 and 12), they yielded the
best modelling results (cf. Table 1). The simulated
along-normal noise did not produce significant effects
on geometric modelling of surfaces. However, if the data
in the present study were complemented with systematic
noise (not within the scope of the present study), the
results may have possibly been different in terms of
noise, and thus the modelling results would have been
different.

Optimal scanning locations

One goal of the study was to identify optimal scanning
locations, considering the simulated realistic surveying
scenarios (cf. Fig. 10). The optimality was defined accord-
ing to two criteria: the magnitude and the distribution of
the calculated ANU values (cf. Figs. 11 and 12).

For the building fagades, the ANU from stations S4
and S5 is clearly larger than that for data from stations
S1, S2, and S3, while ANU for data from stations SI,
S2, and S3 are almost identical. Note that data from
station S4 cover only one side of the building facade,
while other stations cover two sides. For this study, the
station S5 is deliberately located relatively far from the
north-west corner of the building facade (approx. 27 m),
and as expected, it produced the largest ANU values. Lar-
ger distances are also generally more likely to yield sys-
tematic error, e.g. due to an increase in the backscatter
signal-to-noise ratio (Kersten et al. 2009). However,
station S5 also provided a more even distribution of
ANU values over a larger part of the fagade surface (cf.
Fig. lle).

In the case of the bridge deck surface, ANU from
station Bl (located under the deck surface) is larger
than that for data from B2 (cf. Fig. 12).

In general, maximum ANU values are expected when
surveying is carried out in a direction perpendicular to
the surface (cf. the worst-case scenario in the subsection
‘A special case’). In this case, distance measuring accuracy
has the largest influence on uncertainty.

To conclude, based on the analysis of different simu-
lated scenarios (and the given metrological parameters),
optimal scanning locations were determined for (i) the
vertical surfaces of a building fagade, and (ii) the hori-
zontal surfaces of a bridge deck. In the first case, they
were found to be locations closest (less than 10 m) to
the corners of the buildings (stations S1, S2 and S3),
while approx. 85% of the ANU values for data for the
longer sides ® and © obtained from these stations were
on a magnitude of less than 1cm, whereas this ratio
was only 67 and 50% for stations S4 and S5, respectively
(cf. Fig. 11). For the short sides of the building, the
ANU values for stations S1, S2 and S3 were all on a
magnitude of less than 0.7 cm. In the second case, the
optimal location was found to be at the side of the
bridge deck (station B2), since all the ANU values
obtained for data from this station were on a magnitude
of less than 1 cm (cf. Fig. 12). Thus, in the case of bridge
surveys, it is recommended to place the TLS station to
the side of the bridge.

The results of the present study indicate that scanning
in the perpendicular direction to the surface (a being
close to 0°) should be avoided. As the surveying distance
also has a significant impact on the magnitude of the
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ANU, the optimal scanning distance at which ANU can
be reduced is between 10 and 25 m (cf. results in Fig. 3,
which demonstrates that the smallest uncertainties occur
within this interval, note that beyond 25 m the uncertain-
ties start to increase). The influence of ANU on geometric
modelling is further reduced when there are no systematic
errors present. The results of the present study indicate
that the presence of even a small amount of systematic
error has an influence on the geometric modelling.

Conclusions

As TLS is often used for various construction surveys, this
study aims at serving a reference when designing a TLS
survey. The study provides theoretical insights into the
magnitude of the effect of ANU arising when surveying
different types of engineering structures. It is shown that
by judiciously selecting the location of a scanner in a sur-
vey site, it is possible to reduce noise in the surface normal
direction. This is mainly because different scanning geo-
metry yields different scanning parameters (distance,
horizontal and vertical angle) and therefore can generate
less or more noise.

In the present study, a method for estimating ANU is
introduced and verified numerically. Expected uncertain-
ties in different scenarios are investigated. The proposed
method is verified using the results of previous empirical
TLS case studies and geometric relations.

The simulated survey data were contaminated with the
random noise. Thereafter, the data were geometrically
modelled using an iterative modelling method. Owing
to the normally distributed random noise, the modelling
results indicated good surface fittings. Such results were
obtained most likely because that noise in the survey
data did not include significant systematic error and had
a normal distribution with a mean value of close to zero
(max. 0.04 mm). If systematic error had also been con-
sidered in the present study, results may have possibly
been different.

The optimal scanning locations were determined to be
locations closest (less than 10 m) to the corners of the
simulated building (stations S1, S2 and S3) and the
location at the side of the bridge deck (station B2). It is
shown that maximum ANU values are expected when
surveying is carried out in a direction perpendicular to
the surface. It is also shown that optimal scanning dis-
tance is in the range of 10-25 m.

Future studies should more closely investigate the
dependence of results of different TLS signal processing
methods and also applicability of CSU equations consid-
ering also systematic error in TLS surveys.
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Abstract. Terrestrial laser scanning technology has developed rapidly in recent years and has been used in various
applications but mainly in the surveying of different buildings and historical monuments. The use for terrestrial laser
scanning data for deformation monitoring has earlier been tested although conventional surveying technologies are
still more preferred. Since terrestrial laser scanners are capable of acquiring a large amount of highly detailed geometri-
cal data from a surface it is of interest to study the metrological advantages of the terrestrial laser scanning technology
for deformation monitoring of structures. The main intention of this study is to test the applicability of terrestrial laser
scanning technology for determining range and spatial distribution of deformations during bridge load tests. The study
presents results of deformation monitoring proceeded during a unique bridge load test. A special monitoring method-
ology was developed and applied at a static load test of a reinforced concrete cantilever bridge built in 1953. Static loads
with the max force of up to 1961 kN (200 t) were applied onto an area of 12 m” in the central part of one of the main
beams; the collapse of the bridge was expected due to such an extreme load. Although the study identified occurrence
of many cracks in the main beams and significant vertical deformations, both deflection (-4.2 cm) and rising (+2.5 cm),
the bridge did not collapse. The terrestrial laser scanning monitoring results were verified by high-precision levelling.

The study results confirmed that the TLS accuracy can reach +2.8 mm at 95% confidence level.

Keywords: Terrestrial Laser Scanning, precise levelling, load testing, monitoring deformations, cantilever beam.

1. Introduction

In recent years Terrestrial Laser Scanning (TLS) has be-
came more widely used in surveying of different struc-
tures. The main advantage of using TLS technology in
such projects lies in its capability of acquiring a complete
set of data of the whole surface of interest within a short
period of time. TLS also enables surveying of inaccessi-
ble parts of structures with a high level of detail. Advanta-
geously the technology does not rely on specific reference
points as are needed for conventional technologies such
as levelling and tacheometry. A thorough overview of the
TLS technology can be found in Staiger (2003), Quintero
et al. (2008), Reshetyuk (2009) and Vosselman and Maas
(2009). The quality analysis of TLS can be found in Reshe-
tyuk (2010) and Lichti (2010).

Geodetic deformation monitoring of different struc-
tures is conducted commonly by using either total station

observations, precise levelling, terrestrial photogramme-
try or GPS (Global Positioning System) surveys. Fairly sel-
dom TLS has been used in deformation monitoring due to
the novelty of the technology. Nevertheless, deformation
monitoring using TLS technology is reported by Tsakiri
and Pfeifer (2006), who gave an assesement of the quality
of results and also reviewed aspects that are recommended
to be considered for such research. Monserrat and Croset-
to (2008) applied the least squares 3D surface matching (a
method proposed originally by Gruen and Akca (2005))
to identify deformations based on repeated TLS scans.
Riveiroa et al. (2013) validates TLS technology and pho-
togrammetric techniques for deformation monitoring, the
resulting TLS accuracy was estimated to reach 10 mm.
The main purpose of conducting aload test of an exist-
ing bridge is to acquire information on the carrying capaci-
ty of the structure, which condition has been influenced by
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age and traffic. The need for load testing arises from doubts
about the quality of construction or design or when some
visible damage has occurred. The load testing is particular-
ly valuable where public confidence is involved. Also a load
test may be intended to establish the behaviour of a struc-
ture, analysis of which might otherwise be impossible for a
variety of reasons (Bungey, Millard 1996). During bridge
load tests elements of the beams are streched allowing the
beam to bend. Thus there is a need to determinine defor-
mations of inaccessible parts of the structure of the bridge,
such as the bottom surface of the beams.

This study focuses on geodetic monitoring of bridge
deformations occurring during static load test. Two sur-
veying technologies: TLS and precise levelling were used
for this. A similar work is reported by Zogg and Ingen-
sand (2008) who described deformation monitoring at
a load test of a viaduct using a TLS and precise levelling
simultaneously at the deck of a viaduct itself. The main
objective of the present study is to explore the behaviour
of the bridge structures during the load test with extreme
static loads — according to the pre-calculations the bridge
was expected to collapse. This prevented placing the TLS
monitoring station either on or under the bridge deck. An
accuracy assessment of using TLS technology in unfavour-
able and hazardous survey conditions is investigated. Pre-
cise levelling results are used for verifying TLS data accu-
racy. A brief summary concludes the paper.

2. Bridge load tests

Bridge load tests provide researchers and bridge engineers
with valuable information about the actual behaviour of
structure. There are always some discrepancies between pre-
calculations and the actual test results, since different calcu-
lation methods involve several variables and usually adopt
some simplifications. Sometimes the structure is too dam-
aged for adequate evaluations of the load-bearing capacity.

Bridges are tested either using static or dynamic
loads. For static load tests (depending also on expected
outcome) heavy vehicles (dumper trucks, army tanks, etc.)
or heavy items (metal blocks, sand bags, etc.) are usually
placed on bridge deck. Displacements, deformations and
the incipiency of cracks in the structure are investigated
during the test, Fig. 1.

Static load tests can be divided into three groups: ap-
pending, proving and destructive load test (Ryall 2001).

Yield of reinforcement

Load

Lower yield of
reinforcement

Failure (usually by
concrete crushing)

«— Flexural cracking

Deflection
Fig. 1. Typical load deflection curve for under-reinforced beam
(Bungey, Millard 1996)

The appending load test is the most common testing meth-
od, and it is usually carried out by bringing a load to bear-
ing support that is up to 70% of the designed load value
without causing any permanent damage to the structure.
The actual test results are usually compared with pre-cal-
culated values to determine whether the selected calcula-
tion method was correct or not. The results also show the
technical condition of the structure. In proving load tests
the load is selected to be equal to the load that is theo-
retically destructive to particular bridge. This method
provides direct proof of the actual carrying capacity of
the bridge, but there is a significant risk of damage to the
bridge structure. The third option is to load the bridge up
to the point of destruction. This load test is rarely used —
mostly on old bridges which will be demolished during or
after the testing anyways, the main aim being to provide
information on the current physical condition of similar
type bridges elsewhere. The destructive method was used
in this case study.

Dynamic load testing provides data on the dynamic
behaviour of the structure such as displacements, defor-
mations, natural frequencies, mode shapes and damping.
Dynamic load tests are considered more hazardous, due
to the vibrations caused in the structure, as they generally
lead to extensive damage. In the case of dynamic load tests,
a vehicle with several axles and a specific weight travelling
on the bridge at various speeds is generally used. For short
bridges the dynamic load test is rarely carried out.

There are many procedures to be carried out before
and after the bridge load test. Just before the test, a detailed
inspection of the structure must be conducted. It is vital to
record the initial state of the structure, since after the load
testing it would not be possible. Pre-calculations are need-
ed for estimating expected magnitude of deformations oc-
curring during the load test. Theoretical pre-calculations
describe the behaviour of the structure during the test and
evaluate the critical moment and mode of the structure’s
failure. There are usually two types of pre-calculations —
one based on the original design (technical documenta-
tion, drawings etc) and the other, on the actual parameters
(e.g. in situ measured dimensions, material properties).
Prior the test, a test plan is usually formulated where all
actions involved in the testing are described in detail. The
testing ends with a thorough final report which contains,
in addition to the analysis of the test results, a description
of the procedures carried out before and after the test.

Load testing of bridges is not required by law in Esto-
nia, but in practice there is a need for about 2-5 tests ev-
ery year. Estonian Road Administration acknowledges that
even though several international standards related to load
testing (ISO 2394:1998 General Principles on Reliability for
Structures, ISO 13822:2010 Bases for Design of Structures -
Assessment of Existing Structures, ISO 14963:2003 Mechan-
ical Vibration and Shock - Guidelines for Dynamic Tests and
Investigations on Bridges and Viaducts, ISO 18649:2004
Mechanical Vibration — Evaluation of Measurement Re-
sults from Dynamic Tests and Investigations on Bridges etc.)
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exist, but there is a need for developing comprehensive na-
tional guidelines for this complicated procedure. The pres-
ent case study is meant to be a step towards development
of bridge load testing guidelines for Estonia.

There are around 950 state highway bridges in Es-
tonia, 82% of which are made from reinforced concrete,
69% of which have a total length of 3-25 m, and 64% of
which were built between 1950 and 1990. The structures of
these bridges were mostly standardised, e.g. the case study
bridge had a structure typical of the 1950-ies. The Estonian
Road Administration is interested in investigating these
bridges more thoroughly, since heavy vehicles, salting of
the roads, complicated climate conditions (the amount of
rainfall exceeding evaporation and temperatures fluctuat-
ing substantially around 0 °C, resulting in the corrosion
of reinforcement steel bars and the cracking of concrete),
inappropriate technical solutions, and insufficient mainte-
nance over the decades have degraded the load carrying
capacity of these bridges.

3. Review on geodetic monitoring technologies

In overall, there are different devices that are used to deter-
mine characteristics of deformations such as strain gauges,
inclinometers, crack microscopes, rulers and callipers. Ge-
odetic instruments include precise levelling instruments,
total stations, terrestrial laser scanners and terrestrial pho-
togrammetric instruments.

However no static devices were used in the case stu-
dy due the risk of structural failure thus the possibility of
shattering the assembled devises. Since the case study used
two geodetic monitoring techniques — precise levelling
and TLS, their principles are briefly reviewed below.

3.1. Precise levelling

Precise levelling measurement is considered the most ac-
curate way of determining heights and is expected to pro-
vide the best quality of results in deformation monitoring
process. Precise levelling uses highly accurate levelling
instruments and levelling staff(s). The data processing is
simple and very straightforward. The observing proce-
dures applied in precise levelling are more rigorous than
in general engineering levelling. Sub-millimetre accuracy
is only achieved by using modern levelling instruments in
conjunction with calibrated invar levelling staff(s).

3.2. Terrestrial laser scanning

Based on scanning technology, TLS’s are divided into tri-
angulation, Time of Flight (TOF) and Phase-Shift (PS)
scanners.

Triangulation laser scanners are mainly used in ap-
plications generally requiring an operating range that is
less than 25 m; nonetheless triangulation scanners have
very high accuracies in the order of tenth of millimetres.
In principle triangulation scanners are considered also as
terrestrial laser scanners, but due to the limited working
range, they may not be categorized in the same group of
terrestrial laser scanners (Schulz 2007).

TOF laser scanners make use of short laser pulses by
which they scan their entire field of view one point at a
time by changing the range finder’s direction. The view
direction of the laser range finder is changed by a deflec-
tion unit (Quintero et al. 2008). Since the laser pulse trav-
els with a constant speed, the speed of light, the distance
between the scanner and the object is determined with the
following expression (Vosselman, Maas 2009):

ot
2r

P; (1)
where p; - the range of the i point with respect to
scanner location; ¢ — the speed of light in vacuum (i.e.
299 792 458 m/s).

If the light waves travel in the air-filled environment
then a correction factor equal to the refractive index, which
depends on the air temperature, pressure and humidity,
must be applied to ¢, e.g. according to Vosselman and Maas
(2009) r = 1.00025. Typical pulsed TOF laser scanners mea-
sure up to 50 000 points per second. The distance accuracy
of TOF scanners depends mostly on timing accuracy re-
sulting normally an accuracy of 4 to 10 mm.

In PS laser scanners the emitted (incoherent) light
is modulated in amplitude and fired onto a surface. The
scattered reflection is collected and a circuit device mea-
sures the phase difference between the sent and received
wave-forms, hence a time delay. According to the distance
measuring equation of the TOF scanners, the distance to
the target can be found by the demodulation of the back-
scattered signal by means of four sampling points that are
triggered to the emitted wave (Quintero et al. 2008):

A
4ch mod

where A® - phase difference; f,,, ;- modulation frequency.
This method allows faster measuring, up to 1 000 000
points per second, typically within ranges under 100 m. The
accuracy of PS scanners depends on the modulated wave-
length and the signal to noise (SNR) ratio resulting nor-
mally in an accuracy of 2 to 5 mm (Quintero et al. 2008).
Thus, a TLS is able to acquire a large number of points
within seconds; the acquired data forms a point cloud:

()

Pi

{(xi,yi,zi,I(xi,yi,zi)), i=1 ..., n}, 3)

where x;, y;, z; denote the coordinates of the i" survey
point in the scanner’s intrinsic coordinate system; I(x;, y;,
z;) - the intensity related to the ith point; 7 — the number of
acquired survey points. Intensity is a value of the returned
signal strength, which is usually stored as a unitless num-
ber in the range of 0 to 23. If the scanner is equipped with
a digital photo camera, the colour values from the pho-
tos are also added to each survey point. The coordinates
(x5 ¥ 7;) of the ith survey point with respect to the scan-
ner’s intrinsic coordinates are determined using the point’s
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spherical polar coordinates: range, horizontal direction,
and vertical angle.

In order to transform the coordinates from the in-
trinsic coordinate system to some extrinsic coordinate sys-
tem (e.g. national) a rigid-body transformation is used (cf.
also Mill et al. 2014).

E
xf s Xi
J’IE = )/5 +R3(K)R2((P)R1((D) Yib (4)
ZE| | ZF Zi
where (x,-E,ylE,zE), i=1, ..., n denote the coordinates

of a scanned point i in the extrinsic coordinate sys-
tem. (x£,yE, 28 ) are the coordinates of the centre of
the laser scanner expressed in the extrinsic system and
(x-¥;2), i=1, ..., n are the coordinates of the ith
scanned point expressed in the intrinsic coordinate sys-
tem. Ry, R,, Ry — the matrices for rotation around the x-,
y- and z-axes respectively; (w, ¢, k) — the rotation angles
from the extrinsic coordinates to the scanner intrinsic co-
ordinates about the x-, y- and z-axes. The process is also
known as georeferencing.

If the scanner is equipped with a dual-axis compensa-
tor, then the instrument’s z-axis is parallel with the extrinsic
system’s z-axis and thus the rotation angles w, ¢; become to
zero, i.e. Ry, R, in Eq (4) are identical (unit) matrixes.

4. The case study

4.1. Description of the bridge

The European route E20 is a West-East United Nations
(UNECE) across-sea route covering some 1880 km span-
ning Northern Europe from the United Kingdom, Ireland,
Denmark, Sweden, Estonia and finally to Russia’s second
largest city Saint Petersburg. In Estonia the European
route E20 connects the capital Tallinn and the third larg-
est city Narva, located the eastern point of Estonia, by the
Russian Federation border.

The load test presented in this study was performed
on a bridge No. 156 located at kilometre 66 from Tallinn.
The bridge crosses the Loobu River. The bridge was built
in 1953 from reinforced concrete using a typical project
from the year 1947 (Sbornik tipovykh proektov zhelezobet-
onnykh i kamennykh iskustvennykh sooruzheniy. Vypusk 6.
Zhelezobetonnye balochno-konsol'nye proletnye stroeniya.
Prolety LO - 12, 16, 20, 25 i 30 m. Gabarit G-7. Nagruzka
N-101i N-60. 1947). The total length of the two-lane bridge
was 31.2 m and width 8.5 m. The bridge was made of con-
crete mark M140 which by calculation had compression
strength of f; = 15 MPa. The main reinforcement steel was
mark St.3 (yield stress f, = 210 MPa) with a diameter of
38 mm. The cover of the main reinforcement was 30 mm
(Fig. 2). The form of the bridge structure was beam-type
with two cantilevers 6.9 + 17.4 + 6.9 m. The bridge was
originally designed to correspond load models N-10 and
NG-60. According to former Soviet Union bridge norms
the load model N-10 consists of several consecutive two-axle
trucks where one of them weights 13 t (127.5 kN) and others
10 t (98 kN). The load model NG-60 consists of one caterpil-
lar vehicle with a total load of 60 t (589 kN). The daily traffic
frequency of the bridge was around 2700 cars — the carrying
capacity and width appeared to be insufficient for contem-
porary needs. The general condition of the bridge was un-
satisfactory before the testing — the index of condition was
63% out of 100% calculated by the Pontis Bridge Manage-
ment System. That meant the bridge needed an overhaul or
replacement during the next five years. An extensive cor-
rosion of the reinforcement steel bars of the main beams
had caused cracking of the concrete covers for reinforce-
ment. Due to long-term self-weight and increased traffic
load the main beams had also vertical cracks (their widths
reached up to 0.1 mm).

After the load test the bridge was demolished.

4.2. Preliminary calculations and expected results

For pre-calculations of internal forces to occur during the
bridge test load, all safety factors were taken from the former
Soviet Union bridge norms (SNiP 2.05.03-84 Mosty i truby):

Cross-section and reinforcent of Loobu bridge
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Fig. 2. A cross-section and reinforcement (depicted as blue dots and blue line in the beams) of the tested bridge



The Baltic Journal of Road and Bridge Engineering, 2015, 10(1): 17-27 21

— for self-weight coefhicient yr =15

— for N-10 y¢= 1.4 and dynamic factor for 32.1 bridge

length 1 +p=11;

— for NG-60 y,=1.1.

Calculations were carried out using the 3D finite el-
ement program Bentley STAAD.Pro with different load-
ing schemes (trucks, caterpillar vehicles, and other types
of loads) Fig. 3.

The max bending moment (Mg,) for the southern
beam due to its own weight and the 60 t caterpillar vehicle
was calculated to be 1916.5 kNm, yielding a predicted deflec-
tion of up to —13.6 mm. The calculated bending resistance
(Mp,) at the centre of the southern beam based on the ma-
terial’s strength properties given in the design project was
3387.0 kNm. The calculated bending resistance was almost
twice the bending moment from the weight of the norma-
tive 589 kN (60 t) load. The max bending moment (M)
from the designed test load of 1961 kN was calculated to be
5125.0 kNm, which is approx 1.5 times larger than the design
bending resistance based on the bridge design project. The
bending resistance (Mp,), calculated by using material char-
acteristic from the laboratory test was 5439 kNm, which was
~1.1 times larger than the bending moment from test load.

Based on preliminary calculations (Table 1) the de-
signed test load is predicted to cause smaller bending mo-
ment (Mpy) than the load capacity of the bridge.

The expected deflection from the max testing load
was -50.3 mm (EN 1992-1-1:2004 Eurocode 2: Design of
Concrete Structures — Part 1-1). However, using a linear-
elastic calculation without cracking and Young’s modulus
obtained from laboratory testing of the concrete, the de-
flection was calculated to be -31.6 mm.

4.3. Design of the load test and visual deformation
monitoring results

For the load test a hundred pieces of special two-ton metal
blocks 2.00x0.40x0.35 m were used. The load test and the
monitoring process were divided into four stages:

(i) documenting the situation before the loading,

(ii) placement of the 785 kN load,

(iii) placement of the 823 kN load,

(iv) placement of the remaining 353 kN load.

The bridge was loaded in total with a total force of a
load of 1961 kN (200 t), which clearly exceeds the designed
load-bearing capacity of 589 kN (60 t), see section 4.1. The
load (altogether 1961 kN) was piled up in the centre of
the bridge on its southern side within 2x6 m rectangular
area, Fig. 4. After the first two loading the bridge was set
to sag for at least 30 min; after the loading of the remain-
ing weights, the bridge was set to sag for at least 60 min.
Monitoring begun after the deformations were stabilized.

In spite of fact that the total load exceeded the nomi-
nal carrying value more than three times, the bridge did
not collapse. The main reasons to explain this was that the
actual building materials used for the bridge components
were much stronger than described in the original 1947 en-
gineering project. The principles of calculation method for

reinforced concrete structures more than 60 ears ago were
different compared to nowadays.

The laboratory tests results on the concrete speci-
men from the Loobu bridge proved that the compression
strength of concrete (f; = 40 MPa) was approximately
2.7 times larger than in the design project (f = 15 MPa).
The high compression strength of concrete is partially ex-
plainable by the fact that compression strength increas-
es in time. The average yield stress of the reinforcement
(f, = 295 MPa) was ~1.4 times higher than in the design
yield stress f, = 210 MPa. According to the former Soviet
Union standard GOST 380-57, the steel mark St.3 has mini-
mal characteristic yield strength of f,, = 240 MPa and ulti-
mate limit stress f,; = 400-500 MPa. The laboratory test re-
sult of the tensile strength of reinforcement f;, was 426 MPa.
The strength characteristics of the reinforcement steel used
in the bridge construction meets the material class St.3.

Crack widths caused by the test loads at the bottom
side of main beams reached up to 0.5 mm (in the middle
of the span after every 15...20 cm), exceeding thus the al-
lowed values of the serviceability limit state. The max ad-
missible width of crack is 0.3 mm (EN 1992-1-1:2004).

A view from north-east

Fig. 3. Example of 3D model of the superstructure of the bridge
with testing load

Fig. 4. Full load (1961 kN) placed on the bridge, image view
from the scanners position from the Southern side of the bridge

Table 1. Bending moments and resistance’s

Bending resistance Bending moment

(Mpy) (M)
Based on the bridge 3387 kNm 1916 kNm
design project
Based on the load 5439 kNm 5125 kNm
test design
Differences 62% 37%
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4.4. Geodetic monitoring

The deformation monitoring of the load test was carried
out using precise levelling and a novel terrestrial laser
scanning technology. Precise levelling results were used to
verify the accuracy of the TLS results in this study. Veri-
fications of the TLS accuracy at bridge-works by modern
electronic tacheometry is found, e.g. Mill et al. (2011). The
monitoring process was carried out simultaneously but
from different locations of the bridge; precise levelling on
the deck of the bridge, whereas TLS observations were pre-
ceded from one side of the bridge aiming to observe the
bottom surfaces of the cantilever beams.

4.4.1. Deformation monitoring using a precise levelling

A precise digital level Trimble DiNi03 with two calibrated in-
var bar code levelling staffs was used for determining bridge
deformations. According to specifications the instruments
standard deviation is 0.3 mm on 1 km of double run level-
ling with invar precision bar code staffs. The precise levelling
instrument Trimble DiNi03 and used invar bar code levelling
staffs were calibrated and certified at the Metrological Labora-
tory of the Finnish Geodetic Institute in December 2010.

For deformation monitoring 20 reference points were
embedded into the deck of the bridge (Fig. 5) at its north-
ern and southern sides. A 0.60 m long steel rod as a tempo-
rary reference mark was embedded away from the bridge
deck on a stabile soil. The levelling was accomplished from
two stations placed away from the bridge deck.

The precise levelling was conducted before the load-
ing and after each loading session.

+HDS Targets N1+
< Height mark for precise levelling
4 =T1S
690 1740 m
G 6.90 m
SP.1 SP.2 SP3 ; g
5P.4 SP.5 SP.6SP.7 SP.& SP.9 §P.10SP.11SP.125p.13
5+ Ts

P ]
]nllmnmf

SL.1

N2+ b——d
Fig. 5. Locations of the levelling height marks, TLS station, HDS
targets and the load blocks. The bridge columns and cantilever
beams with beam supports are exhibited by dashed lines

The zenith
I

Bottom surface of beam

Angle of
incidence

Fig. 6. Angle of incidence at scanning, the red line indicates
the laser beam

4.4.2. Deformation monitoring using a TLS

A TOF Leica ScanStation C10 was used for monitoring of
bridge deformations. The max range of the device is 300 m
with a 360x270° field of view and max scanning rate of up
to 50 000 points/sec. The manufacturer’s accuracy specifica-
tions for the range and angle are +4 mm and +12 arc-sec,
respectively. Several studies e.g. Abbas et al. (2013) and
Antanavicitte et al. (2013) have investigated the calibration
parameters of laser scanners Leica ScanStation C10. The re-
sults of the studies revealed only minor systematic errors
in range measurement and in both horizontal and vertical
angle measurement. The residuals corresponded with the
manufacturer’s accuracy specifications. Concerning the laser
scanner Leica ScanStation C10 used in our study, it was cali-
brated before and after the bridge load test. In both occasions
the same conclusion was reached and certified.

The TLS was erected at the best possible location at
the distance of 6 m from the southern edge of the bridge
(Fig. 5). It remained in the same location during the entire
course of measuring. As the load test took place in ear-
ly spring, when the ground had not yet thawed, the level
compensator of the scanner was continuously monitored
to detect and compensate any movements by the subsid-
ence of the tripod.

Nevertheless, to ensure the scanning accuracy the
scanner was reoriented before each TLS session using the
3"x3"” HDS (High-Definition Surveying) targets mounted
near the bridge (Fig. 5). A detailed overview of TLS orien-
tation methods therewith a registration method is given
by Becerik-Gerber et al. (2011). Also Alba and Scaioni
(2007) give a thorough overview of common registration
processes and georeferencing techniques. The used TLS is
equipped with a dual-axis compensator.

The scanner was set at the lowest location at the river
bank to minimize incidence angles (Fig. 6) of laser beams.
Recall, that placing the scanner under the bridge would
have been hazardous due to the risk of the bridge collapsing.
Lichti (2007) and Soudarissanane et al. (2007) suggest scan-
ning at incidence angles below 65° and moreover, Souda-
rissanane et al. (2011) states that increased incidence angles
cause signal deterioration by approximately 20%. The actual
incidence angle values at survey were between 80° and 87°
at the southern and northern beams of the bridge, respec-
tively. Although the incidence angle values were larger than
the aforementioned threshold values, no remarkable unfa-
vourable behaviour was detected from the achieved results.

Due to large incidence angles (80-87°), the angular
precision determines the precision of the height of the
scanned points. The law of error propagation is used to
compute the precision of the height of the scanned point:

2
o o
o2 (Ah) = E[a—ij Gz(w, y (5)

where o2 (Ah) denotes the combined variance of height

increment with respect to the scanner origin. Note that
Ah - an estimate (derived from the TLS range and angle
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measurements, Eq (6)) of the actual height increment Ah;
f-the function Ah = fiw,), i =1, ..., n, relating the observa-
tions (w;), i = 1, ..., n, and the height increment; GZ(W_) - the
variance of the it observable. The observation eqﬁation,
i.e. function f, for the it scanned point is written as:

Ah; =p; cosp;» (6)

where p; - slope distance from the scanner to a contact
point in the reflective surface; ¢; - zenith angle (Fig. 6); Ah
- the resulting height increment.

Inserting Eq (6) into Eq (5) and calculating the de-
rivatives, the combined standard uncertainty 6(Ah) of the
height increment of a survey point is found as:

S(Ah)= i\/COS“pizcdistz + piz(_ sin ?; )2 Ganglez > (D)

where 6 4, - the scanner’s standard distance uncertainty;

Gangle — the scanner’s standard angular uncertainty. Since

S(Ah) depends on the angle ¢, i.e. it is individual for each
point i. .

The combined standard uncertainties G(Ah) for the
height increments at four points, two points on the southern
beam and two points on the northern beam were calculated.
The two points on the southern beam were located at dis-
tances (p) of 8.44 m and 19.66 m from the scanner at zenith
angles () of 81°02” and 86°24; respectively. The two points
on the northern beam were located at distances of 13.43 m
and 21.48 m from the scanner at zenith angles of 84°23’ and

Inserting these values into Eq (7) the mean value of
four combined standard uncertainties of height increments
S(Ah) of the survey points equals +1.0 mm (one o), which
by adopting the 95% confidence interval (two o) yields an
uncertainty of +2.0 mm. Thus the uncertainty of sequential
TLS data sets (obtained from different monitoring epochs)
equals to 2.02 = +2.8 mm. Hence, the height differences
exceeding +2.8 mm between two TLS epochs at a location
is considered as actual deformations.

5. Deformation analysis between different epochs

5.1. Results from TLS data

The processing of TLS data was conducted using a com-
mercial 3D Point Cloud Processing Software Leica Cyclone
developed by Leica Geosystems AG. The processing in-
cluded removing noise from point clouds, creating surface
meshes and deformation analysis between a surface created
from the TLS data before the load test and surfaces created
from TLS data from sequential load test epochs.

Under aload of 785 kN at its centre, the southern can-
tilever beam deflected by up to -1.8 cm (Fig. 7). Note that
the western end of the beam rose by up to +0.6 cm; at the
same time, the eastern end of the beam showed in some
parts a deflection of up to -0.3 cm but no detectable rise.

A max deflection of -0.9 cm occurred at the centre of
the northern cantilever beam (Fig. 7). The western end of
the beam rose by up to +0.4 cm; at the same time, the east-
ern end of the beam showed in some places a deflection of
up to 0.7 cm and in some cases a rise of up to +0.3 cm.

86°53] respectively. Numerical values for 6 4, and O angle Were Deformation measurement values derived from TLS
taken from the manufacturer’s specifications. data indicate that the centre southern cantilever beam,
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under a load of 1608 kN, deflected by a max of -3.0 cm
(Fig. 8). Both the western and the eastern ends of the beam
show a rise of up to +1.4 cm.

The centre northern cantilever beam deflected by up
to —1.8 cm (Fig. 8). The western end of the beam shows a
rise up of to +1.0 cm; the eastern end of the beam, a rise of
up to +0.6 cm.

Deformation measurement values derived from TLS
data when a max load of 1961 kN was applied indicate
that the centre southern cantilever beam deflected by up
to —4.2 cm (Fig. 9). The western end of the beam shows a
rise of up to +2.2 cm; the eastern end of the beam, a rise
up to +2.5 cm.

The centre northern cantilever beam showed a def-
lection of up to -2.4 cm (Fig. 9). The western end of the
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beam showed a rise of up to +1.7 cm; the eastern end of the
beam, a rise of up to +1.2 cm.

The deformation magnitudes agree roughly with the
predictions (Section 4.2).

5.2. Comparison of precise levelling and TLS results

Precise levelling is based on difference of readings from a
static invar bar code levelling staff positioned on a bench-
mark located some distance away from the bridge deck
and readings from a second invar bar code levelling staff
placed on embedded bolts to the bridge deck.

The bolts for levelling had to be placed a bit off from
the exact location of the beams (Fig. 5). Therefore, in order
to compare precise levelling results with TLS results, the
longitudinal locations of the bolts were used as reference
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Fig. 9. Results from the loading of 1961 kN force

Table 2. Deformations determined by precise levelling and TLS

Deformations detected by TLS, cm Deformations detected by precise levelling, cm
Southern beam Northern beam Southern beam Northern beam
L Rising Rising Rising Rising
E;d’ Deflection  est  East Deflection  yyegt East | Deflection  west  East Deflection  west  East
end end end end end end end end
758 -0.7 +0.3 +0.1 -0.3 +0.5 +0.2 -0.808 +0.428 +0.323 -0.123 +0.172 +0.051
1608 -2.1 +0.7 +0.6 -0.8 +1.0 +0.5 -2.269 +1.437  +1.282 -0.560 +0.784 +0.668
1961 =32 +1.2 +1.1 -14 +1.7 +1.0 -3.542 +2.394  +2.597 -1.111 +1.530 +1.686

Deflection of the Southern cantilever beam

Displacements, mm

—+— 785 kN force of load TLS
—=—1608 kN force of load TLS
——1961 kN force of load TLS

—e— 785 kN force of load Levelling
—=— 1608 kN force of load Levelling
——1961 kN force of load Levelling

Fig. 10. Comparison of TLS and levelling results of the Southern beam. Note: at the centre of the beam (SL.7) deflection difference
between TLS and levelling is under 785 kN + 0.108 cm; under 1608 kN + 0.169 cm; under 1961 kN +0.342 cm
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points when determining the heights in the middle of the
bottom surface of the beam, making the compared points
equal in the longitudinal direction.

The TLS and levelling detected deformation values
are presented and in Table 2.

Comparison of corresponding deformation values
(Table 2) reveal a reasonable agreement between the TLS
and precise levelling results. Note however, that TLS data
is missing for the very beginning of the beams at SL 1-2
and SP 1-2; also TLS data is missing at the very end of the
bridge deck at SL 12-13 and SP 12-13 (Figs 10 and 11) due
to the limited bridge opening. From the comparison (Figs
10 and 11), a certain pattern for discrepancies emerges.
The comparison results of the southern beam indicate that
precise levelling results show slightly higher deflection val-
ues than TLS results; in the case of the northern beam, pre-
cise levelling results show slightly lower deflection values.
Although the differences are noticeable, the differences are
just within millimetres (detailed values are in Table 3).

The detected differences have occurred most likely
due to the following. First, the accuracy of the TLS, since
the TLS data uncertainty in this case was considered
+2.8 mm. Second, the TLS and precise levelling data were
acquired from different surfaces - the TLS data addresses
the bottom surface of beams, whereas the levelling was
proceeded on the bridge deck. In addition, the differences
were also due to the eccentric position of the load. When
recalculating the precise levelling results by considering

the inclination of the bridge due to the eccentric loading,
the max displacement for the southern beam becomes
-3.1 cm (TLS yielded -3.2 cm) and for the northern beam
-1.5 cm (TLS -1.4), thus, the actual accuracy is estimated
to be £1 mm.

6. Conclusions

1. In this study a unique static load tests of a 60 year old
cantilever beam bridge was presented. The loading test
was divided into three loading and deformation monitor-
ing stages. The stages consisted of forces of loads 785 kN,
1608 kN and with a max load of 1961 kN. The loading was
carried out mainly on the southern cantilever beam but
deformations were determined on the northern beam as
well. For deformation monitoring terrestrial laser scan-
ning technology simultaneously with precise levelling was
applied. The pre-calculated max deflection of the bridge
was —-50.3 mm; according to precise levelling the actual
deflection of the bridge deck at the max load of 1961 kN
was -35.4 mm which is then 1.4 times smaller than pre-
calculations predicted.

2. In spite of fact that the total load exceeded design
value more than three times, the bridge did not collapse.
The main reasons to explain this was that the actual ma-
terials were much stronger than described in engineering
project and the principles of calculation method for rein-
forced concrete structures more than 60 years ago were
different compared to nowadays. There were no significant

Deflection of the Northern cantilever beam

SP.1

SP2 SP3 SP4

Displacements, mm
(=}

—+— 785 kN force of load TLS
—=—1608 kN force of load TLS
——1961 kN force of load TLS

—+— 785 kN force of load Levelling
—=— 1608 kN force of load Levelling
——1961 kN force of load Levelling

Fig. 11. Comparison of TLS and levelling results of the Northern beam. Note: at the centre of the beam (SP.7) deflection difference
between TLS and levelling is under 785 kN -0.177 cm; under 1608 kN -0.24 cm; under 1961 kN -0.289 cm

Table 3. Comparison of deformation results

Differences, cm

Southern beam Northern beam
Load, kN Centre West end East end Centre West end East end
758 +0.108 -0.128 -0.223 -0.177 +0.328 +0.149
1608 +0.169 -0.737 -0.682 -0.240 +0.216 -0.168
1961 +0.342 -1.397 -1.497 -0.289 +0.17 -0.686

Note: results are derived via TLS - Precise levelling, cf. Table 2.
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damages of the bridge structure, only crack width ex-
ceeded the allowed values of the serviceability limit state
almost two times. The study results are useful at further
bridge load tests, since the novel technology provides un-
precedented possibilities (as opposed to conventional sur-
veying technologies) and excessive datasets for more ex-
tensive data analysis.

3. Results from this study confirm the assumed ac-
curacy of terrestrial laser scanning on 95% confidence
level of +2.8 mm. The differences between terrestrial laser
scanning and precise levelling vary within few millimetres.
Therefore, in general TLS is suitable for detecting defor-
mations within millimetre accuracy but it cannot be used
for works demanding sub millimetre accuracy. However,
terrestrial laser scanning allows acquiring high-resolution
(almost continuous) data over the entire surface, in con-
trast to low-resolution point-wise levelling data. TLS tech-
nology allows remote monitoring of hazardous processes,
thus, ensuring better safety of surveyors in such load tests.
Note also that the terrestrial laser scanning data process-
ing algorithms are currently still in the development phase.
Within foreseeable future it will be possible to solve such
complex data management tasks even more efficiently.
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Abstract. The technology of terrestrial laser scanning has evolved rapidly in recent years and it has been used in vari-
ous applications, including monitoring vertical and horizontal displacements of constructions but significantly less in
road frost heave assessment. Frost heave is categorised as one of the main causes of pavement surface damage in sea-
sonal frost regions. Frost heave occurs in wintertime and in early spring at the freezing process of the ground supported
structures such as roads. The major change in the structure is the increase of soil volume due to freezing of its water

content. This contribution assesses vertical displacements caused by frost heave on a road using novel terrestrial laser
scanning technology. The study emphasises on benefits using the technology in determining accurate magnitudes and
spatial distribution of frost heave of roads. The results of case study revealed uneven spatial distribution of frost heave,
which may also be an evidence of relatively poor road design quality. Therefore it is also advisable using terrestrial la-

ser scanning in applications such as quality assessment of existing roads and in the pre-reconstruction design stage for
detecting any frost heave sensitive areas in existing embankments.

Keywords: terrestrial laser scanning, levelling, frost heave, road condition measurement, pavement surface, embankment.

1. Introduction

Since the beginning of the rapid development of terres-
trial laser scanning (TLS) technology in the late 1990-ies
it has been used in various projects including deformation
monitoring. Deformation monitoring by TLS has been re-
ported by different authors, e.g. Tsakiri and Pfeifer (2006),
Zogg and Ingensand (2008), Riveiroa et al. (2013). While
conventional geodetic technologies focus on collecting
sample data of an object with spatial resolution of some
meters (depending on the object) the TLS technology cap-
tures the complete field of view with a cm range spatial
resolution (e.g. Paeglitis ef al. 2013). A thorough overview
of TLS technology is presented in Reshetyuk (2009) and
Vosselman and Maas (2009). The quality analysis of TLS is
studied by e.g. Reshetyuk (2010) and Lichti (2010).
Occurrence of frost heave has always been a crucial
indicator of the quality of the road embankment in sea-
sonal frost regions. It is acceptable for the pavement sur-
face of the road to rise evenly during a sustained cold pe-
riod (when temperatures are mostly below freezing point)

and settle during a sustained warm period. For instance,
according to Elastsete teekatendite projekteerimise juhend
(Guide for the Design of Elastic Pavements) issued by the
Estonian Road Administration in 2001, the allowed maxi-
mum range of the vertical raise of the pavement surface
for asphalt concrete pavements is 40 mm, for light pave-
ments and gravel roads with surface dressing 60 mm
and for gravel pavements 100 mm. In such seasonal
frost regions where temperatures fluctuate much around
0 °C in late autumn/early winter and the yearly average
temperature is around +5 °C the amount of rainfall usual-
ly exceeds evaporation. That leads to higher moisture con-
tent in the soil and also in the road embankment, result-
ing in a weakening of the load bearing capacity during the
period when the road structure is not yet frozen and the
subsequent promotion of frost heave during the freezing
period. The reduced load bearing capacity and deforma-
tions due to frost heave usually lead to traffic restrictions
in spring as well as the risk of road pavement surface dam-
age. The effects of uneven frost heave and road pavement
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surface damages affect considerably traffic safety and driv-
ing comfort which also has an economical effect both to
the road users and road maintenance.

Frost heave assessment of roads can be conducted
by using geometric levelling (e.g. Aavik et al. 2013). The
work usually includes profile-wise embedding permanent
benchmarks with pre-defined intervals in the longitudi-
nal direction of the pavement surface of the road and then
conducting surveys at certain time-epochs (Mroczkowski
2009). The levelling results illustrate the vertical displace-
ments of the road surface but the data have relatively poor
spatial resolution (several tens of meters). Alternatively,
the effects of frost heave can be assessed by using mobile
terrestrial laser scanning (MTLS) and ground penetrating
radar (GPR) see e.g. Peltoniemi-Taivalkoski and Saaren-
keto (2012). MTLS and GPR are cost effective and better
suited for analyzing longer road sections (e.g. Thodesen
et al. 2012). The MTLS accuracy however, is normally no
better than 10 mm due to complexity of height determi-
nation by combining Global Navigation Satellite System
(GNSS) and Inertial Measurement Unit (IMU) data. To
overcome the problems of data generalization in levelling
and aiming at observing shorter sections of roads with
accuracies better than 10 mm this study tests novel TLS
technology for assessing the frost heave induced vertical
displacements. To our present knowledge no other studies
on the usage of TLS for determining the occurrence and
the extent of road frost heave have been published, yet.
In addition, also the TLS economic viability and accuracy
for this task is discussed. The used methods and results
with key features are described as follows. The introduc-
tion is followed by explanation of causes of road defor-
mations. The third section gives an overview of geodetic
monitoring technology. The fourth section describes the
case study, design of the deformation monitoring, estab-
lishing the reference network, TLS data acquisition. The
data post processing procedures are described briefly in
the fifth section. The frost heave results in a test road are
presented in the sixth section. Conclusions and discus-
sions conclude the paper.

Winter
Frost heave

+

F Snow

Frozen soil
Ice lenses

Not frozen soil

Freezing level
== (movi ;;eai Lr:%n;‘li e
GWL P?} ";P winter)
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Water movement to
the freezing soil
SPring saturated soil, pure
bearing capacity

Melted water
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Fig. 1. Frost heave formation in winter (upper figure)
and thawing process in spring (lower figure) (Rahiala et al. 1988).
GWL denotes ground water level

2. Causes of deformations of roads

Road surfaces are subjected to continuous stress of unbal-
anced loads caused by vehicles moving on it. The main role
of the road pavement is to bear the loads originating di-
rectly from the wheels of vehicles and distribute them to
the embankment, which withstands the stresses caused by
the traffic load. Pavement distortions may in part be at-
tributed to human-made mistakes at road construction,
such as the use of inappropriate materials, making a layer
too thin or leaving out a layer, insufficient compaction, etc.
(Mroczkowski 2009).

However, it is the unbalanced deformation of the em-
bankment that has the most adverse influence on the pa-
vement surface shape. According to Mroczkowski (2009)
the most common causes of such a deformation include:

- geological diversity of the embankment;

- embankment movements caused by soil loss due to
a faulty drainage system, incorrect support of slopes;

- an existing road failing to provide adequate support
of the earthwork;

- ground movement connected with desiccation by
trees;

- contractions or expansions of an argillaceous bed
connected with the embankment’s moisture content;

- a change of the ground water level caused by floods,
draining or irrigation works.

The main factors underlying the seasonal climatic inf-
luence on the road structure are temperature fluctuations,
moisture and freezing conditions. Three factors lead to the
formation of frost heave: (i) soil that is frost-susceptible,
(ii) a freezing depth that reaches the soil, (iii) the presence
of moisture (water) in the soil (high ground water level). If
one of the factors is missing, the frost heave will not appear
or will be limited.

The freezing of the road structure is divided into two
phases: first, simple freezing, when the pavement is begin-
ning to freeze and the freezing depth is gradually increa-
sing; second, frost heave formation, when the soil is begin-
ning to freeze, leading to the increase of its volume due to
the expansion of frozen water and formation of ice lenses,
leading finally to the rising of the pavement surface (Fig. 1).

During the spring the thawing process starts from the
top of the pavement. At the same time the lower parts of
the pavement and sub-base soil are still frozen. As a result,
melted water does not have the possibility to flow out of
the pavement structure, and the load-bearing capacity of
the saturated structure decreases causing pavement dete-
rioration (cracking, crazing, and rutting) under the traffic
load (Fig. 1). Frost heave will disappear after the soil em-
bedded ice has melted.

Frost heave may yield longitudinal cracks in the
middle of the roadway (Fig. 2). However, frost heave in-
duced cracks can appear also in other areas of the pave-
ment. Those cracks can occur due to irregularities in the
road structure. Road structures are traditionally construc-
ted in layers and each soil/material used in corresponding
layer has to have homogenous properties across the whole
transverse and longitudinal profile of the road. In the case
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of inhomogeneous properties of the layer (e.g. due to diffe-
rent soil/material types are used in the same layer), those
layers due to their different clay and silt content can behave
differently during freezing and thus can cause variable ma-
gnitude of the frost heave on the pavement surface, which
will lead to the appearance of cracks on the transitional
area of soil/material properties.

Some of these conditions, which result in the occur-
rence of frost heave can be determined and eliminated du-
ring the reconstruction design of an existing road using
geodetic methods described below.

3. Review of geodetic monitoring technology

This section gives an overview of two different techniques
to acquire height information of a road pavement surface.
Traditionally for road deformation monitoring solely geo-
metric levelling has been used for determining the heights
of pre-installed deformation benchmarks in the pavement.
Using just levelling in such application is relatively time-
consuming, especially in cases of large number of defor-
mation survey points. Novel TLS technology, however, en-
ables to acquire a large (up to millions) number of points
within seconds. Though levelling is time-consuming it has
yet no alternative for sub-mm accurate height determina-
tion. This case study uses geometric levelling for height
reference and for verifying deformation monitoring re-
sults obtained by the TLS technology.

3.1. Geometric levelling

Geometric levelling is the most precise method for obtain-
ing elevations of ground points. In geometric levelling the
height difference between two points is determined by the
differences of the levelling staff (placed on top of the in-
volved points) readings.

In deformation monitoring an optical levelling in-
strument with a built-in compensator (with typical stan-
dard deviation of 2.0...3.0 mm/km for double run levelling
route) can be used. To minimize the possibility of errors by
incorrect staff readings, an electronic levelling instrument
with a code staff could be used. For fulfilling more rigorous
accuracy requirements an optical levelling instrument with
a parallel plate micrometer or a precise electronic level with
special invar bar staffs should be used in order to achieve
accuracy up to 0.3 mm/km for double run levelling route.

For determination of road deformations permanent
levelling benchmarks are usually installed in the form of
profiles (minimum three points — two at the side of the
road and one in the centre) in the longitudinal direction
spacing up to a few dozens of meters, depending on re-
sources available.

3.2. Terrestrial laser scanning

In principle TLS operate similarly as reflectorless total sta-
tions, which measure simultaneously horizontal and verti-
cal angles and the range to objects of interest without the
need of placing a reflector at those points. Nowadays many
scanners are equipped with total station-like functions such
as centring over a known geodetic reference point, deter-
mining the instrument orientation to the backsight target or

by calculating the position and the height of the instrument
by resection. A detailed overview of TLS technology and
orientation methods is given in Alba and Scaioni (2007).

Based on the scanning technology, TLS devices are
divided into two types: triangulation scanners and time
of flight (TOF) scanners. Whereas triangulation scan-
ners are mainly short-range (< 25 m) devices, nonetheless
triangulation scanners have very high accuracies in the
order of tenth of millimetres. In terms of working prin-
ciples TOF scanners apply either the pulse modulation
method (also known as the direct time-of-flight method)
or the amplitude modulation continuous wave method
(AMCW, also known as the phase shift method). In the
pulse modulation method the travelling time of a single
pulse reflected from the target is measured. Typical pulse
modulation laser scanners measure up to 50 000 points/s
in ranges up to several hundred meters with the range ac-
curacy of 4 mm to 10 mm. In the amplitude modulation
method the phase difference between the sine modulated
transmitted and reflected waves are measured. This meth-
od allows faster measuring, up to 1 000 000 points/s typi-
cally within ranges under 100 m with the range accuracy
of 2 mm to 5 mm. Due to decreasing intensity of the am-
plitude modulated waves the phase shift cannot be reli-
ably detected for longer ranges.

In general, the TLS instruments are optimized for a
fast and automated data acquisition in ranges typically from
one to few hundreds of meters. The acquired data forms a
point cloud of n observations where each point holds 3D
coordinates (x;, ¥, 2;), i = 1, ..., n in the scanner’s intrinsic
coordinate system, provided that the scanner’s axes (verti-
cal and horizontal axis) are perfectly aligned. The scanners
intrinsic coordinates of the survey points are computed
from the measured spherical polar coordinates as follows:

X; p; sing; sin 6,
¥i |=| p;sing; cosb; | (1)
Zi p; COS®;

where 0, - the horizontal angle with respect to initial di-
rection; ¢; — is the zenith angle; p; - the slope distance
from the scanner to the object surface.

The scanned data points are tagged also with an un-
calibrated intensity (I) value of the reflected signal. In ad-
dition, scanners equipped with a digital photo camera en-
able to assign the RGB values to survey points during the
post-processing. Thus an i-th TLS survey point is charac-
terized by the following data string:

{3 735205 106, 9152, RGB(x;,3,7) )i = Lo}y (2)

where x;, y;, z; - the coordinates, I(x;, y;» ;) is the intensity;
RGB(x;, y;» z;) — the colour code.

The transformation of the intrinsic coordi-
nates (x; y;» 2;), i = 1, ..., n of an individual i-th survey
point into extrinsic (e.g. national) coordinate system
(xF, yE zF),i=1, ..., n (also known as georeferencing) is
described as follows:
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xF| | xE X;
yE =] yE [+ RyOR, (DR ()] y; [ ©
zf zE %

where (xSE, ySE, zSE) - the coordinates of the centre of the
laser scanner expressed in the extrinsic system. R,(w),
R,(¢), R3(k) are the matrices for rotation around the x-,
y- and z-axes respectively; (w, ¢, k) are the rotation angles
(from the scanners intrinsic coordinate system into extrin-
sic coordinate system) about the x-, y- and z-coordinate
axes, respectively:
1 0 0
R(w)=|0 cos® sinw | (4)

0 —sinm cos®

cos¢p 0 —sind
R@= 0 1 0 | )
sing 0 cosd

Fig. 2. Road sections A, B and C (left hand side);
note longitudinal cracks in the centre and on a road side
at the section C (right hand side)

Table 1. Description of the pavement design

Pavement layer Layer thickness
(ordered from top to bottom)
Top layer. Asphalt concrete (in two layers) 8cm
Base layer of limestone rubble (fraction
16/32, wedged with fraction 8/12).
Also the designer allowed using milled 20 cm

asphalt (not over 2 cm thick) for binding
the upper layer of the base

Drainage layer, filtration module >2.0m  Average thickness
(in some cases 3.0 m) per 24 h 24 cm, minimal
thickness 20 cm

Bottom layer. Fine sand, filtration module

> 1.0 m per 24 h Minimal 40 cm

cosk sink 0
R;(k)=| —sink cosk 0} (6)
0 0 1

If the scanner is equipped with a dual-axis compen-
sator, then the instrument’s z-axis (coincides with the
plumb-line) is parallel with the extrinsic system’s z-axis. In
this case the rotation angles w and ¢ become to zero, i.e.
R}, R, in Eq. (3) become equal to the unit matrix. Thus, a
turn around the z-axis would be sufficient for georeferenc-
ing see section 5.

4. The case study

4.1. General description of the test road

The case study includes three road sections on the Vaida-
Urge road T-11202, in northern part of Estonia. The road
was fully reconstructed in 2008, but already in spring 2010
pavement damages were detected. The pavement had lon-
gitudinal cracks mainly in the centre of the road and in
some places on the road sides (Fig. 2). Although the cracks
were repaired by filling them with bitumen, they have oc-
curred again. The cause of these cracks may be connect-
ed with the road’s last reconstruction. The road had been
widened without removing the existing embankment. The
cracks emerged at the transition boundaries between the
existing embankment layers and the new ones. The major
negative influence to the road pavement is also the rela-
tively high level of ground water level, primarily within
the A and B sections. Obviously, this in conjunction with
non-compatible materials contributes to the effects of
frost heave. Frost heave is expected, since Estonia lies in
the seasonal frost region, where the frost season begins in
late November and ends in April. The average temperature
in February, the coldest month, is usually around -5 °C,
in some periods within the winter season far below zero,
about -20 °C or even lower. According to the Estonian En-
vironment Agency the average temperature for the entire
2012/2013 winter season was -5 °C, which is somewhat
colder than the seasonal average (-3 °C). Due to the fact
that roads are kept free of snow during the entire winter,
according to Elastsete teekatendite projekteerimise juhend
(Guide for the Design of Elastic Pavements) issued by the
Estonian Road Administration in 2001 the depth of em-
bankment freezing could reach to the depth of 1.25 m.

The road design followed the class IV road parame-
ters, which are based on a 43 standard axle load (100 kN)
frequency per 24 h as defined by the regulation Tee projek-
teerimise normid ja nouded (Standards and requirements
for road design in Estonia), the class IV road parameters,
which are based on a 43 standard axle load (100 kN) frequ-
ency per 24 h. The description of the designed pavement is
reviewed in Table 1.

4.2. Overview of the road conditions

Presumably, the cracks in sections A and B are mainly
caused by frost heave. The load bearing capacity of sections
A and B were tested using a falling weight deflectometer
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(FWD). The load test results were compared with the re-
sults of tests on other parts of the same road. The com-
parison showed that sections A and B had the lowest load
bearing capacity values. According to a technical report
by Sillamde, S. 2013. T-11202 Vaida-Urge tee defektide
pohjuste kindlakstegemine (T-11202 Vaida-Urge Road the
Identification of Causes of Defects in the Road), the elastic-
ity modulus of the A and B sections was 220 MPa, while
the average elasticity modulus for the other sections was
in average 253 MPa. Recall that the load bearing capacity
of a road is affected by various factors, such as the type of
sub-soil, soil moisture content, embankment layer materi-
al used, etc. The road sections A and B had shallow ditches,
whereas the area near the road was covered with hydro-
phytic plants. The conditions thus indicate a soil with high
moisture content.

The C section of the road is superelevated due to its
location at a curve. The cracks in the pavement may be the
result of different factors, such as pavement creep deforma-
tion, slope creep or frost heave. The core samples taken from
the C road section indicate the usage of gravelly clayey sands
(fine particle content approx 30% only) instead of fine sand,
as prescribed by the reconstruction design instructions.
Gravelly clayey sand exhibits less adhesion than fine sand,
thus allowing the occurrence of creep deformation. There-
fore, the upper layer of the surface of the embankment may
have deformed due to traffic load, thus leading to the forma-
tion of cracks. It is also likely that due to the poor filtration
module of the sand, the moisture content in that layer has
contributed to occurrence of frost heave.

4.3. Design of the deformation monitoring

This section reviews the applied geodetic monitoring pro-
cedures. First, height reference for the road deformation
monitoring was established and measured before the road
surface scannings. These were carried out in two epochs:

- at the above zero temperatures in November 2012
(fall);

— at the time of expected frost heave maximum du-
ring the snow thawing period in April 2013 (spring).

The aim of this work is to assess the range and spatial
distribution of frost heave with sub-centimetre accuracy
using TLS technology.

4.3.1. Establishment of the height reference

The height reference for the frost heave (AHy,,,,) assess-
ment was established using geometric levelling.

The height reference consisted of five benchmarks
embedded into the surface of the road pavement (Fig. 3).
The height reference was connected to a single geodet-
ic reference point no 324, the normal height of which is
known. The centre of this geodetic point is a 0.77 m long
steel rod with a cone-shaped anchor at the bottom. The
top of the reference point is approx 0.25-0.30 m below the
ground surface (Fig. 4).

The double-run geometric levelling was proceeded
with an electronic level Leica Sprinter 100 (allowing for
height determination standard deviation as of 2.0 mm/km)
with two standard aluminium staffs. The forth and back

sights during the levelling were kept equal and two readings
were taken at each staff.

The disclosures of the 1.15 km long closed (forth and
back) levelling route were +0.0124 m and -0.0012 m, for fall
and spring measurements, respectively. These disclosures
were further adjusted. Thus, the heights of the reference points
are sufficiently accurate for achieving the aim of the work.

The heights of the reference points indicate an overall
rise of the pavement surface with respect to the initial geo-
detic point. The maximum rise is +0.0621 m (cf. Table 2).

@324 Geodetic reference point
— Levelling run

& Embedded benchmark

A..C Scanmng r_oad section
= Scanned section 0 100m BN

Fig. 3. Locations of the scanned areas (depicted in green)
and the levelling benchmarks. Section A was scanned

from benchmark 5; section B was scanned from benchmark
3; section C was scanned from benchmark 2; benchmarks 4
and 1 were used as targets for the orientation of the scans

e
22

MeTl cover
' i Metal centrd, Conrete collar
Cable post LI035 4 g L

Centre

Fig. 4. Location and the design of the used initial geodetic
point (Riigi Maa-amet 2013. Geodeetiliste punktide andmekogu
kaardirakendus [Estonian Land Board. Geodetic Data Map
Application])

Table 2. The levelled heights of embedded benchmarks with
respect to the used initial geodetic point

Benchmark Resultsin  Results in Differences
fall 2012, spring 2013, (i.e. the frost heave):
number . .

m m spring minus fall, m

1 48.1062 48.1402 +0.0340

2 48.4046 48.4150 +0.0104

3 50.9743 51.0200 +0.0457

4 50.9955 51.0354 +0.0399

5 50.9752 51.0373 +0.0621
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The geometric levelling results will be used as refer-
ences for TLS survey and to verify the accuracy of TLS re-
sults of this study. Verifications of the TLS accuracy at road-
works by total station surveying have earlier been studied,
e.g. by Mill et al. (2011). The stability of the initial geodetic
point (no. 324) was not specially verified. Therefore there is
a mild risk of the geodetic point to rise due to frost heave
as well since the point is at the depth of only in about one
meter in the soil. Note however, that due to thick snow
cover in the surroundings of the point during the winter
it is unlikely that the frost would reach beneath the geo-
detic point’s anchor. Therefore in further calculations it is
assumed that used geodetic point is practically stable.

4.3.2. Terrestrial laser scanning of the road sections

The TLS survey was conducted immediately after levelling of
the height reference points. A TOF terrestrial laser scanner
Leica ScanStation C10 (equipped with dual-axis compensa-
tor) was used for the measurements. The maximum measur-
ing range of the device is 300 m with a 360x270° field of view
and maximum scanning rate of up to 50 000 points/s. The
range and angle accuracy specifications are +4 mm and +12",
respectively. The scanner was erected and centered above the
benchmarks 2, 3 and 5. The height of the scanner z;; ¢ with
respect to the initial geodetic point is determined as:

Zps =2, + Hypg (7)

where z, - the levelled height of the benchmark; Hyy ¢ - the
tape measured height of the instrument above the bench-
mark. The spatial resolution for scanning was set to
10 cm at 100 m which defines the vertical and horizon-
tal point spacing on a vertical surface prependicular to the
line of sight. The resulting average point density on the

Fig. 5. Scanning the road section A in April 2013.
Note thawing snow along road sides

The zenith
|
|

Perpendicular to
surface
|

Zenith angle

|
I Angle of
! incidence

~

1
Pavement surface

Fig. 6. Angle of incidence at scanning, the red line indicates
the laser beam

(horizontal) road surface was in average approx 12 cm, be-
ing less dense at longer distances from scanner.

The first scanning epoch was proceeded in fall. The
temperature was +1 °C, the humidity, 98%, and the wind
speed, 3 m/s during the measurements. The pavement sur-
face was wet, making the conditions for laser scanning un-
favourable due to possible signal attenuation. The second
scanning epoch was proceeded in spring. The temperature
was +4 °C, the humidity, 33%, and the wind speed, 3 m/s
during the measurements. The road was dry, and condi-
tions for scanning were almost ideal, though snow piles still
banked the sides of the road. However, the water from the
thawing snow prevented data acquisition alongside of the A
section, therefore the survey data from the near sides of the
pavement (Fig. 5) were excluded from further comparisons.

Lichti (2007) and Soudarissanane et al. (2007) sug-
gest that the scanning incidence angle (Fig. 6) should not
exceed 65-80°. Soudarissanane et al. (2011) states that
larger incidence angles result approximately 20% of the
signal deterioration. The signal deterioration causes the
increase of noise in the point cloud, and therefore yields
substantially larger standard deviation values (Souda-
rissanane et al. 2011). Since the scanning object was the
horizontal road surface the scanner was erected as high as
possible (Table 3, column 2) to minimize incidence angle
values. At longer scanning distances the incidence angles
neared 90°, though.

At such larger incidence angles the angular preci-
sion determines primarily the precision of the height of
the scanned points. The law of error propagation is used to
compute the precision of the height of the scanned point:

n 2
52(1‘1)—2[%} .y ®)

where 62(H) denotes the variance of the road surface
height determined by TLS with respect to the initial geo-
detic point. Note that H is an estimate of the actual height
H stemming from the levelling, tape-measured scanner
height, the TLS range and angle measurements (Eq (9)), fis
the function H=flw;), i =1, ..., n, relating the observations
(w;), i =1, .., n, and the height. The notation H represents
height in order to distinguish it from the scanner z-coordi-
nate. Gz(wi) is the error of an i-th observable. The observa-
tion equation, i.e. function £, for an i-th scanned road point
is written as (Fig. 7, Eqs (1) and (7)):

H; =2, + Hyy 5 +p; c0sQ; ©)

where p; - slope distance from the scanning station to the
reflective surface; ¢; — zenith angle; H ; — the resulting road
surface height. Inserting Eq (9) into Eq (8) and calculating
the derivatives the standard uncertainty G(H) of a survey
point height is found as:

G(ﬁ)=i[02(éh)+02(ﬁns)+

2 2 2 g 2 2
(COS(Pi) “Ogist” TP SING; “Gangle :|2) (10)
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where 6%(z;) - the estimated uncertainty of the bench-
mark height determined by levelling (2.0 mm/km by spec-
ifications, recall, also, that disclosures of levellings in fall
and in spring were + 0.0124 m and - 0.00120 m, respec-
tively, thus, in the worst case scenario the benchmark error
could contribute up to 3 mm only); 62 (Hyy) - the esti-
mated variance of the tape measured height of the instru-
ment (the corresponding error would not exceed 2 mm,
at most); o, — the scanner’s standard distance uncer-
tainty; 0,,,,, — the scanner’s standard angular uncertainty.
Numerical values for o, and Oangle Were taken from the
manufacturer’s specifications (see above). Since o(H) de-
pends on the distance p; and angle ¢;, then it is individual
for each surface point. X
The standard uncertainties 6(H) for the road survey

points were calculated at four standard locations at 5 m,
10 m, 25 m and 50 m from TLS station (Table 3).

 The mean value of standard uncertainties of height
o(H) of the survey points at different locations equals
+4.0 mm (one sigma), which by adopting the 95% confi-
dence interval level (two sigma) yields an uncertainty of
+8.0 mm. Thus the uncertainty of two compared data sets
(fall and spring) equals to 8.0V2 = +11.3 mm. Hence, height
differences exceeding +11.3 mm between two TLS epochs
at a location is considered as actual deformation (Fig. 7).

4.4. Verification of the TLS survey heights

When scanning the road sections (both in fall and spring)
a specially designed 7.62x7.62 cm HDS (High Defini-
tion Survey) target was placed onto one of the embedded
benchmarks (Fig. 7). A target was scanned from each TLS
station. Since the height of the target above the bench-
marks was measured, then this allowed determining the
benchmark height from the TLS data. The TLS results are
then compared with levelled results and the corresponding
discrepancies are presented in Table 4. Larger discrepan-
cies (in road section A) are associated with the target on
the benchmark number 4 (Table 4). The discrepancies are
likely either due to non-verticality of the target or measur-
ing the target height or scanning the targets or a combina-
tion of aforementioned errors. The RMS-error value as of
+2.9 mm was calculated by using all discrepancies in the
last column of Table 4.

The resulting RMS uncertainty value agrees reason-
ably with the theoretical TLS uncertainty (section 4.3.2.).

The actual discrepancies differ from the estimated one
(8.0 mm, at 95% confidence interval level) by 5.1 mm. The
latter indicates that the achieved uncertainty is substantial-
ly better than the theoretical uncertainty (section 4.3.2.).

5. Laser scanning data processing

TLS data processing was divided into two phases. At first,
the 3D point cloud was processed by using commercial
Leica Cyclone 8.0 software, where information outside the
object of interest was removed and 3D TIN models of the
road sections were created and compared. Second, the Au-
todesk AutoCAD Civil 3D 2013 software was used to ana-
lyse the results (see section 6).

The laser scannings were proceeded in an arbitrary co-
ordinate system. For the fall and spring TLS surveys the ori-
gins of the x and y coordinates coincided exactly (recall, that
in both occasions the scanner was centred above the same
benchmark). However, the directions of coordinate (x, y)
axis were shifted with respect to each other. The orientation

Table 3. Height uncertainties at four standard locations

Height

Point of the dslope Zenith Stand‘a rd
istance o> uncertainties
number TLS angle ¢, 2
p»m o(H), m
Hpgm
1 2.0 5 111°48 0.0039
2 2.0 10 101°19’ 0.0037
3 2.0 25 94°34° 0.0039
4 2.0 50 92°17° 0.0046

Pavement surface

¢ st AHpgaye
= Height of benchmark (z;) during the 1*' epoch

« Height of benchmark (z,,) during the 2™ epoch
Fig. 7. Scanning of a road section in two epochs, the red
and black lines indicate the laser beams reflecting back from
targets and from the road surface, respectively. The used
symbols are explained in the text

Table 4. Heights of the benchmarks obtained from TLS data and levelling

Height of Heights from TLS data Heights from . .
Road E Benchmark . L Discrepancies,
. poch target Hoy oo inm, reduced from the  levelling in m,
section number arge m

m target centre source Table 2

A fall 4 1.900 50.989 50.995 -0.006

spring 4 1.900 51.036 51.035 +0.001

B fall 4 0.700 50.997 50.995 +0.002

spring 4 1.900 51.032 51.035 -0.003

c fall 1 0.700 48.106 48.106 +0.000

spring 1 0.200 48.140 48.140 +0.000
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of the coordinate axis of the point clouds were conducted at
the post processing in Leica Cyclone. First, the point cloud’s
x-axis was defined by the scanner location and the target
placed above one of the benchmarks (Fig. 8). Thereafter the
benchmark-target direction (denoted as x” in Fig. 8) of the
fall measurements was rotated (around the z-axis) to coin-
cide with the post processing x-axis. Then the benchmark-
target direction (denoted as x” axis in Fig. 8) of the spring
measurements was rotated (around the z-axis) to coincide
with the post processing x-axis as well. Such an orientation

x-axis in Leica Cyclone
A

x"-axis formed through target A’
/Shl&L‘d target A

Target A o axis formed through target A”

Target A”

‘{\’g’émner location Rotated pont clouds
Point cloud in fall 2012
Pount cloud in spring 2013
Fig. 8. Merging the fall and spring TLS data through the TLS-
target direction. Point clouds of the fall and the spring TLS data
are rotated around z-axis using benchmark-target direction.
View from the top

9) (5.9-6.3) (6.3-9.0) 0 5m

HE E Em I

Fig. 9. Frost heave in the road section A in spring 2013. Length
of the section 63 m, the non-coloured half-circle indicates

(3.6-4.6) (4.6-4.9) (4.9-5.1) (5.1-5.4) (5.4

the location of the scanner, dashed lines denote roughly
the edges of tarmac and the widths of road shoulders, the colour
ranges are in cm
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Fig. 10. Frost heave in the road section B in spring 2013.

Length of the section 42 m, the circle indicates the location

of the scanner, dashed lines denote roughly the edges of tarmac

and the widths of road shoulders, colour ranges are in cm

7(’“1‘ 1.3) (1.3=1.8) (1.8-2.2) (2.2-2.5) (2.5-2
| ||

Fig. 11. Frost heave in the road section C in spring 2013. Length

of the section 94 m, the non-coloured half-circle indicates

the location of the scanner, dashed lines denote roughly the edges

of tarmac and the widths of road shoulders, colour ranges are in cm
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method was applied to all sections. The heights of point
clouds were 1D corrected by the Hyy ¢ differences (Fig. 7) in
the fall and spring measurements.

The laser-point based centring accuracy of the scanner
was estimated to be around +1.0 mm. Such centring error
has no considerable effects on the results of the study, re-
call also an average data resolution of approximately 12 cm.
Noise from passing cars and other commuters on the sur-
face of the road was removed using an algorithm of smooth
surface which segments the points representing the smooth
surface from the point cloud. Followed by noise removal
3D TIN models of the road sections were created and com-
pared. The results of the comparison were exported into
.txt format and imported into Autodesk AutoCad Civil 3D.

6. Results of frost heave assessment

The surface comparison results were analysed in Autodesk
AutoCad Civil 3D by creating comparison surfaces using
the imported data-points. The comparison surfaces show
height discrepancies from different epochs using eight
ranges of colours from dark green to dark red.

Results for road section A indicate clearly the effects
of uneven frost heave (Fig. 9) with a minimum surface rise
of +3.6 cm in the centre of the road (dark red) and a maxi-
mum rise of +9.0 cm at the sides of the road (dark green).
The total area investigated was 425.7 m?. The greater part
of the total area, that is 50%, had risen in the range of
+5.1 cm to +6.3 cm; 37% of the area had risen in the range
of +3.6 cm to +5.1 cm; and 12% of the area had risen in the
range of +6.3 cm to +9.0 cm. The extreme rise of +9.0 cm
is only within an area that is less that 1%. This might be
caused possibly by an erratic point.

Results from road section B also indicate the effects
of uneven frost heave (Fig. 10) with a minimum surface
rise of +1.2 cm in the centre of the road and at the left end
(dark red) and a maximum rise of +5.7 cm at the sides
of the road (dark green). The total area investigated was
311.6 m”. Results show that 50% of the total area had risen
in the range of +3.1 cm to +4.2 cm; 37% of the area had
risen in the range of +1.2 cm to +3.1 cm; and 13% of the
area had risen in the range of +4.1 cm to +5.7 cm.

Results from road section C indicate frost heave
(Fig. 11) with a minimal surface rise of +0.2 cm on the
higher side of the slope (dark red) and a maximum rise
of +4.8 cm at the centre of the curve on the lower side
of the slope (dark green). The total area investigated was
720.0 m?>. The results show that 38% of the area had risen
in the range of +2.2 cm to +3.0 cm; 37% of the area had
risen in the range of +0.2 cm to +2.2 cm; and 25% of the
area had risen in the range of +3.0 cm to +4.8 cm.

The results of the laser scanning show vertical defor-
mations up to +9.0 cm on section A, up to +5.7 cm on sec-
tion B, and up to +4.8 cm on section C. The results obtained
clearly indicate frost heave. The study revealed that the
frost heave was spread across the road surface in an uneven
manner, which is considered an unacceptable behaviour.

Though the incidence angles at scanning were near-
ing 90° they do not appear to affect significantly the



The Baltic Journal of Road and Bridge Engineering, 2014, 9(3): 225-234 233

results, since the resulting surfaces were regular over all
road sections.

7. Conclusions and discussions

This contribution presented the methodology for collect-
ing and processing data for the purpose of determining
magnitudes and spatial distribution of frost heave by ter-
restrial laser scanning. The data collecting methodology
combines the geodetic methods of geometric levelling and
terrestrial laser scanning. A complete description of the
work carried out on the observed road sections is present-
ed, including the establishment of the height reference,
terrestrial laser scanning data acquisition, data process-
ing and the creation of the analyse surfaces. The achieved
root mean square error was by verification in fall +2.9 mm,
where the assumed accuracy was +8.0 mm on 95% confi-
dence interval level.

Itis difficult and even impossible to provide such high-
resolution results by conventional survey methods such as
total station survey or geometric levelling thus the ability to
detect spatial distribution of frost heave makes laser scan-
ning an effective and attractive tool. The fact that the con-
cerned areas are relatively limited makes the use of terres-
trial laser scanning, which by nature is static, cost effective
due to its ability to acquire a relatively large amount of data
in a short period of time without disruption to traffic.

Problems with terrestrial laser scanning might oc-
cur when scanning at below 0 °C temperatures. Although
in general such scanners are able operating in mild cold,
the accuracy specifications provided by the manufactur-
ers are determined in temperatures above 0 °C, therefore
the accuracy of scanning in temperatures below zero is not
guaranteed. Another problem with terrestrial laser scan-
ning (and this applies to mobile terrestrial laser scanning
as well) is the problem with rubble or debris, even snow
on the road surface will distort the acquired data. Using
conventional surveying technology such as total station
survey or levelling it is possible to eliminate such poten-
tial distortions. However the conventional surveying tech-
nology has a lower productivity compared to terrestrial or
mobile terrestrial laser scanning.

Nevertheless, for future projects it is advisable that
terrestrial laser scanning surveys should be accompanied
with verifying observations by other geodetic technologies.

A useful benefit of using terrestrial laser scanning
surveying in road survey projects would also be the pos-
sibility to monitor the road during the guarantee period
following construction to verify the quality and stability of
the road pavement. In addition, it is also advisable to use
terrestrial laser scanning to determine frost heave sensitive
areas of the existing road embankment in the pre-recon-
struction stage. Determining frost heave sensitive areas in
the pre-reconstruction stage would help preclude possible
reconstruction design flaws.
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Abstract. Building information modelling (BIM) represents the process of development and use of a computer
generated model to simulate the planning, design, construction and operation of a building. The utilisation of
building information models has increased in recent years due to their economic benefits in design and construction
phases and in building management. BIM has been widely applied in the design and construction of new buildings but
rarely in the management of existing ones. The point of creating a BIM model for an existing building is to produce
accurate information related to the building, including its physical and functional characteristics, geometry and inner
spatial relationships. The case study provides a critical appraisal of the process of both collecting accurate survey data
using a terrestrial laser scanner combined with a total station and creating a BIM model as the basis of a digital
management model. The case study shows that it is possible to detect and define facade damage by integration of the
laser scanning point cloud and the creation of the BIM model. The paper will also give an overview of terrestrial laser
scanning (TLS), total station surveying, geodetic survey networks and data processing to create a BIM model.

Keywords: terrestrial laser scanning, total station surveying, BIM, building managing.

Reference to this paper should be made as follows: Mill, T.; Alt, A.; Liias, R. 2013. Combined 3D building
surveying techniques — terrestrial laser scanning (TLS) and total station surveying for BIM data management

purposes, Journal of Civil Engineering and Management 19(Supplement 1): S23-S32.

http://dx.doi.org/10.3846/13923730.2013.795187

Introduction

Building renovation is a growing trend in the con-
struction sector. The amount and granularity of
information needed for renovation design is growing
in tandem with the fields of architecture, construction,
engineering and building management. We should not
overlook the importance of cost efficiency. In order to
design cost- efficient renovation works, it is important
to have at hand accurate data reflecting the existing
situation. This will ultimately be the basis of all design
processes and can affect the allocation of costs.
Several studies on the creation of 3D models of
existing buildings have been conducted over the last
decades. These 3D models have been of great im-
portance to architectural city planning. For example,
Donath and Thurow (2007) have suggested an inte-
grated building information system, combined with a
digitally supported survey solution for architectural
surveying. The study brings out a number of problem

areas mainly concerned with accuracies in presenting
building geometry.

Laser scanning with its high level of accuracy and
high level of detail is very versatile and has been
utilised, for example in the assessment of buildings’
condition (Tang, Akinci 2012) and computing accurate
parametric models of complex objects (Bauer, Polthier
2009). For example, Haala and Kada (2010) have
focused their study on the creation of 3D models of
buildings’ roofs and facades using 3D terrestrial laser
scanning (TLS) data, although Rajala and Penttild
(2006) and Larsen et al. (2011) point out that digitalis-
ing a building using TLS data entails a high volume of
work. In the last few years, point cloud software
development has increased the efficiency of point cloud
processing and made it more flexible when creating
building information modelling (BIM) models. Bosché
(2010) has pointed out how geometry created with
accurate survey (information-rich) data is related to the
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BIM model. Using BIM technology requires in addi-
tion to geometric information, other data, such as
physical, structural and functional parameters.

The present case study went through the follow-
ing stages: establishing the external and internal
geodetic survey networks, planning and conducting
laser scanning of the external part of the building,
planning and conducting a total station survey of the
internal part of the building. At the end of each stage,
data processing was performed, and finally a BIM
model was generated.

An unexpected and positive outcome of the case
study was the possibility to detect and define facade
damage by integration of the laser scanning point
cloud and the BIM model created.

1. The case study object

The case study object was the main building of the
Tallinna Tehnikakdrgkool/University of Applied
Sciences (TTK/UAS) located in the capital city of
Estonia. The building, built in the 1950s, was designed
and built by the Leningrad architectural institute
Giprosaht architect H. Serlin from 1946 to 1953.
The building is in the stalinistic style, characterised by
an abundance of ornaments.

Over the years, the building has been renovated
and expanded numerous times. Since few of the
original architectural drawings are extant, the daily
administrative work has been carried out using hard-
copy 2D inventory plans, some of which were made in
1975. The main problem with inventory plans is that
often they do not coincide with reality. The situation is
similar for existing buildings in Estonia.

In order to simplify the process of administration
and planning, it is essential to have reliable and
informative spatial data. In this case, the existing
data was not sufficient enough to carry out any
administrative activity. As a result, a building survey
was necessary, either as an extension or validation of
existing building documentation or to provide new
documentation (Donath, Thurow 2007).

The current state-of-the-art approach to collect-
ing, organising and integrating survey data of an
existing building into a single data structure is to
model it using BIM tools (Eastman 2008).

2. Concept of BIM

BIM represents the process of development and use of
a computer generated model to simulate the planning,
design, construction and operation of a building. The
resulting model, a building information model, is a
data-rich, object-oriented, intelligent and parametric
digital representation of the building, from which
views and data appropriate to various users’ needs
can be extracted and analysed to generate information
that can be used to make decisions and to improve the

T. Mill et al. Combined 3D building surveying techniques. . .

process of delivering the building (Azhar 2011). In
order to simplify real-time tracking of projects and
information management, the processes can be inte-
grated with different applications like Radio Fre-
quency Identification (RFID) and Geographic
Information System (GIS) (Cheng et al. 2008). When
combining RFID, GIS and BIM, we gain a novel and
effective tool with wide application in the Architec-
tural, Engineering and Construction (AEC) industry.

The basic parameters describing vector objects
are shape and volume and can be simply expressed as
coordinate points and their orientation as an angular
value within a 3D space. Specifications for the
materials and texture can accompany the numerical
data. Parametric CAD differs from generic 3D CAD
in that parameters are assigned to an object prior to
its use. The 3D object as a parametric model can be
edited to revise any or all of its parameters of
construction, texture and orientation (CSA 2005).

Architectural CAD has been developed from 2D
graphic computer representation to parametric mod-
elling to 3D modelling (Tse et al. 2005), and on to
feature extraction and finally to BIM.

The leading BIM software platforms are Auto-
desk Revit, GraphiSoft ArchiCAD and Bentley Archi-
tecture. ArchiCAD by Graphisoft (2012) is an
architectural design application built around the BIM
concept as a standalone application. In ArchiCAD the
modelling of objects can be achieved using standard
parametric construction elements. These elements are
embedded in the software (such as walls, columns,
beams, slabs, roofs, etc.) or created as new objects using
the embedded scripting language Geometric Descrip-
tive Language (GDL). The use of GDL allows the
creation of any number of rich parametric BIM objects
and for their storage in internal libraries or data bases
for further reuse or modification (Tse et al. 2005). Revit
(Autodesk Inc. 2012) is also a BIM platform, where the
user constructs a mass model with a combination of
solid forms and void forms. The faces of the mass
volume can be turned into building elements, floors
and other architectural elements can be generated
inside the mass model. Bentley Architecture’s interface
is completely different from that of other types of BIM
software, in the sense that it is not a standalone
application but is a plug-in for Bentley MicroStation
TriForma, which in turn is also a plug-in for the
fundamental Bentley MicroStation (Tse et al. 2005).

3. Review of technology

This section gives an overview of the application of
two different techniques to acquire accurate geometric
information for a building. Traditionally, a total
station is used to record single points. Using a total
station, however, is relatively time-consuming since
points are recorded one by one. Each survey point
describes building edges or points of interest. This
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method does not allow the possibility to acquire
complex surface structures. In the case of TLS, one
scan results in a large quantity of points in a
systematic pattern, also called a point cloud. Many
different TLS systems are on the market for a wide
variety of object sizes, ranges and accuracies. In
response to total station survey and TLS, close-range
stereo photogrammetry is the predominant method
for geometric documentation of a complex consisting
of heritage objects. The close-range stereo photogram-
metric measurement system consists mainly of a
digital camera, a laser distance metre, and a special
support for two devices (Ordodiiez et al. 2010). A more
detailed overview of close-range photogrammetry
applications is given by Ordéiiez et al. (2010) and
Jiang et al. (2008). Boehler and Marbs (2004) give a
comparison of TLS and close-range photogrammetry.

3.1. TLS technology

A terrestrial laser scanner scans its entire field of view
one point at a time by changing the laser rangefinder’s
direction of view to scan different points (Mill et al.
2011). According to scanning technology, terrestrial
laser scanners can be divided into three basic groups:
triangulation, time of flight (TOF) and phase-shift
(PS) or phase-based (PB).

Triangulation laser scanners shine a laser pattern
onto the object and use a camera to look for the
location of the laser’s projection onto the object
(Lerma et al. 2010). The pattern projector and the
object being measured are configured in a triangle,
hence the name triangulation scanner. Triangulation
laser scanners are used in applications generally
requiring an operating range that is less than 25 m
(Mensi 2012). TOF laser scanners compute distances
by measuring the time frame between sending a short
laser pulse and receiving its reflection from an object.
Since the laser pulse travels with a constant speed, the
speed of light, the distance between the scanner and
the object can be determined. TOF laser scanners can
determine up to 50,000 points per second up to a
distance of over 1 km from the scanner (Riegl Laser
Measurement Systems GmbH 2011).

PB laser scanners avoid using high precision
clocks by modulating the power of the laser beam. The
emitted (incoherent) light is modulated in amplitude
and fired onto a surface. The scattered reflection is
collected and a circuit measures the phase difference
between the sent and received wave-forms, hence a
time delay. This method allows faster measuring, up to
1,000,000 points/s (Zoller + Frohlich GmbH 2012).
Because of the laser power required to modulate the
beam to certain frequencies, the range of these
scanners are limited to approximately between 25
and 80 m (3D Risk Mapping 2008).

Laser scanning technology possesses many cap-
abilities for gathering data, but certain aspects should

be considered when planning recording tasks. Laser
scanning does not provide unlimited geometric accu-
racy. Scanning accuracy is dependent on the surface
material and reflecting capabilities of objects observed.
A thorough analysis of laser scanning accuracy has
been carried out by Boehler and Marbs (2003), Schulz
and Ingesand (2004), Mechelke et al. (2007) and Alkan
and Karsidag (2012).

3.2. Total station survey technology

Total stations combine electronic theodolites and EDM
into a single unit. They digitally observe and record
horizontal directions, vertical directions, and slope
distances. These digital data observations can be
adjusted and transformed to local x—y—z coordinates
using an internal or external microprocessor. Various
atmospheric corrections, grid and geodetic correc-
tions, and elevation factors can also be entered and
applied. The total station may internally perform and
save the observations, or (more commonly) these data
may be downloaded to an external data collector.
With the addition of a data collector, the total station
interfaces directly with onboard microprocessors,
external PCs, and software (US Army Corps of
Engineers 2007). Total stations can electronically
encode angles to 1 arc-second with accuracy down
to 0.5 arc-second. Distances can be measured with
accuracy down to 0.5 mm (Leica Geosystems AG 2012a).

4. The case study
4.1. Workflow

The case study workflow chart is laid out in Figure 1.
The workflow chart depicts in detail the stages of the
case study. The workflow is divided into five parts.

4.2. Establishment of a geodetic network

The initial phase of the survey project involved
establishing a geodetic survey network around the
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Fig. 1. Workflow of the stages of the case study
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f

Fig. 2. Established survey traverses

building to provide a common reference frame and to
ensure survey data compatibility. Survey points
around the building (Fig. 2) in the closed survey
traverse were determined using total station measure-
ments. The closed traverse was adjusted, using Trimble
M3 Controller software, which uses the Compass
adjustment also known as the Bowditch adjustment.
The Compass adjustment distributes the error in pro-
portion to the length of the traverse lines (Muskett
1995).

An additional four survey traverses inside the
building, one on each floor connected to baselines
outside the building were generated (see Fig. 2, survey
points on the fourth floor P42, P41, P43).

The heights of the external traverse points were
levelled separately using a digital level Leica Sprinter
100.

4.3. External building survey

The external building survey was conducted using a
TOF terrestrial laser scanner Leica C10 in September
2011. The maximum range of the device is 300 m with
a 360 x270° field of view and maximum scanning rate
of up to 50,000 points/sec (Leica Geosystems AG
2012b).

TLS data was acquired at 26 stations, to receive
information from as many parts of the object as
possible and to leave fewer hidden sections. Such a
dense database of the facade will allow the Adminis-
trative board to assess the extent of damaged surface
area and other facade elements. In total, over 223
million points were recorded from approximately
9545 m” of facade area (415 m perimeter, 23 m in
height) and from 2924 m? of roof area, each point
consisting of x, y, z and intensity values (Fig. 3). To
obtain a complete representation of the scanned
object, the scans were combined into one dataset by
directly georeferencing the point clouds into the
predetermined geodetic reference frame.

4.4. Internal building survey

Since the level of interior detail was not high, the
internal survey was accomplished using a total station
Trimble M3. The total station was coordinated in each
room using the internal survey traverses on each floor.
As a result, all of the internal surveys were in a
uniform system. The room perimeter was surveyed
using the reflectorless measurement technique at a
height of approximately 1 m. The heights of ceilings,
door lintels and windows, as well as the widths of
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Fig. 3. The point cloud of the entire building in Leica Cyclone 7.1

windows, were sometimes measured using an electro-
nic distance metre (Leica Disto A2) depending on the
visibility inside the room. Since it was difficult to
survey corners accurately, some of the corner positions
were created during data processing using the exten-
sions of the walls, where walls intersected.

4.5. Data processing

Data processing was divided into three different
phases, the first, exterior point cloud processing, the
second, internal total station survey data processing
and the third, processing data using BIM software the
BIM model of the building was created.

4.5.1. Laser scanning data processing

After the external perimeter of the building was laser
scanned, information outside the object of interest was
removed from the point cloud using Leica Cyclon 7.3

software. The data was saved in a *pts format for
further processing in Autodesk Revit Structure 2013.

4.5.2. Total station survey data processing

Total station survey data processing was done using
Autodesk AutoCAD 2011. First, 2D floor plans at
zero height were created. Using the heights of ceilings
in rooms, walls were created and since the perimeter
was now known, door and window openings were
added. Rooms were now simple 3D blocks in the
correct plane position. These blocks were then merged
onto the correct height of the floor in the 3D building
model, as illustrated in Figure 4.

4.6. Creation of the BIM model

4.6.1. Importing and merging the data

The BIM model was created in Revit Structure 2013.
Revit Structure 2013 was chosen, because it allows
direct import of a point cloud data in common

Fig. 4. A fragment of the 3D model of the building in AutoCAD 2011



28

T. Mill et al. Combined 3D building surveying techniques. . .

Fig. 5. A sample of the internal 3D model merged with the exterior point cloud

formats like *pts. The software uses a native *pcg
format, and it is possible to convert the *pts format to
the *pcg format.

Of equal importance is the possibility to export
models in open formats like XML, IFC and DWE.
The availability of open file formats can facilitate
collaboration in data collecting, data processing and
data application. It is worth noting that applications
used for viewing, commenting and coordination are
based on open file formats.

Since the building was surveyed using two
different survey methods to create a model of the
whole building, the internal AutoCAD 3D model
based on the total station survey and the exterior
laser scanning point cloud data (Fig. 5) had to be
merged.

4.6.2. Modelling the exterior

The surface of the facade was modelled entirely using
the laser scanning point cloud data. Since Revit
Structure does not have an algorithm for determining
the best fit for the location of the surface of the facade,
the modeller chose the location manually. Choosing the
right place for the surface manually may turn out to
be very difficult, especially if the surface is rough and
uneven (see Fig. 0).

The merged dataset is also used for marking
the floor heights and axes of the building in Revit
(Fig. 7).

Using Revit’s commands like columns, walls,
slabs, etc. different structural and architectural parts

of the building were created. The procedure described
above was used to build up the rest of the model.

4.6.3. Modelling the interior

The taxonomy of the BIM is as follows: the model is
divided into separate floors and each floor is divided
into building sections according to its logical location.

Fig. 6. A sample of the building’s limestone facade, front
view (left) side view (right)
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The taxonomy was designed according to the principle
that it would be possible to display smaller parts of the
whole BIM model separately, in turn making it more
convenient for the user to work with a specific section
or floor. Such an approach would also put less of a
load on the computer hardware. Another reason for
using smaller sections is that renovation is typically
carried out on one room or floor at a time, since the
building is in continuous use. For example, renovation
of the ventilation system is planned at first only for
section A on the first floor. The taxonomy created by
the model simplifies the designing for only that part of
the ventilation system.

According to the American Institute of Archi-
tects (AIA), the level of detail of the model is 300
(Weygant 2011), meaning that the model shows the
quantity, shape, size, location and orientation of
elements. The inserted elements carry sufficient in-
formation concerning the required performance cri-
teria; therefore, a detailed analysis of the construction
elements can be performed. For example, a wall
structure is modelled in sufficient detail enough to
carry out a dynamic energy analysis. As a result, it is
possible to simulate different insulation options for
outside walls. It can also be checked if the planned
ventilation system matches the user profiles of differ-
ent rooms.

5. The benefits of the creation of a BIM model

Displaying the model created in Revit and the point
cloud data simultaneously is an effective way to define
the extent of facade damage. Using traditional survey
methods to achieve such an objective would have been
challenging. An example of facade plaster damage is
shown in Figure 8. It is possible to measure the
damaged area in the direction needed.

Fig. 8. The damaged facade area dimensions
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Fig. 9. Columns and ornaments

Tools developed to create models from a point
cloud are effective and time saving when modelling
complicated but geometrically proportional facade
elements like columns or ornaments (Fig. 9). Such
elements can be rendered with a high degree of accuracy.

An important benefit of a large amount of high
accuracy data is the ability to detect discrepancies
between the existing drawings and the real situation,
in this case, in the point cloud. For example, in 2007, a
new library was built in the courtyard. The library has
a pyramid-shaped skylight. When the existing fire
zone drawings were compared with the point cloud
data, a major conflict was discovered concerning the
skylight of the new library. The existing drawings and
the point cloud data do not coincide, with differences
up to 4000 mm. The shape and the size of skylight are
remarkably different. This issue leads to another
challenge: different drawings containing the same
information might be remarkably different. Fire sec-
tion drawings of the building contain radically wrong
information about the skylight, though the HVAC
drawings present information in harmony with reality.
This problem highlights the shortcomings in the
management of building documentation.

6. Problem areas

The case study uncovered a series of problematic areas
for future research and development that need to be
resolved. The problem areas are covered in the
following sections.

6.1. Lack of flexibility when integrating different point
cloud data

Problems arose when trying to merge different sets of
point cloud data since the software used does not
support working in survey coordinate systems. The
merging should be done in point cloud processing
software. As a consequence, additional data proces-
sing and data editing is limited. In a situation where
an additional laser scanning campaign is carried out,
it would be difficult to merge the additional data

with existing data and moreover to ensure the accu-
racy and quality of merged data. A simple solution
would be to leave out the additional laser scanning
campaign and design the process thoroughly. In
practice, additional measurements are sometimes
important and necessary.

6.2. Absence of a best-fit algorithm

A best-fit algorithm that could help the modeller
create surfaces more easily is missing. At the moment
a modeller has to choose the best-fit location of
surfaces. This could result either in too much general-
isation or too little generalisation in the produced
model. Either way, modelling will take extra time,
since the work has to be done manually.

6.3. Creating window openings

Creating window openings in cases where the opening
is not shaped like a cuboid have to be done manually.
Other difficulties arise if wall thicknesses differ
significantly. Since there is no automatic recondition-
ing method for windows, this should be considered a
significant shortcoming, especially when dealing with
larger facilities. One solution to the problem would be
to generalise the constructions and use a low level of
detail.

6.4. Missing standards for management applications

Standards for building management applications de-
termining requirements for data collection and the
level of detail of object modelling are missing. At the
moment a modeller can insert information into
the model based on the direct needs of the manager
rather than on the bases of standards. These direct
needs usually reflect requirements of the specific
situation and might not consider the information
needed for the overall management system, which is
connected with the building’s lifecycle.
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6.5. Organisational challenges

Organisational challenges are related to the classifica-
tions under which the items are classified either based
on EVS, TALO 200, Omniclass or Masterformat.

When a model is created for managing purposes,
it is important that the information is unambiguous
and accurate. A fundamental shortcoming is the lack
of ability to uniquely describe building information
models. The graphical information is one of many
elements of a description of the inserted information,
but when the data is processed and different databases
are used, there is a need for unambiguous definitions.
In the case of cross-border cooperation, there is a
problem when combining different classifiers.

The problems identified require further research.

Conclusions

The case study presented the workflow and methodol-
ogy for collecting and processing data for the purpose
of creating a BIM model for data management
purposes. The data collecting methodology combines
the use of TLS with total station surveying. A
complete description of the work carried out on the
main building of the TTK University of Applied
Sciences (TTK/UAS) is presented, and it includes the
collecting of interior and exterior data, the data
merging process and the creation of the BIM model.
The case study highlights several benefits resulting
from creation of a BIM model using a point cloud,
such as the ability to detect and define the extent of
facade damage. Problem areas concerning the process
of composing the BIM model using different survey
data were also pointed out. The case study shows that
the surveying time, data processing time and level of
detail are essential in the process of creating a BIM
model of an existing building.
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Abstract. This study compares the applications of two novel surveying technologies for road surface mapping -
Terrestrial Laser Scanners and robotic Total Stations. In particular, a Leica HDS3000 and a Leica TCRP 1203 in-
struments were used. The principles of both technologies are reviewed and their applicability is discussed. The study
deals with issues of road surveying under non-stop traffic condition, the safety of surveyors, work methodology, op-
timization of surveying time. The aspects of data processing, assessment, analysis and achieved accuracy are also
handled. Possible reasons for detected discrepancies between different approaches are discussed in detail. The two
methods in question both allow the accurate determination of paving material volumes that should be milled off the
upper layer of the road surface and the volume of the filling material required to achieve a smooth road surface.
However, the study indicates that using conventional surveying methods such as total station surveying in road sur-
face mapping is more time consuming and the results are more generalized than using laser scanning technology
where capturing thousands of surface points (i.e. point cloud) takes just seconds.

Keywords: Terrestrial Laser Scanner, mapping of road surface.

1. Introduction

This study compares two different ground profile
surveying technologies and corresponding survey results.
In particular, an emerging technology of the terrestrial
laser scanning is compared with the conventional total
station surveying. Both surveying technologies are tested
on a 37 meter long road section over a bridge, which is
located some 25 km west of Tallinn, the capital of Esto-
nia.

In case of both road ground profile surveying tech-
nologies which were used, overviews of surveying
equipment and technologies are given. Surveying dura-
tion and post-processed survey data is also analyzed in
the study.

The study is based on survey data from the Mill
(2008) study.

A study focusing on testing a terrestrial laser scanner
in high-speed road survey and analyzing the smoothness of
the road using laser scanning data was done by Chow
(2007).

This study is described in eleven sections. The intro-
duction is followed by a section on surveying principles
of terrestrial laser scanning. The third section tackles road
ground profile surveying. The fourth and the fifth sec-
tions give an overview of the surveying equipment used.

The sixth and seventh sections describe the surveying of a
road using laser scanning and total station technology.
Post-processing of the data is discussed in the eight sec-
tion. The ninth section compares the two surveying meth-
ods. The results of the study are discussed in the tenth
section. A brief summary concludes the paper.

2. Surveying principles of terrestrial laser scanning

Based on the scanning technologies terrestrial laser
scanners can be divided into two basic groups according
to scanning technologies: time of flight laser scanners and
phase-shift laser scanners.

There are many differences between time of flight
laser scanners and phase-shift lasers scanners. In distance
determination a phase-shift laser scanner sends out light
waves of varying lengths to the target object. Some of the
photons fade and some reflect back from the object to the
laser scanner. Due to the differences in the oscillation of
the waves which were sent out and the waves the re-
flected back in the opposite phase, a phase-shift arises. A
phase shift is any change that occurs in the phase of one
quantity, or in the phase difference between two or more
quantities (Glen 2005). The distance of a survey point is
determined using the size of the phase of phase-shifts
(figure 1).
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Fig 1. The difference in phase of two waves is known as
the phase shift

In contrast, the time of flight laser scanners deter-
mine distances by measuring how long it takes for the
pulse of light to reflect back from the object. Note that
the distance is twice as long as the actual distance be-
cause the pulse of light moves forth and back. The dis-
tance is computed by (c - t)/2, where t is the round-trip
time, and c is the speed of light. Time of flight scanner
distance measuring accuracy is dependent on how pre-
cisely time (t) is measured, let it be said that for a pulse of
light to travel one millimeter takes 3,3 picoseconds (3,3 -
107"%).

A terrestrial laser scanner scans its entire field of
view one point at a time by changing the laser range-
finder's direction of view to scan different points. The
vertical direction of the laser rangefinder is changed by
using a system of rotating mirrors; the horizontal direc-
tion of the laser rangefinder is changed by rotating the
laser scanner itself around the vertical axis. While time of
flight laser scanners can determine up to 50 000 points
per second (Leica Geosystems 2010), then phase-shift
laser scanners can determine up to 1 000 000 points per
second (Zoller+Frohlich 2010).

The duration of the scanning process is dependent
on both the speed of determining distances and scanning
resolution.

A major disadvantage with phase-shift scanners is
their shorter measuring distances being typically less than
100 meters.

The main advantage of time of flight scanners is
their long range, up to 1000 meters. The shortage of time
of flight laser scanners is their relatively inaccurate time
measurements. Distance measurement accuracy is in mil-
limeters. For example, the Leica HDS 3000 scanner used
in our study determines distances with an accuracy of +4
mim.

3. Road ground profile surveying

Using studded tires in wintertime in temperate zones
where overall average yearly temperature +5 °C is quite
common. Inevitably using studded tires is the main cause
of wear of asphalt cover. Wear and sagging are in turn the
main cause of ruts in the road surface. Considered the fact
that in temperate zones the amount of rainfall exceeds
evaporation and temperatures fluctuate substantially

around 0 °C. Consequently, the water in pavement cracks
often freezes and melts, causing the formation of holes
(water expands when frozen) (WSDT - State Materials
Laboratory 2008).

Reconstruction of asphalt paving is usually accom-
plished by milling off the uneven top layer of the road
cover and filling the holes and milled ruts with asphalt.
For the reconstruction works, the existing road cover
needs to be mapped beforehand. Usually the road surface
model is created using total station survey data. To con-
struct a surface model of a two lane road, cross profile
points are measured from each side and from the centre
of the road with a step of 10 meters in settlements and
outside settlements where there are curbstones on road
sides. In rural areas the cross profile points are measured
with a step of 12, 5 meters. Requirements state that the
longest sight distance on road profile mapping should not
be greater than 150 meters. Errors in the surveying
heights must not exceed + 2 cm, with respect to the sur-
veying network (Estonian Road Administration 2008).

As mentioned before, a total station is used for con-
ventional road surveying. In this case a reflector prism is
placed at each survey point. One of major disadvantages
of this type of survey method is lack of detail in the sur-
face model created. Let it also be mentioned that the
shape of surface model produced depends much on where
precisely the reflector prism pole had been placed,
whether it had been placed on a level plane surface, or on
a lower surface dent or on a higher hump. Therefore, the
produced road surface model may not reflect in sufficient
detail the depths of dents and the heights of humps. If
such a micro-relief is needed by the conventional total
station survey, then this may to greater overall resource
costs.

A major problem in road surveying with a total sta-
tion is the safety of surveyors, since it is very difficult to
work on the road when it’s not closed down to traffic.
Commuters on the road might not notice the surveyor.
The risks are even higher when working on highways
where safety is not ensured by the wearing of just a re-
flector vest or placement of safety cones.

Using a terrestrial laser scanner for road surface map-
ping does not require the need of road closure.

In order to compare two different technologies for
road surface mapping, in June 2007 a terrestrial laser
scanning and total station surveying were carried out. The
work was accomplished using a Leica Terrestrial laser
scanner HDS 3000 and a Leica total station TSRP 1203.
As a result, two road surface models of the 37 m long
strip crossing the bridge were created, one based on the
laser scanning data and the other one on the total station
survey data.

4. Terrestrial laser scanner Leica HDS 3000

The terrestrial laser scanner Leica HDS 3000 kit
consists of software and hardware. The hardware side
consists of a laser scanner, batteries, a 220 V adapter and
a laptop which is used for controlling the scanning proc-
ess and saving scanned data. Targets and target mounts
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(figure 2) are also included in the hardware kit. Targets
are determined from different scanning stations which are
afterwards used to join all point clouds measured from
different stations together.

%’E\\ ‘\ ,

Fig 2. Leica target mount

The software side consists mainly of the program
Leica Cyclone, which has a number of sub modules for
scanning and for modeling. We can also include Bent-
ley's MicroStation and Autodek’s AutoCad with the
plug-in COE (Cyclone Object Exchange) and Cloudworx
for Microstation/AutoCad into the software set. COE is a
plug-in which is used to exchange data between Cyclone
and MicroStation or AutoCad. Cloudworx for MicroSta-
tion/AutoCad is a plug-in which is used to produce to-
pographic plans or profiles in MicroStation or AutoCad
drafting environments .

5. Total station Leica TCRP 1203

The total station Leica TCRP 1203 kit contains the
total station, a reflector prism pole, a 360° reflector prism
and a remote control.

The Leica TCRP 1203 is an instrument with an au-
tomated reflector prism tracking system and a remote
control system. The reflector prism tracking system
leaves out the need of precise sighting onto the prism.
The Power Search software helps finding the prism if the
connection between the total station and the prism is lost.

The remote control screen shows the same picture
which is on the total station screen in real time. In addi-
tion, the remote control has a touch-screen and a full
QWERTY keyboard. Controlling the total station via the
remote control device is analogous to controlling the total
station using the keyboard on the total station. All func-
tions on remote control are the same as on the total sta-
tion.

6. Scanning the road surface

The scanning process begins with observing the
scanning area, determining the potential locations for the
scanner and placing targets. The used Leica HDS 3000
terrestrial laser scanner determines 1800 points per sec-
ond.

Scanning of the road strip was done from two scan-
ner positions located at opposite sides of the bridge. One
station was located at the southwest end of the bridge and

the other at the northeast end of the bridge (figure 3). The
entire scanning process took 2 hours and 40 minutes. Ini-
tially the survey data was collected in an arbitrary coordi-
nate system. However, using control points which were
coordinated with a total station, the point cloud was con-
verted into the Estonian National 2D rectangular coordi-
nate system L-EST 97, and the -heights into the Estonian
National height system Baltic 1977. A total of 1394 426
points were gathered in scanning, 256 722 of which were
used to create road surface.

Fig 3. Laser scanning results from the southwest end of
the bridge (left) and at the other at the end of northeast of
the bridge (right). Scanner positions are marked with xyz
coordinate axis

7. Total station surveying

Surveying speed with a total station depends largely
on traffic frequency. Namely the connection between the
total station and the reflector prism can be interrupted
easily by passing by vehicles; — therefore, some of the
points need to be remeasured. Surveying is complicated
due to safety considerations because surveying points
must also be determined on the centre of the road.

Road profile field works took 2 hours and 20 min-
ute’s altogether. To receive a detailed model of the sur-
face of the road, the surface was measured with a step of
approximately one meter in the longitudinal direction,
while in the transverse direction five points were meas-
ured, two from both sides and one from the middle Thus,
the number of the points exceeds approximately 10 times
the requirements of the Road Administration. From the
37 meter long road, a total of 244 points were gathered.

The entire measuring process was carried out with-
out road closure (i.e. the same way as laser scanning).

Survey data is in the Estonian National planar coor-
dinate system L-EST 97, while heights are in the Esto-
nian National height system Baltic 1977 (i.e. in the same
coordinate and height system as the laser scanning re-
sults).

8. Post processing of the survey data

All survey data processing was done using the Bent-
ley MicroStation V8 drafting program.

Both the data gathered with the total station and with
the laser scanner TIN (TIN - triangulated irregular net-
work) triangulation models were produced. The TIN tri-
angulation model is used because the surface of the road
is uneven. The triangulation model is essentially a 3D
representation of the roads’ surface created using the
heights of survey points. Where heights increase gradu-
ally or where heights are even the triangular facets of the
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network is larger; where the surface is more rugged the
triangular facets of the network is smaller (figure 4). The
edges of the triangles coincide generally in higher points
and in lower points.

Fig 4. Fragment of TIN mesh model created using laser
scanning data (Left-hand side), fragment of TIN mesh
model created using total station survey data (right-hand
side)

Contour lines intersecting after every 2 cm were
added to both road surface models (figure 5).

Fig 5. Surface models with contour lines. Model created
using laser scanner data (left-hand side) and model created
using total station survey data (right-hand side)

9. Indirect comparison of survey methods

The terrestrial laser scanner Leica HDS 3000 works
within a range of up to 300 meters. The effective meas-
urement range depends on the surface to be scanned.
Road surface is a relatively horizontal surface and if we
place the scanner onto a tripod two meters from the
ground, then the scanning range in one direction could be
60 meters, the angle of the laser beam in the horizontal
direction is then 3° (therefore, we can scan easily up to
100 meters of road in one position). In total, the distance
would be 120 meters, 60 meters in each direction. If we
look at a two lane road which is approximately 11 meters
in width, then the entire survey area would be 120 - 11 =
1320 m2. Taking into account the fact that the scanning
speed is up to 1800 points per second and the scanning
resolution is 10 centimeters, then roughly scanning an
area of 180 m? takes only a second and scanning a total
area 1320 m? takes only 7,3 seconds. We must also con-
sider that scanning area assignment is based on a dome
shape photo image (full 360° - 270° dome). The scanning
area selection is accomplished by selecting segment areas
of the dome using degrees. Because a road is a line object
then selecting the area just once is usually not enough,
therefore prolonging the scanning process. Difficulties
with assigning the scanning area might arise if the scan-
ner is placed on the side of the road. If the scanner is

placed in the middle of the road, for instance, on an over-
pass, then selecting the scanning area is easier.
Specifications for the total station Leica TCRP 1203
indicate that the maximum range is up to 1000 meters.
Determining reflector prism point takes 0,3 seconds in
tracking mode, while the normal walking speed is 5 ki-
lometers per hour, i.e., 85 meters per minute. If we de-
termine the side points and centre point (three points in
total) on a two lane road with a step of 10 meters, then
the walking distance of the survey area is 120/10 - 11 =
132 meters. To walk a distance of 132 meters takes 1,6
minutes. Therefore, the surveying time for the 1320 m?
area would come to roughly (12-3-0,3) + 1,6 = 12,4 min-
utes. If we consider traffic density, surveyors’ safety, the
directing of the reflector prism, intermittent loss of the
connection between the remote control and the total sta-
tion, then the total survey time can increase significantly.
In conclusion surveying an area of 1320 m? with a
laser scanner could be done in a matter of seconds, rough-
ly calculated 7,3 seconds. Surveying the same area with a
total station takes several minutes, roughly 12,4 minutes.

10. Comparing the results

To compare two different sets of survey data, the da-
ta was imported into the Bentley MicroStation V8 draft-
ing program and two TIN surface models were created.

The model created using the total station survey data
and the model created using laser scanning data were
superimposed. The triangular meshes were activated and
elevation difference command was executed. The pro-
gram calculates within selected areas the differences in
model heights and shows divergent areas using colors.
We must keep in mind that when creating TIN meshes,
the amount of survey points is crucial. Figure 6 illustrates
the differences with contour lines between the two TIN
meshes created. Blue contour lines illustrate the lower
parts of the differences, white contour lines illustrate
equal heights, and orange contour lines illustrate the
higher parts. At the northeast and southwest ends the total
station points are higher than the laser scanner points.
Points with equal heights are scattered on the model. The
biggest difference between heights is -8,1 centimeters at
the southern corner of the model. The lowest difference
between heights is +0,8 centimeters at the northern end of
the model.

Fig 6. Comparison result of two TIN meshes. Northeast
direction is right

From the comparison model we can conclude that
total station survey points appear to be lower than the
laser scanner points, and this is probably caused due the
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fact that the cross profile transverse gradient values are
not constant given the unevenness caused by the state of
wear and sagging of the paving surface and of the road.
The total station survey points could be located on sags or
on higher humps; therefore the model created using total
station survey data is more generalized. At the same time
the distance between laser scanner survey points is occa-
sionally less than a centimeter producing highly detailed
surface information.

11. Comparison the two surface models with a project
surface

Using total station survey data a project surface of
the road was created. The project surface has given the
nature of the road in question a suitable longitudinal gra-
dient 0,47% and a transverse gradient on two sides of
2,5% (figure 7). Comparing the project surface with sur-
faces created using laser scanner and total station survey
data gives the amount of material that needs to be milled
off the top layer of the road surface or the amount of fill-
ing material needed to smoothen the road surface.

Fig 7. Project surface of the road

Comparing the project surface with the model cre-
ated using laser scanning survey data show that on the 37
meter long road strip the amount of the material that
should be milled off is 0,21 m? and the amount of filling
material to be used is 6,54 m3. Comparing the project
surface with the model created using total station survey
data shows that on the 37 meter long road strip the
amount of the material that should be milled off is 0,24
m?3 and the amount of filling material to be used is 4,85
m3.

The results show surprisingly little differences in
material quantities that should be milled off the road sur-
face and material quantities that should be used to fill the
road surface, even though laser scanning technology has a
great advantage due to a larger amount of points. The
differences could be due the fact that the total station sur-
vey was carried out ten times more densely then required.
The differences amount to only 0,03 m? of material that
should be milled of the road surface and 1,69 m?3 that
should be filled along the 37 meter long strip.

12. Conclusions

Terrestrial laser scanners collect a large number of
points from the observed object within a short period of
time. The collected points make up a point cloud. The
point cloud includes information about the scanned ob-
ject, each point holding xyz coordinates, the RGB code,
and the reflection intensity value. Point clouds are easy to
use in various applications, beginning with just simple
research and ending with different data processing opera-
tions such as modeling and designing.

The application areas of terrestrial laser scanning
technology are increasing all the time. Every year there
are newer and more efficient models introduced on the
market. The latest time of flight laser scanners like the
Leica C10 and Trimble CX 3D are capable of collecting
up to 50 000 points per second (Leica Geosystems 2010,
Trimble 2010). In comparison, the laser scanner used in
this study is able to collect only up to 1800 points per
second. The difference is nearly thirty times, this has a
great impact on the working pace. Producers placed great
emphasis on user friendliness, so there are fewer or no
cables at all, while data transferring is carried out using
Bluetooth, Compact Flash Memory Card or other similar
means; there are no external batteries; and there is no
need for a control laptop because controlling can be done
on the scanner.

In the course of the study, two road surface models
were created, one using total station survey data and the
other laser scanner survey data. The model created using
laser scanning data is several times more detailed than the
model created using total station survey data due to the
number of survey points.

If the road surface model is more detailed, then we
can determine the optimal material quantities that should
be milled off the surface of the road and the optimal ma-
terial quantities that should be used to fill the road sur-
face.

In conclusion we can state that primary advantages
of using terrestrial laser scanning technologies in such
working areas lie in the surveying speed, the safety of a
surveyor, and the absence of a disruption to traffic. Laser
scanning certainly provides advantages over total station
surveying when surveying objects such as bigger roads,
highways and tunnels (subways), when the closure of the
object for surveying is out of the question or very com-
plicated. The disadvantage of using terrestrial laser scan-
ner is its dependence on the weather. Scanning work is
not possible when it’s snowing and raining because the
laser beams might reflect off from the snowflakes or rain
drops.
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