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ABSTRACT

In this modern era of civilization, with the rise of construction of structures worldwide, there has been an
increasing demand for structural health monitoring and assessment, which ensures the durability and stability of
structural life. Terrestrial laser scanner (TLS) is one of those state-of-the-art technologies which has simplified the
structural survey and assessment. TLS can rapidly acquire millions of 3D data points from an entire structural
surface with high precision in a short period of time, encompassing the physical position and geometrical details
of the subjected object in the form of a digital replica known as Digital Twin (DT). A Digital Twin is the set of all
digitally represented data, which can greatly benefit engineers in terms of generating a realistic 3D model of the
structure and identifying the structural deformities such as deformations, displacements, surface anomalies/ir-
regularities, etc. Despite the significant benefit of this technology, there has been limited research studies on its
application and evaluation in terms of accuracy in structural monitoring and assessment. Therefore, this research
paper aims to provide an experimental program that not only measures and quantifies the performance of TLS,
but also evaluates its accuracy in comparison to other conventional single-point measurement equipment. In this
regard, a simply supported structural beam has been considered as a structural object and subjected to monotonic
loading. Meanwhile, the deformation of the beam has been captured using a few methods including TLS. The
finding of this research showed that the TLS performed remarkable well with errors less than 2% compared to

other accurate approaches of measurements.

1. Introduction

Infrastructures are the assets of the nation and need to be durable
and healthy during their life span. In the surveys of engineering struc-
tures, one of the key objectives is to monitor the state of health of the
structure during a lifetime. Infrastructures such as bridges are prone to
deterioration before their age due to material aging, corrosive envi-
ronment, overloading, and wear & tear process [1-3]. There have been
several collapses and downfalls of the structure seen over past years due
to inadequate adoption of the health monitoring system. The collapse of
Taiwan’s Nanfang’ao bridge on 1st October 2019 is an example of a
catastrophic event caused by a lack of proper health monitoring and
maintenance. Hence, such deterioration including deformations, and
changes in their surface of the structural components, needs to be
treated properly and systematically in regular terms and condition
before any catastrophe and downfall of the structure occur. Structural
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health assessment plays a crucial role in addressing such flaws and
maintaining the well-being and durability of the infrastructures [4-7].
Presently, structure monitoring is mostly carried out based on tradi-
tional methods using visual inspection, manual assessment, and inter-
pretation. However, it has several drawbacks such as being
time-consuming, susceptible to error, labor-intensive, and subjective
outcomes, etc. Apart from these, the difficult location of structures like
bridges, dams, and tunnels makes structural monitoring based on
traditional and manual inspection become harsh and unsafe [8-10].
The research problem highlighted in this study underscores the
critical need for further research in the field of structural health
assessment and monitoring, particularly through the application of
Terrestrial Laser Scanning (TLS). While the study acknowledges the
advancements and benefits of TLS in capturing three-dimensional point
cloud data for structural assessments, it also reveals the limitations of
traditional methods that are time-consuming, error-prone, labor-
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Fig. 1. (a) Working principle of TLS, and (b) Working flow diagram for TLS [13].

intensive, and subject to various challenges, especially when dealing
with complex and inaccessible structures such as bridges, dams, and
tunnels. In addition, catastrophic collapse of structures due to inade-
quate health monitoring and maintenance are stark examples of the
potential consequences of ignoring infrastructure health. Given these
challenges and the increasing importance of maintaining durable and
healthy national assets, there is a compelling need for more compre-
hensive research in this field. Further investigations can delve into
refining the TLS technology, developing more robust algorithms, and
exploring its practical applicability on a broader range of structures.
Such research can significantly contribute to enhancing the reliability
and effectiveness of structural health assessments, ultimately ensuring
the safety and longevity of critical infrastructures.

A modern technology of acquiring 3D position data of an entity or
body surface rapidly and precisely through the advanced feature of
contactless surveying to form a digital replica of an object is Terrestrial
Laser Scanning (TLS), which overcomes traditional methods in terms of
speed, accuracy, and range [8,11]. An introduction of TLS in engineer-
ing structural surveys and creation of Digital Twins (DT) using this
technology, solve such shortcomings and ineffective structural assess-
ments. TLS generates millions of 3D coordinate (x, y, and z) points of an
object by sending and receiving laser beams and measuring the distance,
horizontal angle, and vertical angle between the objects. Fig. 1(a) shows
a typical principle of TLS for point cloud data acquisition. TLS obtains
3D- point cloud data acquisition of an entire object surface precisely
which facilitates users to obtain a three-dimensional measurement, and
accurate 3D-model creation. Apart from the physical coordinates of an
object, the in-built RGB camera in the latest TLS unit can generate
globular panoramic RGB (red, green, blue) images. These colorimetric
RGB values will be allocated and mapped to a 3D point in the software
through the matrix of the transformation. The point cloud data obtained
immediately after scanning is registered in one coordinate system for
further processing of data from which 3D modelling and quality in-
spection of structure can be accomplished [12]. Moreover, as data
capture generally contains amount of redundant data and noises, the
captured point cloud will also be subjected to a noise filtering process in
the software through the post-processing procedures. Fig. 1(b) shows a
basic working flow of the application of TLS for analysis purposes.

The major advantage of TLS over a traditional method is acquiring a
complete set of data of the whole structure within a short period. TLS
also facilitates surface inspection of inaccessible structural components
feasible. The application of TLS and appropriate algorithms could
considerably assist engineers in identifying structural issues such as
displacement, undesirable deformation, surface anomalies, etc., from
the acquired point cloud data, which are well-detailed in the literature
review subsection.

1.1. Literature review

In the modern era of digitization and technology, TLS has been

progressively adopted for surface anomaly detection, such as displace-
ment and deformation monitoring [14,15]. One of the earliest attempts
for monitoring structural deformation using a TLS was performed by
Gordon [16] who carried out a test utilizing a TLS for accessing the
sensitivity and vertical deformation due to external load as well as
investigating the potential for metrology tasks that involve a remote
examination. Nuttens et al. [17], Bitelli et al. [18], and Monserrat and
Crosetto [19] obtained deformation values from point cloud data by
making a comparison with Digital Elevation Model (DEM) for assessing
the land deformation monitoring at various measurement epochs. In a
similar strategy, Schafer et al. [20] used TLS method for deformation
monitoring of a hydropower station in different settings of liquid levels
during the filling and emptying process. In another effort, Schneider
[21] adopted the TLS application for determining the deformation of the
water dam and the bending line of the television tower. Studied the
practicability of TLS for monitoring the deformation of a large concrete
dam. TLS has proven to be useful and reliable in monitoring long-term
deformation. In this regard, TLS data has been used as a reference for
both comparison and correlation analyses of the changes including de-
formations that occur over the structure’s lifetime [22].

Zogg and Ingensand [23] monitored the deformation due to the load
test on the Felsenau viaduct with the application of TLS and compared it
with precise levelling data. The TLS Imager 5006 by Zoller + Froehlich
was used to scan the bridge girder. Five reference targets were estab-
lished in the test field, and these target points were scanned at super
high resolution while another scanning was done at high resolution. The
TLS-obtained 3D point cloud data were registered and filtered to obtain
deformation values by comparing them with before and after loading
data. For registering, all the 3D point cloud data are registered in one
coordinate framework using cyclone software. The absolute error and
Root Mean Square (RMS), which determines the registration quality for
three registrations, varied from 0.5 to 0.6 mm. Geo-magic Qualify
software was used to analyze deformation. Truong-Hong & Laefer [24]
studied the application of TLS in bridge inspection involving geometric
modelling and quality inspection. A point-surface-based approach was
used to derive vertical bridge displacements that occurred due to dy-
namic load by calculating the discrepancy in the elevation of a bridge
girder before and after loading. Yang et al. [25] experimented with
determining health assessment of concrete structures like displacement,
and other concrete structural effects using the finite element method
(FEM) based on TLS. The specimen was performed with two cylinders at
both ends for loading and the test setup. At first, the load of 4 KN was
applied until the first crack was formed, and then the load was raised to
5 KN. The loading was kept on hold for 5min, and loading was
continued until the ultimate loading. The tested slab was inspected
promptly, and load and deformation were measured using force sensors
and displacement sensors. The triangular displacement sensors were
kept in the center of the beam. TLS was utilized to acquire the point
clouds of the beam at each loading step as the TLS gives the datain X, Y,
and Z coordinates and contains noise, so they implemented



M. Mohammadi et al.

Specimen prepration

}

Test steup prepration

'

TLS and LPs
installation

\ .

¥

Initial Preparation

\

¢

Y

i=0

¥

Hydraulic jack loading,
Step i

¥

LP measurment,

P
\Tfr

restrial Laser Scanning, Step 1/4;\

Data Acquisition

}

Post-processing

}

TLS measurement

Step i

~
Finite Element Modelling, S|ep)i

~

Yes—»

Geometrical model &
meshing

!

Set material parameters

|

No—————¥

loading

!

FE measurement

=i+l

N

i<6 ?

Yes

¥

Comparisons of TLS, LPs, &

FEM measurements

NO

Fig. 2. The workflow of FEM model, TLS and LAB experiments comparison.

Structures 58 (2023) 105574

surface-based measurement analysis. The experiment mainly focused on
determining the benefit of the 3D TLS for building convenient, intelli-
gent, and efficient models that could be used to detect different struc-
tures like bridges, buildings, or subways. Yang et al. [26] applied laser
scanning technology to model and observe the deformation of the arch
structure. The experiment was carried out for 2 m spans of the arch with
a thickness of 10 mm. The arch was subjected to monotonic loading with
constant load speed and interval. Xu et al. [27] proposed a network
method (NM) to analyze displacement effect in both terms of size and
direction of a composite arched structure using TLS. The displacement
map is extracted from point cloud data and a remapped network. This
experiment used the finite element model (FEM) of concrete structures
using TLS for optimizing the model through response surface method-
ology (RSM). The components used for the experiment were concrete

beams. Gawronek and Makuch [28] carried out a static load test at a
railway bridge in Poland using TLS technology. The bridge was
double-span continuous with a design span of 105.4 m. The experiment
was carried out on a single bridge span by using loading models. This
loading helped determine the dynamic change of structure that occurred
due to uneven load during and after loading. A static load test was
conducted on a span that facilitated the registration of the point cloud
completely. Levelling and tachymetric measurements helped provide
reference values to the values obtained from the TLS. At the end of the
test, the maximum displacement found during static loading (—7.4 mm)
was lesser than the optimal design deflection (—18.2 mm). Guo et al.
[29] performed a comparative analysis to quantify the time and
cost-efficiency of TLS based quality assessment. Structural columns were
assessed with the application of TLS and it found that TLS application
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had benefits in terms of time and cost. In another strategy, Mohammadi
etal. [11] compared the quality of the TLS-based and Unmanned Aerial
Vehicle (UAV) photogrammetry-based point clouds with as-designed
drawings and as-is measurements on various bridge structural ele-
ments. This study revealed that TLS produced higher-quality data than
UAV photogrammetry.

1.2. Objectives and aims of the research

The application of TLS provides all the required geometrical data
necessary for structural damage assessment and quality inspection. The
research proposes to investigate and evaluate the implementation of TLS
in the measurement of displacement/deformation of the structural
component. In this research, a structural beam was subjected to a
monotonic loading scenario, and beam displacement was captured using
TLS and compared with the 3D finite element model under the same
loading protocol. The major objectives are as follows: (i) verify the
reliability and applicability of point cloud data attained from TLS in
structural assessment and health monitoring, (ii) identify and quantify
the displacement and deformations of the proposed beam structure as
part of structural damage assessment through the experimental test on a
steel beam under real load, (iii) compare and validate the obtained
result of TLS by the electromechanical measurement equipment, and
numerical and analytical approaches.

2. Research methodology

According to the literature study, the practical and effective use of
TLS in the field of structural assessment and health monitoring, has
made this system an alternative for electromechanical measurement
equipment and numerical and analytical approaches. This section de-
tails all of the steps required for collecting qualitative TLS data and
elaborated the applicability of the proposed method for identifying and
quantifying deformation and displacements in terms of structural
monitoring and assessment. In this regard, an experimental case study
was designed to assess the applicability of TLS in comparison to elec-
tromechanical measuring equipment such as Linear Potentiometers
(LPs), which are normally used for the linear record of displacements.
LPs are commonly used in structural assessments for displacement
measurement, however, they can only record a point to which they are
attached.

In this experimental program, three I-shaped steel beam specimens
were subjected to a three-point bending test, and the deformation of the
specimen from various points was taken using LPs and TLS. In these
experiments, the specimens were subjected to a deformation-control
loading protocol that included several displacement steps, and at each
loading step, the LPs and TLS data were collected and compared.
Another attempt has used the geometrical measurements of the speci-
mens collected using TLS in the first step, prior to loading, to create a
complete 3D model of the specimen to be used for Finint Element

Fig. 3. Painting and measuring dimensions of specimens.
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Modelling (FEM). The proposed workflow for TLS, and LP data collec-
tion, and FEM modelling are described in Fig. 2. The study’s experi-
mental workflow has been designed in six distinct loading steps, wherein
the specimens are subjected to a displacement-controlled loading using
a hydraulic jack and displacements at each loading step are measured
using both LPs and TLS equipment. In the initial step (i.e i = 0), the 3D
data acquired through TLS and it is utilized to generate a finite element
model. This model is subsequently employed for beams’ FEM simulation
and comparison of specimen deformations. The loading procedure of
specimens is conducted in a stepwise manner, with each step experi-
encing an increase in the load applied. Displacement information ob-
tained from LPs and TLS is collected at every step, with a total of six
progressive iterations. Ultimately, the measurements of deformation for
LPs and TLS are analyzed and compared with the FEM’s simulation
outcomes. This comparison allows for a detailed tracking of the speci-
men’s deformation, providing valuable insights into the physical prop-
erties of the specimens. The subsequent sections provide an explanation
of the FEM model analysis and TLS-based deformation extraction.

2.1. Finite element modelling

The ABAQUS [30] software package was employed to generate a
sample FEM model to simulate the beam deformations and compare the
results with the conducted experiments with TLS and LPs. The FEM
model enables the estimation of the displacement of all points on the
surface of the object structure. Through an analysis of the stress and
strain state of the deformed structure, it is possible to assess the dis-
placements that have occurred as a result of load, strain, and stress. The
type of material, size, shape, and applied forces can all contribute to
various forms of deformation.

2.2. TLS-Based deformation extraction

The process of deformation extraction using TLS data analysis in-
volves three primary steps, including data acquisition, post-processing,
and displacement analysis for each epoch of point cloud data. The
data collection is a pivotal step in generating a high-quality and large-
scale point cloud. The effectiveness of the data for structural evalua-
tion purposes is dependent upon the quantity and quality of the data
collected [31]. Prior to obtaining point cloud data through laser scan-
ning, it is essential to consider various parameters, such as but not
limited to scan quality and resolution settings. It is necessary for oper-
ators to adjust these two parameters according to the minimum
discernible object size in the point cloud data. Selecting the suitable
values for these parameters is crucial to achieve high-quality results,
minimize scanning time, and reduce the required time for
post-processing of the point cloud data [32].

TLS point cloud data often comprises some outlier noise which refers
to data points that exhibit substantial errors and deviate from the normal
noise [33]. Moreover, the TLS scanning process usually captures objects
that are not desired. As a result, it is necessary to implement a
post-processing filtration stage in order to improve the quality of the
acquired TLS data. The post-processing stage involves noise reduction
and the elimination of non-beam features, such as equipment and tools,
to enhance the accuracy and reliability of the point cloud data.
Following the data collection and post-processing, the deformations of
the beam in each epoch were extracted through the measurement of the
vertical displacements at specific points along the beam. The obtained
results are compared with those of the LPs and FEM simulation.

3. Experimental works

An experiment was conducted as part of a research methodology to
investigate and evaluate the implementation of a TLS in the measure-
ment of displacement of the structural component as a part of quality
inspection. In this experiment, three simply supported structural beam,
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i.e., IPE200 (dp= 200, bi=100 mm, t= 8.5 mm and t,=5.6 mm) steel
beam, was subjected under a monotonic load at mid-span in a bending
test, and the beam performance under load was scanned at each load
step by the TLS. The length of the beam is equal to 2.6 m. The occurring
displacement and deformation were measured by processing the point
cloud data obtained from TLS and compared with the electromechanical
measurements and 3D finite element model under the same loading.

3.1. Preparation of specimens

The beam was sand dust and painted with rustproof paint in two
layers of the coating as shown in Fig. 3, and left for drying before testing
the specimen. Each dimension of the beam was measured with the help
of a three meter-vernier caliper to have an accurate estimation of the
beams dimensions.

3.2. Test Setup

An Electric universal testing machine was used to carry out a three-
point bending test. The major benefit of a three-point bending test is the
effortless preparation of test specimen and examination. The beam is
placed over two support i.e. pinned support at one end and a roller
support at another end. The loading is applied at a constant rate at the
center of the beam with the help of hydraulic power controlled through-
loading system/computer. The test setup for the beam in a 3-point
bending test is shown in Fig. 4 and Fig. 5. The loading was stopped at
each interval to allow for TLS scanning of the beam and then resumed for
further loading. The loading was done beyond the failure of the steel
beam to attain maximum deflection possible considering the lab safety
and protocols.

Structures 58 (2023) 105574

3.3. Linear Potentiometer (LP’s)

Linear potentiometer (LP’s), also referred to as electromechanical
measuring devices/sensor, converts the linear motion of a body coupled
with LP’s into an electric signal corresponding to the value of movement
and is recorded in the linked system/computer. These devices quantify
the real-time displacement of an object. For this experiment, five LP’s
are installed at L/6, L/3, L/2, 2 L/3, and 5 L/6 position of the steel beam
and is attached to the bottom flange of the beam. After each interval of
load, the values given by the LP’s are recorded in the system. Fig. 4
demonstrates the location of five LPs installed in the bottom flange of the
steel beam.

4. Measurement with TLS

The experiment described in Section 3 was based on the use of a TLS
to scan, and record point clouds of simply supported beams while under
aload applied at the beam’s mid-span. The vertical displacement of each
beam under each load was recorded at the five one-sixth points (L/6, L/
3,L/2,2L/3, and 5 L/6) of the beam’s 2.4 m span, L, by LVDTs (linear
variable displacement transformers). The vertical displacements recor-
ded by the LVDTs, which can be described as ’precise indicators of po-
sition’ [34]), were used as baseline values. These baseline values would
then be compared with vertical displacement values, as obtained from
point clouds captured by TLS, of the same points on the same beams
under the same loads. Additionally, the vertical displacement values of
the physical beams, as obtained from both the LVDTs and the TLS, would
be compared to values obtained from a 3D finite element model of the
experiment.

Fig. 6. Position of different Target points.
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Fig. 7. Scanned image of the testing area and specimen from TLS.

4.1. TLS Instrumentation

The TLS device placement is kept in such a way that the device can
completely scan the bottom flange portion of the beam, to were
compared the displacement of the bottom flange with the displacement
recorded from LP’s. Moreover, the location of TLS is not fixed and
critical as these points can be moved in any direction and placed in such
a way there is no obstruction in the scanning process. Initially, the beam
was scanned at zero loading conditions. And after that, scanning was
done at different load-interval to attain maximum displacement. Five
different target points were attached nearby the setup zone in a different
location, as shown in Fig. 6 to ease the registration of the acquitted point
cloud data.

As it was desired to have the TLS perform all of its scanning while
levelled, the tripods used in the experiment were set up with their apex
levelled through fine adjustment of the tripod legs’ lengths. This con-
dition was verified by an external spirit level, as the tripod apexes did
not feature integrated spirit levels. This process of levelling the apexes of
the tripods was done in the hope that the TLS would be able to be used
interchangeably on top of each of its scan position supports (the tripods
and steel universal columns (UCs)) without the need to adjust the TLS’s
tribrach between each movement of the TLS from one scan position to
another. Unfortunately, it was found that the top flanges of the UCs did
not provide surfaces level enough for the sensitivity of the TLS’s in-built
spirit level, and as the orientation of the UCs could not practically be
fine-tuned, levelling of the TLS had to be performed via adjustment of
the TLS’s tribrach for each relocation between scan positions.

Once the TLS was levelled at a scan position, the location at which
scan data was to be saved within the TLS’s data storage drive was set via
the TLS’s integrated touch screen. The scanning process, and scan pa-
rameters affecting the density of the point cloud to be captured, could be
initiated/modified via commands entered into the TLS’s integrated
touch screen; however, a laptop connected wirelessly to the TLS was also
used to command the TLS through dedicated software. The laptop, with
its mouse and keyboard, was the preferred option for commanding the
TLS, and was particularly suited towards defining the frame of view over
which the TLS was to perform its detailed scanning. On both the laptop,
and the TLS’s screen, it was possible to see the 360° panoramic colour

=

Fig. 8. Image of Z + F IMAGER® 5016.

images captured by the TLS’s integrated camera of the experiment for
immediate review. In addition, the time remaining to complete each
scan, and the time remaining to complete the capture of each panorama,
was communicated live on both the TLS’s screen, and via the laptop.
Fig. 7 shows a 360° view of the experiment area as captured by the TLS’s
integrated camera. The scanning is done from one central location near
the loading setup of the beam, as shown in Fig. 7. Initially, the whole
area was scanned at normal resolution with high-quality scan, and then
finally from the first preview scan, the specimen section was selected
and then finally scanned with super high resolution and premium
quality. Such adoption saved the time of scan as scanning the whole area
at higher resolution and premium quality would take a longer period for
each scanning. As the specimen section was scanned at higher resolution
and premium quality, the accuracy of the scan was not compromised and
was relatively near 3 mm.

4.2. Specification of utilized TLS

The Z + F Imager®5016 has been utilized to carry out the test pro-
cedures. Table 1 provides technical information on Z + F Imager®5016

Table 1

Technical data of Z + F Imager®5016 TLS.
Manufacturer Model Imaging mechanism working Principle Data acquisition rate Field of View (FOV) Range Resolution
Zoller+Frohlich IMAGER 5016 HDR panoramic Phase measurement Up to 2 million pixel/sec 360 x 320 > 360 m Up to 0.8mm@10m
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TLS. The laser scanner unit is designed for a compact and light-weight
model to make it more user friendly in handling and application
(Fig. 8). With the advanced technology, the maximum range of this TLS
is up to 360 m, thereby expanding its applicability and prospects at
higher range applications. This scanner can capture one million points
per second precisely. The field view of 360° x 320° reduces the number
of scan locations and ensures great exposure of the scanned vicinity. The
laser scanner is categorized as completely safe for the human eye and
body and hence can be used in a public zone without any constraints.
The integrated positioning system in the scanner enables registration
automatically, even without any target points. This scanner is equipped
with rapid scanning technology and takes just 3 and a half minutes
approximately to capture a full HDR panorama view of 80 megapixels.
The integrated LED spots with HDR camera allows user to capture im-
ages even in low light area. The storage capacity of the scanner is 128 GB
and transferring of these data can be promptly done through connected
Wi-Fi or secure digital card slot or ethernet cable.

4.3. Cloud compare software

Cloud compare is an advanced software capable of processing 3D
point cloud data acquired from TLS. In this research work, the latest
stable version 2.11.3 of cloud compare has been used for processing the
point cloud data of the scanned beam. The software is capable of
handling infinite scalar fields per point cloud and enables a user to
visualize real field data. The segmentation option using a 2D polyline
draw was used to segment, select beam section, and reduce noise from
the entire point cloud data. From the pick point, option two points are
selected to compute the corresponding distance between these two
points.

5. Finite element modelling

In recent years, finite element modelling (FEM) has been widely used
by various engineers and mathematicians in the field of engineering. The
advantages of FEM are limitless and can be used to solve a different
complex problem without any restriction. The modelling and simulation
of the deformation of the I-shaped steel beam were carried out in
ABAQUS [30] software. ABAQUS [30] software is widely adopted FEM
software with powerful tools to solve a variety of complex problems with
both linear and non-linear analysis [35,36].

5.1. Basic FEM equations

In this section, were delved into the fundamental equations used in
standard displacement-based finite element analysis. The equilibrium
equation, which is based on the virtual work principle, is expressed as
follows [30]:

/ 6:8DdV = / t!.ovdS + / fr.ovdv (@)
\4 N v

The left-hand side of Eq. (1) is substituted with the integral over the

reference volume of the virtual work rate per reference volume. This is
defined by any conjugate pairing of stress and strain, and can be
expressed as follows:

/ ¢ 8edV° = / ! .5vdS + / fr.ovdv (2)
Vo s v

where 7° and ¢ are any conjugate pairing of material stress and strain
measures. The particular choice of ¢ depends on the individual element.
The finite element interpolator can be written in general as:

u = Nyu" 3

where Ny are interpolation functions that depend on some material
coordinate system, uN are nodal variables, and the summation conven-
tion is adopted for the uppercase subscripts and superscripts that indi-
cate nodal variables.

The virtual field, v, must be compatible with all kinematic con-
straints. Introducing the above interpolation constrains the displace-
ment to have a certain spatial variation, so §v must also have the same
spatial form:

u = Nyu" 3

The continuum variational statement Eq. (2) is, thus, approximated
by a variation over the finite set 5.

Now 6&¢ is the virtual rate of material strain associated with sv, and
because it is a rate form, it must be linear in év. Hence, the interpolation
assumption gives as follows:

d¢ = o @

where fy is a matrix that depends, in general, on the current position, x,
of the material point being considered. The matrix Sy that defines the
strain variation from the variations of the kinematic variables is deriv-
able immediately from the interpolation functions once the particular
strain measure to be used is defined.

Without loss of generality we can write fy = By (x, Ny), and with this
notation the equilibrium equation is approximated as follows:

N /V P dV® = s { /S NY.tdS + /V N;.fdv] (5)

Since the 51/ are independent variables, was can choose each one to
be nonzero and all others zero in turn, to arrive at a system of nonlinear
equilibrium equations:

/ Py TdV° = / N}.1dS + / N fdv (6)
Vo N |4

This system of equations forms the basis for the (standard) assumed
displacement finite element analysis procedure and is of the form:
FY (i) = 0 @

The above equations are valid for static and dynamic analysis if the
body force is assumed to contain the inertia contribution. In dynamic
analysis, however, the inertia contribution is more commonly
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Fig. 10. The meshing of the steel beam model.

Location of Loading

Simple Supports

Fig. 11. Boundary condition and loading of the steel beam model.

considered separately, leading to the equations as follows:

MMM EY (1) = 0 ®

5.2. Geometrical modelling

The material properties and different geometry parameters are
defined initially to model and carry out the analysis. The details of
model geometry have been presented in Fig. 9. The beam is considered
as a linear isotropic material for analysis purpose. The young’s modulus
of elasticity (E) for IPE 200 Steel Beam is taken as 193 GPa, whereas the
Poisson’s ratio has been considered as 0.3. The geometry of the model is
3D and the solid element is used for construction in the graphics module
of the part. The geometry created in the assembly section is called and
partitioned to increase the speed in the analysis and meshing of the
model. Also, to collect the data at L/6, L/3, L/2, 2 L/3, and 5 L/6 posi-
tions according to the laboratory sample, the finite element model is
partitioned according to Fig. 9.

5.3. Meshing

Meshing refers to the conversion of the whole body into a smaller
division by defining mesh density and mesh shape. The meshing of the
generated model is carried out to verify the position of node/element
and decrease the error in solved results. The finer the mesh, the greater
the degree of accuracy. However, the computing time will be immensely
increasing with solving such fine mesh. Due to the partitioning of the
model in the assembly module, it is possible to use C3D8R which is a
general purpose linear brick element [37]. In this type of mesh, the
element is in the form of regular eight nodes with high analysis power
and appropriate accuracy. In the numerical analysis of this node, the
reduced integral is used. Also, due to the regularity of the elements, the
speed of analysis also increases. The dimensions used for meshing in this
analysis are equal to 15 x 15 mm? according to the sensitivity analysis
performed by Rousta et al. [38]. The meshing of the steel beam model is
shown in Fig. 10.

5.4. Boundary condition and loading

The subsequent boundary condition for each support is defined
(Fig. 11). Roller support at one end and pinned support at another end
have been defined to make a simply supported beam. Roller support
enables the beam to move in the x-direction while the y-direction is
constrained. The loading condition is applied and expressed in the form

120
Load-Displacement Curve - --- Test (B1)
100 ---- Test (B2)
---- Test (B3)
= o0 —FEM
=
=
- 60
© ~
o
— S
40
| ] ‘hydrauic Jack
20 /;,// IPE 200 n—
V4 =B =
0 I/// ‘Simple support
0 10 20 30 40

Displacement (mm)

Fig. 12. Plot load vs displacement.

of initial displacement. The load case is applied at the center of the beam
as a concentrated load. Finally, the model is solved using the defined
analysis, and the results are obtained. These model results were
compared with the numerical model and experimental data.

6. Result and discussion

In this section, the results of the study are presented and discussed
with a primary focus on assessing the reliability of Terrestrial Laser
Scanner (TLS) measurements. The TLS measurements are benchmarked
against data obtained from LP measurements as the actual reference and
FEM as a simulation approach. The time spent on laser scanning and
capturing of test beams with TLS testing, while the rays were in a specific
vertical displacement, was calculated by subtracting the loading pause
time from the moment when the loading stopped, on a specific vertical
displacement. The average total time spent on loading the rays and laser
scanning is 4 h and 15 min, with 45 min of it attributed to laser scanning
time. From the result of the three-point bending test on three specimens
of IPE beam 200, a load vs. displacement graph has been plotted as
shown in Fig. 12. The straight line in the graph indicates the zone of the
elastic limit of the steel beam where the stress and strain are propor-
tional to each other and experiences elastic deformation. And ahead of
this elastic limit, the steel beam encounters plastic deformation and
maximum stress and then finally fracture stress. The FEM is achieved
with the help of ABAQUS [30] software. The curve of load-displacement
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Table 2
Record data of the experiment, numerical, and TLS on test specimens.
Specimen No. Steps Load (kN) Deflection of Beam’s Mid-span (mm) Oest Oest dms
) o 1

Test FEM TLS M s M

1 1 37.83 6.25 6.72 6.70 0.93 0.96 1.01
2 38.11 6.40 6.87 6.65 0.93 0.94 1.03

3 88.92 16.10 17.20 16.70 0.94 0.96 1.03

4 86.20 16.12 17.41 16.72 0.93 0.96 1.04

5 44.65 29.90 32.25 31.50 0.93 0.95 1.02

6 41.09 29.89 32.14 31.49 0.93 0.95 1.02

2 1 33.76 5.05 5.52 5.39 0.93 0.93 1.02
2 34.09 5.14 5.45 5.45 0.93 0.95 1.00

3 77.74 10.39 11.15 10.94 0.93 0.95 1.02

4 76.62 10.35 11.25 10.90 0.92 0.95 1.03

5 88.53 15.01 16.07 15.55 0.93 0.96 1.03

6 85.07 14.9 15.93 15.45 0.94 0.96 1.03

7 81.44 19.94 21.27 20.49 0.94 0.97 1.04

8 77.66 19.97 21.25 20.52 0.94 0.97 1.04

9 50.85 30.03 31.82 30.58 0.94 0.98 1.04

10 45.69 30.05 31.78 30.55 0.94 0.98 1.04

11 33.90 45.81 48.39 46.36 0.95 0.99 1.04

3 1 30.49 4.84 5.20 5.07 0.93 0.96 1.03
2 30.62 4.91 5.22 5.15 0.94 0.95 1.02

3 72.05 9.97 10.58 10.20 0.94 0.98 1.04

4 71.35 9.94 10.77 10.17 0.92 0.98 1.06

5 89.49 15.02 15.89 15.25 0.95 0.98 1.04

6 87.29 15.04 15.97 15.27 0.94 0.98 1.05

7 80.20 19.97 21.08 20.20 0.95 0.99 1.04

8 73.66 20.05 21.17 20.28 0.95 0.99 1.04

Mean 0.94 0.97 1.03

20 20
Test Specimen No. 1 Test Specimen No. 2
o TLS o o TLS Load = 88.53 (kN)

16 o FEM

Displacment (mm)
Displacment (mm)

0 0.65 1.3 1.95 2. 0 0.65 1.3 1.95 2.
L (m) L (m)
(a) (b)

20
Test Specimen No. 3
o TLS Load = 89.49 (kN)
16 o FEM 0
3
E
z
[0
£
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o
4
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Load = 30.49 (kN)

0 0.65 1.3 1.95 26
L (m)
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Fig. 13. The plot of displacement along the beam for the different loads: (a) Specimen No. 1, (b) Specimen No. 2, and (c¢) Specimen No. 3.
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Fig. 14. Comparisons of record data of the experiment, numerical, and TLS: (a) Test vs. FEM, (b) Test vs. TLS, and (c) FEM vs. TLS.

obtained from numerical modelling corresponding to applied load is
exhibited in Fig. 12.

The data of the photographed experiment has been included in this
section. Table 2 is developed to present the beam displacement data
results obtained from the experiment, numerical method, and laser
scanning and compares them with each other. These columns indicate
the vertical deflection of the test beam’s mid-span, the laser scan, and
numerical data, the test beams with the experiment’s TLS. The vertical
deflection of the test beam’s mid-span at a particular time was calcu-
lated by subtracting the hydraulic testing ram’s stroke, as soon as it first
touched the top of the test beam, from the stroke of the hydraulic testing
ram at the same particular time. The acquitted point cloud data is
exported on 3D point cloud processing software i.e. Cloud Compare, and
the results of computation of the distance between the bottom flange
and reference line at a different stage of loading and the resultant
displacement are tabulated in Table 2. The five LPs placed at mid-span
from one end of the beam gave us the displacement values corre-
sponding to the applied load for only those points in contact with LPs.
The values of displacement obtained from LP’s measurement corre-
sponding to applied load are given in Table 2. In Table 2, the result
obtained from the different approaches for the deflection value of the
same beam has been compared, which provides a clear idea of effi-
ciency, accuracy, and error of measurements. The result obtained from
theoretical numerical formula and FEM validate the experimental result,
whereas the result obtained from LP’s is taken as reference for com-
parison of accuracy and error for TLS measurement. The summary of
displacement values at x distance from the end for a beam corresponding
to the applied load obtained from different methods is tabulated in
Fig. 13. The plot of displacement values at 50 cm, 90 cm,130 cm,
170 cm, and 210 cm for Specimen No. 1 under the loads 37.83 kN and
88.92 kN obtained from the different approaches is shown in Fig. 13(a).
Similarly, displacement values for Specimen No. 2 and 3 are shown in

10

Fig. 13(b) and (c). The measurement of maximum displacement value,
which occurs at the center of the beam, through different approaches is
summarized in Table 2. The results showed almost similar values of
displacement of a beam from each method with slight variation. The
percentage of error for the TLS measurement compared to other various
approaches is tabulated in Table 2, which demonstrates that the error for
measuring the smaller value of displacement is relatively higher,
whereas with the increase in displacement value the error has been
decreased and reached to 2%. Hence, a significant amount of displace-
ment value can be accurately measured by TLS.

To assess the accuracy of TLS measurements, ratios between test vs.
FEM, test vs. TLS, and FEM vs. TLS are provided. The ratio of the test
values to the FEM predicted was determined and displayed in Fig. 14.
The average ratio Arest / Apgpm. is equal to 0.94. Similarly, Atest / ATLs
denotes the ratio of the test values displacement to the TLS measure-
ments, which is corresponding to 0.97. In addition, Arrs / Apgy is equal
to 1.03, which signifies the ratio of the TLS measurement to the FEM
predicted. The comparative analysis of the results indicates that TLS
measurements generally align well with experimental values. The ratios
for deflection of beam’s mid-span are close to 1.00, suggesting a good
agreement between TLS measurements and the experiments results.
Overall, Fig. 14 demonstrate that the TLS provide a reliable estimation
of the deflection for the analyzed specimens.

In the following, the deformed shape of the test samples, FEM and
TLS are considered in order to compare and evaluate the results of the
mentioned data recording approaches. Presentation of the results of the
deformed shape of the finite element method is in the form of
displacement contour. In the TLS method, a graphic image is used,
which is a point cloud with high density. In the experimental method,
the results are in the form of images recorded at every moment of
loading. Fig. 15 shows the results of the deformed shape of the three-
point bending test on the IPE 200 beam. Test data, FEM and TLS at
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TLS
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Fig. 15. Comparison of deformation shape of finite element method, TLS, and experimental specimens: (a) Specimen No. 1, and (b) Specimen No. 3.

specified loading are selected and included in this section. The labora-
tory results show that the deformed shape is in the form of torsion-
bending buckling and in the out-of-plane direction. The comparison of
the finite element method with the experimental results shows that the
finite element model can present a clear deformed shape of the beam
under three-point loading. Also, the comparison of the results taken by
TLS with the deformed shape of the laboratory samples shows that the
approach used in the TLS method and the point cloud results accurately
recorded the deformation mode of the laboratory sample at different
loading moments.

The discrepancy and variation in the results shows that the most
probable reason is the consideration of different criteria and factors with
certain limitations adopted in each approach which directly governs the
error and accuracy of the measurement. The factors that could have
largely affected the result are listed below:

(i) In the case of results from a TLS, the displacement values have
been calculated without the consideration of holes which results
in some percentage of error in comparison with actual experi-
ment data and FEM. Slight geometric imperfection in the shape
and size of the proposed beam might have imparted some errors

11

(i)

(iii)

(iv)

in the real test when compared with the hand calculation and
FEM analysis where a beam with perfect geometry has been used.
Since the beam used for the experiment was old and rusted, the
strength of steel obviously might have been decreased, and hence
the experimental values differ from numerical and FEM modeling
where standard properties of ideal steel beam have been used.
Due to lateral buckling and torsion of the steel beam, the bottom
flange beam has twisted. As the displacement of the bottom
flange has been considered, the LP’s measured displacement of a
single point is not capable of measuring such displacement.

Due to constrained space, the TLS device was placed almost 1 m
apart from a beam and due to such proximity, errors were
generated in capturing accurate point cloud data. The accuracy
depends upon the selection of different features in TLS devices,
such as resolution and quality of the scan. In this experiment,
were used super high resolution with premium quality for each
scan of a beam that has an accuracy of 3 mm. Therefore, the TLS
technology can be used as a reliable alternative to the conven-
tional measurement devices by capturing the whole specimen/
structural component, rather than measuring specific points.
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7. Summary and conclusion

The objective of this study was to assess the accuracy and efficiency
of Terrestrial Laser Scanning (TLS) as a method for measuring the
displacement of a steel beam in comparison to traditional methods,
namely finite element modeling (FEM) and experimental measurements.
The study aimed to establish the reliability of TLS in capturing
displacement data from the steel beam and to investigate any potential
discrepancies and errors in comparison to the reference data obtained
from FEM and experimental measurements. The research successfully
achieved its objective by comparing the displacement values obtained
from these different approaches, revealing that TLS measurements are in
good agreement with both FEM and experimental results, particularly
for larger displacement values. The scanner successfully measured
different displacement values of the beam ranging from 1 mm to 30 mm
at different load intervals. The findings show that the device was not
able to detect smaller displacement values and had a greater error,
whereas, in the case of larger displacement values, the device performed
remarkably well and gave almost accurate values with an error of almost
2-4% compared with another approach of measurement. The discrep-
ancies among different approaches is the result of different factors
considered during the adoption of each method. In a numerical
approach, the effect of lateral torsion and buckling effect was consid-
ered, whereas LP’s measurement is only capable of measuring a
particular point deflection to which it is attached. However, the TLS
device can scan every single point and hence can define and measure
each point’s deflection and deformation. The accuracy of the TLS device
mainly depends upon the resolution and quality of the scan. The higher
the resolution and quality, the higher the accuracy. However, with such
a higher configuration, the processing time and the corresponding data
size become enormously superior. The study also identified specific
factors that may contribute to discrepancies, including the geometric
imperfections of the beam, the aging and rusting of the material, the
complex deformation modes of the beam, and the proximity of the TLS
device during scanning. In summary, the research demonstrated that
TLS can accurately measure significant displacement values and pro-
vides valuable insights into the deformation modes of the steel beam,
albeit with some limitations and potential sources of error that need to
be considered in its application.

After successfully analyzing the results derived from TLS and
comparing it with two other approaches of measurement, it can be
concluded that TLS is an effective and accurate method for measurement
of noticeable displacements and can be recommend for health moni-
toring of structures. However, the instrumentation cost of TLS and
software for processing data is considered very high. Therefore, the
applicability of TLS is recommended for larger projects such as bridges,
dams, high rise buildings and railways.
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