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Abstract

The paper describes the rigorous approach to studying and analyzing the results of geodetic monitoring of massive sports
structures. The monitoring results for two ski jumps in Almaty, Republic of Kazakhstan, are considered a case study. The
suggested approach is based on the combined use of geodetic measurements and their comparative analysis with the
structural analysis results of the structure using the finite element method. The structural analysis was carried out for
various loads and their combinations, e.g., dead weight, snow load, wind load, etc. The article's aim is twofold. The first is
to develop an appropriate algorithm and technology to accomplish geodetic monitoring, including the assignment of
allowable monitoring accuracy. This goal was achieved by the results of structural analysis that helped to determine the
allowable displacements and zones of maximum stress. These values defined the necessary observation accuracy and the
places for the deformation targets' installation. Thus, the appropriate monitoring network around the complex of ski jumps
was created. Geodetic monitoring was carried out using terrestrial laser scanning. Four observation epochs were conducted
from autumn 2020 until summer 2022. The second aim is to analyze the monitoring results to determine the actual structure
displacements and make conclusions concerning the allowance of these displacements for further structure exploitation.
The monitoring results were studied using the structural analysis and B-spline displacement simulation. The results
demonstrated no significant displacements of the ski jump ramps. The displacements for landing hills reached 60 mm,
which is the allowable value.

Keywords: Geodetic Monitoring; Structural Mechanics; Load; Displacement; Allowable Monitoring Accuracy; Terrestrial Laser
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1. Introduction

The sports structures are part and parcel of the modern city and play an essential role in the sports and leisure
industries. These structures have various geometries and huge sizes and may be constructed in multiple environmental
conditions. Diverse stadiums, arenas, racetracks, tracks, etc., have become ordinary elements serving sports
entertainment and championships. Among these structures, ski jumps are objects constructed in adverse conditions due
to the necessity of building them in predominantly mountainous regions. Ski jumps are subjected to various loads, except
for massive dead weight. There are loads of excessive snow and wind, including extreme wind gusts, icing, temperature
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variations, seismicity, and probable surrounding landslides. All in all, these conditions lead to deformations and
displacements that rationalize the special attention to exploiting such structures. The right solution is to deploy and
conduct permanent geodetic monitoring. Such a system should provide accurate and reliable monitoring results. Modern
geodetic monitoring is an inseparable part of structural health monitoring (SHM) systems [1-3], which, in turn, are part
of BIM [4-6]. Of course, SHM covers miscellaneous parameters, while geodetic monitoring ensures purely geometric
values (displacements, rolls, bending, inclination, etc.) and their kinematic derivatives, e.g., displacement velocity.
However, these geometric values are indispensable for understanding the structure's health and making use of it during
the building life cycle. In what follows, we will use the term "displacement" as a general definition of structure
movements.

The problem of geodetic monitoring of engineering structures, including sports structures, is not a new challenge for
applied geodesy. For years, many scientists from different parts of the world have been developing and deploying
geodetic monitoring systems and working out various monitoring methods. The state-of-the-art geodetic methods allow
us to observe spatial displacements with necessary accuracy and frequency. Let us have a glimpse at contemporary
geodetic methods and monitoring examples. Over the years, an enormous amount of research has been devoted to
monitoring high-rise buildings, bridges, and dams using GNSS technologies [7-9], airport infrastructure and bridges by
image-assisted robotic total stations [10-12] and their combination with accelerometers, vibrometers, and geotechnical
sensors [13-15], historical buildings using inclinometers and other geotechnical sensors [16, 17], dams and different city
infrastructure by space and ground-based INSAR technology [9, 18, 19], and stadiums by total station, leveling, and
sensors [20, 21]. We may conclude that the most popular and widespread monitoring methods are GNSS, total stations,
leveling, space and ground-based InSAR, and geotechnical sensors. We have intentionally left terrestrial laser scanning
behind the scope of this review because this technology was used in the presented study and needs more in-depth
consideration.

For the last decades, terrestrial laser scanning (TLS) has occupied a significant niche in geodetic monitoring [22].
The technology has been developed and tested for miscellaneous applications of engineering structure monitoring. It is
worth noting that TLS was successfully applied for cooling tower surface deformations [23-25], wind turbine tower
deformations [26], inclination determination of tall chimneys [27-29], dams and their infrastructure monitoring [30-32],
tunnel monitoring [33-35], bridge monitoring [36, 37], retaining structure monitoring [38], spatial shells and similar
structure monitoring, e.g., roofs, trusses, etc., [39, 40], oil and gas infrastructure monitoring [41], and monitoring of
ordinary buildings in adverse exploitation conditions, e.g., mining regions [42]. This list is by no means exhaustive, but
it gives us an excellent overview of TLS applications for geodetic monitoring. It is worth mentioning the successful
application of TLS for monitoring massive structures, e.g., large steel structures [43] or buildings made of concrete [44].
This paper will present the new application of TLS for monitoring sports structures, namely ski jumps. To apply TLS
for the given task, we need to understand the monitoring procedure, design, and result analysis. Let us consider the
difficulties of these stages and possible ways of eliminating them.

Monitoring begins with an appropriate flowchart. Such a flowchart must include all monitoring stages and envisage
different monitoring schemes. A number of studies have suggested various approaches to flowchart design [31, 33, 38,
43]. Few studies have suggested monitoring flowcharts. These flowcharts are not generalizable and correspond to
specific monitoring objects [24, 30, 45]. The feature of TLS data is their complex interpretability. Essential questions
regarding the possible methods of displacement calculation remain uncertain. We can calculate displacements by
comparing point clouds, models, or specific targets. Each of these cases yielded different values as the data were
preprocessed differently. The generalized flowchart must comprise all possible pathways of displacement calculation.
Thus, the practical aim is to suggest a general monitoring flowchart that can be applied for various structure monitoring
regardless of size, geometry, or application.

Despite decades of research on TLS applications, less attention has been paid to monitoring design, especially
observation accuracy. Existing studies have focused on posterior accuracy estimation using measurement results [24,
25, 27, 29, 31] or equipment specification [33, 40] but failed to develop the models of accuracy assignment before
measurements. Unfortunately, many investigations present the measured displacements as taken for granted without
accuracy estimation, e.g., [30, 31, 34, 40]. Whereas for massive structures, monitoring accuracy must be known before
measuring to ensure the correct monitoring scheme and evaluate the final results. Moreover, monitoring accuracy
governs the requirements for geodetic networks and measuring equipment. Therefore, knowing the preliminary accuracy
is essential for monitoring design. To date, scant attention has been paid to preliminary accuracy determination. For
example, one may find very general requirements in EM 1110-2-1009 [46]. These requirements determine the accuracy
of the whole class of structures regardless of their type and size. The sources for the suggested values in EM 1110-2-
1009 [46] remain unknown. In our previous work [47], we proposed assigning the necessary accuracy based on the
results of structure simulation. For sports structures that have complex geometry, the best simulation strategy is
employing the finite element method (FEM). Yet, simple structural mechanics equations are also possible for small and
simple structures. The analysis of simulation results allows us to determine the most significant possible displacements.
There is another advantage of the FEM application. TLS data are presented in the form of a point cloud, which can easily
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be embedded into the FEM simulation procedure [48-50]. In such a way, we may simplify the deformation analysis.
Having the expected total displacement, we may assign monitoring accuracy as a portion of total displacement. That, in
turn, will allow us to design the appropriate observation scheme and choose equipment based on this value. Therefore,
the first research task is developing the accuracy models and conducting the necessary FEM simulation to obtain
preliminary monitoring accuracy.

The most challenging stage is TLS data analysis. The high redundancy of TLS data makes displacement calculation
uncertain and unobvious. These issues become especially appreciable during multitemporal TLS data processing. The
simple cloud-to-cloud comparison becomes inefficient so long as data for different observation epochs may have
different spatial resolutions and gaps due to unpredictable obstacles (people, assembling equipment, reconstruction
works, etc.). For a correct understanding of the obtained displacements, it is necessary to have the analytical expressions
that can be used further for prediction and deformation description. In geodesy, polynomial and Fourier series functions
are very popular. However, these functions might not work well for TLS data when we need to describe the deformations
of complex curves and surfaces, which we mostly have for sports structures. The convenient solution in this case is the
application of spline functions. The amount of spline types astounds. Name a few: “natural” spline, Hermite spline,
smoothed spline, B-spline, t-spline, non-uniform rational B-splines (NURBS), and so on. Many recent studies have
investigated the capabilities of different spline functions for curves and surface modeling using TLS data. Remarkably,
the most popular are B-splines for curves and surface modeling [51-53]. B-splines and NURBS are prevalent for
deformation modeling [54, 55]. Despite the spline functions being extremely widespread for TLS data simulation [56-
58], their application for deformation analysis is still underexplored. Yet, there are no comparative studies on the
efficiency of different spline functions for deformation modeling. Previous studies have failed to showcase the
capabilities of spline functions for multitemporal displacement analysis using TLS data, which is the sense of geospatial
monitoring. Recent works on deformation analysis [51, 53, 54] have focused on displacement simulation for a single
observation epoch. Such an analysis describes the most straightforward case when we have a design (ideal) model and
a deformed model from observations [41, 45, 51]. The question about comparing the deformed structure for different
observation epochs remains unanswered. Furthermore, no clear conclusion exists on which spline function is preferable
for deformation analysis. The main issue is that all analyzed studies consider one particular type of spline function.
There is no quantitative comparison between spline functions and the algorithms used in their simulations.
Consequently, it is impossible to recommend the required function for displacement simulation. So, the second scientific
goal was to investigate different spline functions for deformation simulation and analysis and provide the necessary
recommendations.

In general, this study was undertaken to determine the capabilities of TLS for monitoring sports structures. The
practical testing of the suggested models and analysis approaches was accomplished using the "Sunkar" ski jump
monitoring results. An FEM simulation of the ski jump structure was carried out to achieve the first aim. The simulation
results were used to assign monitoring accuracy and check spline simulation results. The remainder of this paper is
organized as follows. Section two reviews the monitoring object, flowchart, FEM simulation, and basic ideas of spline
functions. Section three presents the new method and algorithms for accuracy assignment. Section four provides the
results of geodetic monitoring, including the geodetic network and obtained displacements. The second part of this
section investigates various spline functions and discusses the deformation analysis results.

2. Material and Methods
2.1. Monitoring Object — Sport Complex “Sunkar”

The "Sunkar" International Ski Jumping Complex monitoring project was selected to evaluate the efficiency of the
suggested methods and algorithms. The sports complex is located in Almaty, the former capital of the Republic of
Kazakhstan. The city is surrounded by mountainous hills that create favorable conditions for ski jump construction. On
the other hand, steep and unstable hills are the source of landslide activity, severely threatening construction stability.
Yearly, depending on the season, the sports complex undergoes different loads invoked by snowfalls, icing, and wind
gusts. Moreover, the Almaty region is well-known as an area of high seismicity. This region has been subjected to
permanent earthquakes (the last one occurred in Jan 2024), some of which have disastrous effects. These earthquakes
lead to land movements, including landslides. This circumstance generates additional issues for the structure's
exploitation during its life cycle. The complex has been built at a height of 900 m above sea level. There are five ski
jumps that have different lengths and purposes. The longest ski jumps are K125 and K95, with lengths of 125 m and 95
m, respectively (Figure 1). These ski jumps have been selected to implement our ideas and further monitoring.

The construction scheme of both ski jumps is complex. The supportive structure is compounded from steel trusses.
A concrete runway overlays this structure. A concrete-covered hill below is used for the landing. From a geometrical
point of view, the ski jump ramp has sophisticated geometry, which in the first iteration can be represented as a parabola.
To conclude, the complex is affected by various environmental loads that specify the necessity of geodetic monitoring.
The successful accomplishment of the monitoring depends on achieving the required accuracy and correct analysis of
the results.
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Figure 1. Top (left) and side (right) views of the ""Sunkar'* ski jump complex

2.2. Monitoring Flowchart

In the introduction, we noted that TLS guarantees excellent monitoring capabilities, so we focused on this
technology. The authors suggested and developed their monitoring flowchart based on analysis of various studies and
their own experience [6, 59]. This flowchart takes into account that TLS is the primary measuring equipment selected
for this study, and the measurement output is a point cloud. The suggested flowchart contains four primary stages:
project design, fieldwork, data processing, and data analysis (Figure 2).

Data Processing

e

Data
Analysis

Figure 2. TLS monitoring flowchart
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The design stage contains the following steps: parameter calculation, assignment of points, target marking, and the
first sticking point—accuracy calculation. Namely, at this step, the surveyor must determine the accuracy of the
measurements to ensure reliable monitoring results. Fieldwork includes the necessary measurement procedures to obtain
point clouds for each observation epoch. The collected point clouds must be pre-processed and finally compared with
each other, as well as the design model or any other model that can be considered as a reference. The outcomes of these
comparisons are displacements for targets, specific points, curves, and surfaces. Here, we have the second bottleneck
because, for the comparison, we require analytical functions describing the point displacements for each observation
epoch. Therefore, we approach the final stage, where the flowchart feeds the displacements into the data analysis stage
and delivers mathematical models describing the displacement changes in time. To find the solution to these two issues,
we suggest applying FEM for accuracy calculation and spline functions for point displacements. Let us consider the
features of these methods and briefly outline the math background behind these methods.

2.3. Finite Element Analysis

The algorithm of FEM is well-developed and computerized. There is no point in delving into the FEM principles
and equations because anyone may find them in miscellaneous works. The theory of the FEM is described in a bunch
of textbooks, scientific reports, and papers, e.g., [60-62]. Theoretically, the ski jumps’ ramps present the case of frames
and trusses simulated by FEM [63]. Thus, without wasting time, let us get down to the FEM simulation analysis and
present the most important results. As mentioned, the monitoring objects are two ski jumps, 95 m and 125 m long. Both
ski jumps were partitioned into finite elements (beams) for the simulation. The dimensions of ski jump K125 are given
in Figure 3.
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Figure 3. Primary dimensions (m) of the ski jump K125

The height of K95 is 18 m, while K125 is almost three times higher. The geometry of the ski jump K95 is the same,
with a smaller number of elements. The results of dividing the ski jumps K95 and K125 into finite elements are presented
in Figure 4.

Figure 4. 3D scheme of the ski jumps K95 and K125 with node numbers
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For the simulation, we must compile and exert the various loads on the structures. In total, K95 consists of 26 nodes
and 81 beam elements. There are two types of element cross-sections with different stiffness. For K125, we have 77
nodes and 235 beam elements, with three types of cross-sections. The structures are subjected to the following loads:
dead weight, snow weight, and wind load. The dead weight of the metal frame, plus the weight of the fence, is considered
constant. Snow and wind loads are temporal. We took the worst case when the standard snow fell during the downtime
between competitions (the snow was not cleared for a long time). For the given climate zone, 70 kg/m?2 of snow is applied
to the upper inclined plane. The load is distributed evenly along the upper purlins. For wind load, we took the standard
load from the windward side of 38 kg/m2and for the leeward side 22 kg/mz2. We assumed the entire wind load is conveyed
to the truss belts, pylon posts, and transverse ties. Except for the considered loads, we analyzed specific cases of probable
landslide effects. Let us suppose that points 1, 11, 40, and 50 for K125 (13 and 26 for K95) are subjected to vertical
displacements due to land movements (Figure 5). The uniform and non-uniform displacement cases were considered.

~7 )
\/N Vertical
N/ displacements

Figure 5. Diagram of displacements due to landslide

The simulation was accomplished for six different load cases. Consequently, the following cases were simulated: 1
— dead weight, 2 — snow load; 3 — wind load; 4 — dead weight, snow and wind loads; 5 — dead weight plus sediment in
one point (100 mm); 6 — dead weight plus non-uniform displacements in two points (50 mm and 100 mm). Due to
limited space, we cannot represent the whole set of the simulation results. For the problem of accuracy assignment, the
primary role plays the value and distribution of maximum displacements. The extreme values of the displacements for
K95 are summarized in Table 1.

Table 1. Extreme values of displacements for K95

Maximum Minimum

Displacement
Value Node Loadcase Value Node Load case

X, mm 136.8 6 6 -23.2 14 4
Y, mm 0.3 22 2 -181.7 1 5
Z, mm 248.0 14 6 -100.0 13 5
Uy, deg 0.684 14 5 -0.084 9 5
Uy, deg 0.703 12 6 -0.095 22 4
Uz, deg 0.353 12 5 -0.119 21 5

Figures 6 to 8 illustrate the displacements for case 6 along the coordinate axis, measured in millimetres.
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Figure 6. Diagram of displacements (mm): load case 6, axis X, K95
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Figure 8. Diagram of displacements (mm): load case 6, axis Z, K95

The simulation results for K125 are also summarized in Table 2. A sample of displacement diagrams for K125 is
provided below in Figures 9 to 11. The displacements are given in millimeters.

Table 2. Extreme values of displacements for K125

Maximum Minimum
Displacement
Value Node Loadcase Value Node Load case
X, mm 98.0 61 5 -28.5 62 1
Y, mm 1.6 47 2 -292.7 12 4
Z, mm 109.8 62 4 -100.0 11 4
Uy, deg 2.808 35 4 -0.443 47 3
Uy, deg 0.349 21 5 -0.094 24 1
Uz, deg 0.414 47 3 -1.879 72 4
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Figure 11. Diagram of displacements (mm): load case 4, axis Z, K125
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The general conclusion from the simulation results confirms the high durability and stability of the ski jumps.
However, the combination of extreme loads may lead to undesirable displacements. These displacements, in turn, may
invoke non-reversible deformations, creating threats for further structure exploitation. Thus, geodetic monitoring is an
indispensable measure required for safe structure operation. The accomplished simulations allowed us to obtain
complete information about ski jump deformations under various loads. This information will be used for accuracy
assignment and analysis of measured deformations during geodetic monitoring.

2.4. Spline Functions for Displacement Analysis

If the project envisages target marking, then it is possible to compare the coordinates of these targets to determine
displacements. In all other cases, scanning results must be modeled before further comparison. Each monitoring epoch
provides a unique point cloud. The measured points are distributed differently in this point cloud according to the
scanning grid. Since we deal with different point clouds for each observation epoch, an interpolation function must be
used to describe the spatial form of a surface/curve. We can compare the surface/curve for different monitoring epochs
by having such a function. Thus, it is required to have the interpolation function that will pass through the measured
points and represent the surface/curve form well. The best solution for this task is the application of spline functions.
The problem behind the spline function application is its correct mathematical form choice. For years, mathematicians
and engineers have worked out a lot of various spline versions. To choose the correct spline version, we must study the
most widely used splines and select the best one. In the given research, we considered splines for plane curve modeling,
as the displacements were determined for point cloud cross-sections. These cross-sections were generated along the ski
jump runway. So, the goal is to determine the spline function representing the ski jump cross-section.

In general, spline functions have the following types: interpolation splines, smoothing splines, and regression splines.
In what follows, we will study the first two groups. Of course, splines can be classified differently (degree, constraints,
basis function, knot distribution, etc.). The essential feature of a spline is the capability to control the curve form locally.
After analyzing splines in the dedicated literature [64-67], we have selected the interpolation and approximation spline
functions that will be studied. In Table 3, one may find the list of splines, including some of their features. For
comparison, we have added the simple interpolation methods.

Table 3. The list of studied splines

Model Function type Continuity

Interpolation

1 Linear Interpolation

2 Cubic Interpolation C

3 Piecewise Cubic Hermite Interpolation c'

4 Modified Piecewise Cubic Hermite Interpolation c'

5 Cubic Spline Natural c"

Approximation

6 B-spline 1 (Nuos €qual half of the data set) c"

7 B-spline 2 (Nknots €qual maximum allowable value) c"

8 Least Squares B-spline c"

9 Smoothing Spline (4™ order) Can be different
10 Smoothing Spline (6" order) Can be different

In Table 3, C determines the level of continuity in spline points. Generally speaking, the condition C means that the
spline goes through the interpolation points. The condition ¢’ means that condition € holds, and the first derivative
equals at the interpolation points. The condition C’' means that two previous conditions hold, and the second derivative
equals at the interpolation points. These conditions ensure the smoothness of splines and prevent high oscillations typical
for ordinary high-order interpolation. The listed splines were tested for plane cross-sections of ski jumps that present
the observation results for different epochs.

3. Allowable Accuracy Assignment

This section presents the implementation of the procedure suggested for monitoring accuracy calculation. The
necessary data for calculation have been obtained in Section 2. Here, we present the developed mathematical models
intended to find allowable monitoring accuracy. The allowable monitoring accuracy permits reliably discerning the
structure displacements that exceed undesirable or dangerous limit values for this structure. The equation for accuracy
determination is given in Shults [47].

m; = ?tlé‘,’l, (1)
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where i subscript corresponds to the load case, § is a structure deformation acquired by FEM simulation for i load
case, m is monitoring accuracy, t is a reliability coefficient that can accept values in a range of 0.15-0.3, with three
standard values of 0.1, 0.15, and 0.2. Typically, t = 0.1 is assigned to structures with extremely high safety levels, t =
0.15 to high-safety level structures and t = 0.2 to structures with a standard safety level. Figure 12 explains the
Equation 1. If we observe displacements with allowable accuracy m; there is only a 10-20% chance that the determined
displacement will exceed the simulated value. These limits correspond to reserved structure durability that civil
engineers include during the structure design. Therefore, our measurements will detect any abnormal displacements with
the necessary reliability. We developed four models for accuracy calculation according to the obtained simulation
results.

th

Deformed node i {
Z A0S
e ~=

/ “ Tnmtm§ ~

= ~
PR o - +3i S~
&

Figure 12. Principle of allowable monitoring accuracy

The first model is named the min-max model. In this model, we calculate accuracy for each load case and choose
the maximum values of displacements from simulation results along the coordinate axis.

61%’ 51}” ey 61:2 = mlx’mly’ e, My, (2)

From all values of accuracy m;, we choose one that has a minimum value. Thus, the accuracy model will have a
simple form

— 4ymin
mmon(Modell) =m , (3)

where m,,,,,, is allowable monitoring accuracy. Monitoring accuracy along the coordinate axis will be

mon = t5ix,m;”"" = t8;, m " = tdy,, ©))
where &y, 8;y, 6;, are structure deformations acquired by FEM simulation for i load case along the coordinate axis.

This model's drawback is that its accuracy is overestimated because it takes extreme load cases from different
combinations, which does not always occur in practice.

The second model is named the averaged accuracy model. For this model, we assumed that if the number of loads
exceeds four, the displacements from different loads may partly compensate for each other. So, the accuracy is calculated
as an average value from obtained displacements for every node

rm;
Mmon(Model2) = TL' )

where i is the number of load cases.

Tables 4 and 5 present the results of Models 1 and 2 for the ski jumps K95 and K125.
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Table 4. Simulated allowable monitoring accuracy for K95

Load case
1 2 3 4 5 6
dx.m 0024 0063 0.027 0.066 0.684 0.348

Min-max model  Averaged accuracy model

(Model 1) (Model 2)
dv.m 0.068 0.094 0.069 0.095 0.636 0.703
8z m 0.013 0.037 0.022 0.047 0.353 0.207
t 0.15
mx.m 0.004 0.009 0.004 0.010 0.103 0.052 0.004 0.030
my.m 0010 0.014 0.010 0.014 0.095 0.105 0.010 0.041
mz.m 0.002 0.006 0.003 0.007 0.053 0.031 0.002 0.017
t 0.2
mx.m 0.005 0.013 0.005 0.013 0.137 0.070 0.005 0.041
my.m 0.014 0.019 0.014 0019 0.127 0.141 0.014 0.056
mz.m 0.003 0.007 0.004 0.009 0.071 0.041 0.003 0.023
t 0.3
mx.m 0.007 0.019 0.008 0.020 0.205 0.104 0.007 0.061
my.m 0.020 0.028 0.021 0.029 0.191 0.211 0.020 0.083
mzm 0.004 0.011 0.007 0.014 0.106 0.062 0.004 0.034

Table 5. Simulated allowable monitoring accuracy for K125

Load case
1 2 3 4 5 6
dx.m 0026 0065 0543 0535 2798 2.807

Min-max model  Averaged accuracy model

(Model 1) (Model2)
d.m 0094 0115 0111 0133 0349 0.349
S.m 0023 004 0599 0589 1878 1.874
t 0.15
mx.m 0004 0010 0081 0080 0420 0.421 0.004 0.169
my.m 0014 0017 0017 0020 0052 0.052 0.014 0.029
mzm 0003 0006 009 0088 0282 0281 0.003 0.125
t 0.2
mx.m 0005 0013 0109 0107 0560 0561 0.005 0.226
my.m 0019 0023 0022 0027 0070 0.070 0.019 0.039
m.m 0005 0008 0120 0.118 0376 0375 0.005 0.167
t 03
mx.m 0008 0020 0163 0161 0839 0842 0.008 0.339
my.m 0028 0035 0033 0040 0105 0.105 0.028 0.058
mzm 0007 0012 0180 0177 0563 0.562 0.007 0.250

Despite better efficiency, this model does not account for the fact that displacements may have different signs.
Therefore, the third model is named the absolute accuracy model. In this model, we first calculate the mean absolute
displacement for the whole structure

= _ Zlonl
6 == (6)

n

where n is the number of nodes.

Then, for every load case, we determine the allowable monitoring accuracy
Mmon(Model3) = tgz- (7N

The fourth model (averaged absolute accuracy model) is similar to model two but operates with absolute
displacements.

z

Mmon(Models) = . )]

3
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Tables 6 and 7 present the results of Models 3 and 4 for the ski jumps K95 and K125.

Table 6. Simulated allowable monitoring accuracy for K95

Load case
1 2 3 4 5 6

Bx. M 0013 0033 0013 0032 0244 0120 Absolutz:l\;\gcatéll'agtsy model  Averaged ab(s’c\)/llggeeftzt):uracy model
dy. m 0.057 0.080 0.057 0.080 0.265 0.406
dz.m 0.005 0.012 0.010 0.017 0.161 0.077

t 0.15
mx.m  0.002 0.005 0.002 0.005 0.037 0.018 0.002 0.012
my.m  0.009 0.012 0.009 0.012 0.040 0.061 0.009 0.024
mzm  0.001 0.002 0.002 0.003 0.024 0.012 0.001 0.007

t 0.2
mx.m  0.003 0.007 0.003 0.006 0.049 0.024 0.003 0.015
my.m  0.011 0016 0.011 0.016 0.053 0.081 0.011 0.031
mzm  0.001 0.002 0.002 0.003 0.032 0.015 0.001 0.009

t 0.3
mx.m  0.004 0.010 0.004 0.010 0.073 0.036 0.004 0.023
my.m  0.017 0.024 0.017 0.024 0.080 0.122 0.017 0.047
mz m 0.002 0.004 0.003 0.005 0.048 0.023 0.002 0.014

Table 7. Simulated allowable monitoring accuracy for K125
Load case
1 2 3 4 5 6

Som 0010 0023 0121 0128 0504 0114 Absoluta\;g%tg%(;y model  Averaged ab?'c\;llggeefzt):uracy model
dv.m 0032 0040 0.033 0.041 0.072 0.086
8z m 0007 0015 0.098 0.099 0329 0.065

t 0.15
mx.m 0.002 0.003 0.018 0.019 0.076 0.017 0.002 0.023
my.m 0.005 0.006 0.005 0.006 0.011 0.013 0.005 0.008
mz.m 0001 0002 0015 0015 0.049 0.010 0.001 0.015

t 0.2
mx.m  0.002 0.005 0.024 0.026 0.101 0.023 0.002 0.030
my.m 0.006 0.008 0.007 0.008 0.014 0.017 0.006 0.010
mz.m  0.001 0.003 0.020 0.020 0.066 0.013 0.001 0.021

t 0.3
mx.m  0.003 0.007 0.036 0.038 0.151 0.034 0.003 0.045
my.m 0010 0.012 0.010 0.012 0.022 0.026 0.010 0.015
mzm 0002 0.005 0.029 0.030 0.099 0.020 0.002 0.031

Results from Tables 4 to 7 can be easily presented in charts (Figures 13 and 14).
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Figure 14. Charts of allowable monitoring accuracy for K125

The considered models present different results. However, from Tables 4 to 7 and Figures 13 and14, one may notice
some general tendencies. If we assume that ski jumps have a high safety level, then we apply a reliability coefficient of
0.15. The ski jump K125 has a larger size and more significant displacements consequently. This structure is more
massive and durable and can undergo larger loads. Therefore, it is recommended to assign allowable accuracy with a
smaller value to avoid the different monitoring accuracy for different ski jumps. Such an approach guarantees that
significant displacements will be determined confidently for both ski jumps. Thus, we apply the accuracy of basic
monitoring related to ski jump K95 monitoring. The next step is to choose the accuracy model. Since the ski jumps are
subject to multiple loads, we recommend selecting averaged accuracy or averaged absolute accuracy models. Based on
simulation results, the following monitoring accuracy has been assigned along the coordinate axis: my = 0.041 m, m,
= 0.030 m, m; = 0.017 m. So, the first goal of the paper declared the method and algorithm development for the
assignment of allowable monitoring accuracy using FEM simulation results is achieved. The obtained accuracy
distribution reflects the nature of structure deformation. The X-axis coincides with the longitudinal axis of ski jumps.
Thus, the displacements along this axis are essential (lower accuracy). Lateral (Y-axis) and vertical (Z-axis)
displacements are smaller, with higher accuracy. As was mentioned in the introduction, the primary stress of the
monitoring is concentrated on vertical displacements, which need the highest accuracy.

4. Results and Discussion
4.1. Geodetic Network Design and Creation

The determined allowable accuracy was used for geodetic network design. It is believed that network accuracy must
be at least three times higher than allowable monitoring accuracy [47] to neglect the influence of errors in the geodetic
network. The highest accuracy of coordinate determination must be ensured for vertical displacements, m, = 0.017 m.
Thus, the network accuracy should be between + 5-10 mm along the different coordinate axes. In particular, it must be
equal or higher £ 5 mm for vertical displacements. Such accuracy can be achieved using state-of-the-art geodetic
equipment. Scanning total station Leica Nova MS60A combines total station and terrestrial laser scanner functions. The
accuracy of the total station according to its specification is more than sufficient to ensure network and observation
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accuracy. The total station used was certified by Leica Geosystems. A geodetic network was created in a local coordinate
system with two initial points (1000 and 1001), with point 1000 as a point of beginning. The criterion for network point
selection was their stability. Since there are only two stable areas, we placed points on the top of the ski jump and at the
bottom. The scheme of the geodetic network is presented in Figure 15. After measurements, the network was adjusted,
and the point accuracy was estimated. Network accuracy is presented using error ellipses with a confidence level of
95%. The network scheme with absolute and relative ellipses is given in Figure 15.

Figure 15. Scheme of monitoring network

The estimated accuracy of the network may be found in Table 8.

Table 8. Accuracy of monitoring network

Point Parameters of error ellipses for confidence probability 95% Point accuracy, m
number  gemi-major axis, m Semi-minor axis, m  Azimuth of major axis, deg  Vertical axis, m N E z
2 0.0044 0.0022 176 0.0030 0.0009  0.0018  0.0015
4 0.0060 0.0024 107 0.0020 0.0023  0.0012  0.0010
5 0.0149 0.0022 116 0.0022 0.0055  0.0028  0.0011
7 0.0110 0.0018 120 0.0019 0.0039  0.0024  0.0010
8 0.0041 0.0021 143 0.0027 0.0012  0.0014  0.0014
9 0.0033 0.0022 166 0.0023 0.0010  0.0013  0.0012
10 0.0012 0.0011 117 0.0013 0.0005  0.0005  0.0007
11 0.0049 0.0014 108 0.0013 0.0019  0.0009  0.0007

Considering the confidence level of 95% (the estimated accuracy is doubled), we may conclude that the yielded
accuracy of point coordinates does not exceed 3 mm. Such accuracy will ensure undistorted values of displacements
throughout monitoring.

4.2. Monitoring Results

We have design coordinates for both ski jumps along the longitudinal axis. These coordinates are accepted errorless
and treated as zero observation epochs for subsequent comparison with the following observation epochs. The first
observation epoch was carried out in August 2021. The total station was georeferenced using the free station method at
each scanning station. Thanks to that, the final point cloud was already referenced to the accepted coordinate system
(Figure 16-a). An additional adjustment was made using artificial objects identified in overlaps between clouds. In total,
scanning was accomplished from seven points. After referencing, the point cloud was filtered out of unnecessary artifacts
and blunders. The final point cloud of two ski jumps is presented in Figure 16-b. The point cloud size after filtering
equals half a million points. A similar point cloud was generated after the second observation epoch in August 2022.
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The longitudinal cross-sections of the ski jump surface were obtained to determine the vertical displacements for each

point cloud. The sample of such a cross-section for landing hill K125 is portrayed in Figure 17.
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Figure 17. Cross-sections for two observation epochs, landing hill of ski jump K125

Figure 17 confirms the fact that cross-sections of different epochs have a distinct number of points with different
spacing between them. This discrepancy is related to different scanner orientations. For precise verification, let us
overlay and zoom in on two observation epochs for the runway ramp of ski jump K125 (Figure 18).

1070

1060

1050

Height, m

1030

1020

1010
0

20

40

60 80
Distance, m

120

Figure 18. Runway ramp of ski jump K125
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The difference between the two cross-sections is significant. Thus, it is impossible to compare different epochs until
the cross-sections are interpolated and transformed into uniformly spaced points. This is why the second goal of the
paper is to investigate different spline functions for displacement simulation and analysis.

4.3. Spline Simulation Results

The simulation task is intended to provide answers to two questions. First, which accuracy is achievable for spline
interpolation/approximation? Second, which spline form will ensure the best interpolation/approximation accuracy? We
want to note that despite the difference between interpolation and approximation, in our case, we deal only with spline
functions, so both definitions are used interchangeably. To address the first question, we tested all data sets using spline
functions listed in Table 3. For each observation epoch, the points in a cross-section were split into two subsamples:
training and testing. The relationship between the training and testing subsamples was accepted 75/25. Therefore, we
used 75% of the points for spline construction and then checked the deviations of this spline for reserved testing points.
As a result, the discrepancies between interpolated and observed values were calculated. By these discrepancies, the
interpolation accuracy was estimated using root mean square errors (RMS). In order to have the allowable value for
interpolation or approximation accuracy m;,..,, We may use the theoretical network accuracy m,.. =5 mm, total
station accuracy from specification m,, =2 mm, and monitoring accuracy for vertical displacements m, =17 mm. Thus,

we will have

Mint = \/mé - m?s - m‘?let' (9)

The expression 9 gives the allowable interpolation accuracy m;,,; = 16 mm. It is necessary to note that the absolute
values of the RMS errors have no meaning. Because displacements distort the interpolated values, the interpolation
model accuracy can be used only for relative comparison with other models. The primary purpose is to determine the
lower RMS error value for the selected data set. This lower value indicates the model that ensures the best interpolation,
not the accuracy of displacement determination.

Below, we present the charts of the differences between interpolated and testing points for the runway ramp of the
ski jump K125. The discrepancies are grouped in three charts (Figure 19) for convenience.
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Figure 19. Charts of deviations for testing points (first epoch) for different spline functions, ski-jump K125

Similarly, testing was accomplished for all observation epochs for both ski jumps. After each simulation, the
accuracy estimations were determined. The simulation results are summarized in Table 9.
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Table 9. Estimations of interpolation/approximation accuracy for different spline functions (models)

RMS, m
Model K125 runway ramp K125 landing hill K95 landing hill
Epoch 1 Epoch 2 Epochl Epoch2 Epochl Epoch2

Model 1 0.014 0.006 0.024 0.035 0.013 0.011
Model 2 0.030 0.006 0.034 0.044 0.017 0.013
Model 3 0.019 0.006 0.024 0.036 0.011 0.010
Model 4 0.018 0.006 0.024 0.035 0.011 0.010
Model 5 0.023 0.006 0.027 0.039 0.013 0.012
Model 6 0.014 0.007 0.021 0.035 0.011 0.014
Model 7 0.023 0.008 0.049 0.043 0.017 0.014
Model 8 0.027 0.006 0.022 0.026 0.010 0.014
Model 9 0.018 0.007 0.026 0.038 0.011 0.010
Model 10 0.024 0.007 0.033 0.041 0.014 0.011

The results in Table 9 can be easily visualized. In Figure 20, we present the charts of simulation accuracy distribution
for different models regarding the observation epoch and ski jumps.
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Figure 20. Accuracy estimations for spline interpolation/approximation for: a) first observation epoch for the runway ramp
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900



Civil Engineering Journal Vol. 11, No. 03, March, 2025

The values of the RMS errors range from 0.006 m to 0.049 m. The first case requires special attention (Figure 20-
a). The best accuracy provides a B-spline approximation built on a knot number equal to half the data set and,
surprisingly, simple linear interpolation. The reason for significant RMS errors is a gap in data in the lower part of the
runway ramp of K125. The graphs in Figure 21-a confirm this issue. Figure 21-b presents the zoomed part with the data
gap. One may see that interpolated values significantly deviate once the distance between measured points exceeds 10
m.
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Figure 21. Measured points and data gap for runway ramp K125: a) measured points and interpolation curves, b) zoomed
part with data gap

The interpolation models provide different outputs for the second observation epoch of the same runway ramp of
K125. However, all the analyzed models have accuracy ranging from 0.006 to 0.008 m, which is considerably better
than the necessary displacement accuracy determination. Therefore, we can apply any of the models without loss of
accuracy. Summing up the results, we recommend using a B-spline approximation built on a knot number equal to half
the data set.

The simulation results for the landing hill of K125 are similar for both epochs. The better spline functions are the
same as in the previous case. The best accuracy for the first observation epoch is achieved using the model based on the
least squares B-spline. The data set generated in the second observation epoch is better interpolated using least squares
B-spline and B-spline approximation built on a knot number equal to half the data set. Therefore, the best
interpolation/approximation solution for the landing hill of K125 is the usage of least squares B-spline.

Spline functions built on the data for the landing hill of K95 provide very close results. The RMS errors fluctuate in
the range of 0.010-0.017 m. Such accuracy is enough for displacement analysis. The least squares B-spline has better
accuracy for the first observation epoch. For the second epoch, better accuracy is achieved through the piecewise cubic
Hermite spline, modified piecewise cubic Hermite spline, and smoothing spline. Yet the accuracy for the whole model
set fluctuates around 4 mm. Thus, we can recommend the usage of least squares B-spline.

The results may raise questions about spline function efficiency. To prove our choice in favor of least squares B-
splines, let us consider the most popular approximation models in geodesy, namely polynomial regression and Fourier
series. We tested two models with a large number of coefficients: polynomial regression of 9" degree Equation 10 and
Fourier series with eight terms (Equation 11):

h; = ag + ayx; + ax? + -+ + aqgx?, (10)
h; = ag + a, cos wx; + by sin wx; + a, cos wx; + by sin wx; + -+ + a9 cos wx; + by sin wx;, (11)

where a, is a constant (intercept) coefficient, w is the fundamental frequency of the signal, x; is an observation point.

These models were tested on the same observations of the landing hill of K125 and divided into training and testing
subsamples. Results for polynomial regression are given in Figure 22 and for Fourier series in Figure 23. For polynomial
regression, the RMS error on the training subsample equals 0.031 m. For the testing subsample, the RMS error equals
0.051 m. Such accuracy is three times bigger than the allowable value m;,; = 16 mm < 51 mm. Fourier series ensure
better accuracy, with training RMS error equals 0.029 m and testing RMS error 0.027 m. However, it is still more
significant than the allowable value.
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Figure 23. Fourier series approximation and residuals, landing hill K125

As in previous studies [51-53], the results of our research confirm that B-splines are suitable solutions for TLS data
simulation. In contradiction to [56-58], where the B-spline application is taken for granted, we obtained a quantitative
estimation that proves the efficiency of this class of functions. So, B-splines have significant flexibility and provide the
necessary interpolation accuracy. The general picture emerging from the analysis is that various B-splines allow
precisely simulating structures with complex geometry. We suggest applying the least squares B-splines for the runway
ramp of K125 and the landing hill of K95. B-spline approximation built on a knot number equal to half the data set is
the best for the landing hill of K125. Once the best spline function was chosen, the simulation procedure was repeated
for the whole data set (training plus testing). The final spline function was used for uniform interpolating of measurement

results and displacement analysis.
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4.4. Displacement Analysis

The final stage is the displacement analysis using the suggested spline function. We can calculate equally spaced
points since we have spline functions that precisely describe the measurements at each observation epoch. This
uniformity is necessary to compare measurement results with each other and with the design curve, which is specified
by coordinates with 1-meter intervals. Thus, we can calculate displacements regarding the design curve. Figure 24

illustrates this approach.

e °e
.....o LY DeSigncurve
Si O'oo..oooooo..oo-ooo.
] % e
epoc
! (]
2" epoch

Figure 24. The correspondence between the design curve and observations

In the previous subsection, we determined the best spline models with the highest interpolation accuracy for each
observation epoch. It allows us to proceed to displacement determination and analysis.

Firstly, we analyzed the displacements of the runway ramp of the ski jump K125. For the analysis, we used the least
squares B-spline built on three optimal knots for the first epoch and four knots for the second epoch. In Figure 25, one

may see the displacements that occurred between the first and second observation epochs.
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Figure 25. Displacement chart for the runway ramp of the ski jump K125

The graph in Figure 25 demonstrates the periodic nature of the displacements. The waves have a maximum amplitude
of 40 mm with a slight uplift in the lower part of the ramp. The negative displacements reached -30 mm with a
wavelength of around 10 m. The positive displacements correlate with the displacements of the landing hill, as will be
seen below. Now, let us analyze the displacements for the landing hill of K125. The interpolation was accomplished by
B-splines with a number of knots depending on the size of the data sets (100 knots for the first epoch and 75 knots for

the second epoch). The appropriate graph is given in Figure 26.
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Figure 26. Displacement chart for the landing hill of the ski jump K125

For these data, we could employ B-spline or least squares B-spline. To show the fine quality of both spline functions,
we overlayed them in one chart (Figure 27). The comparison reveals no significant difference between these models.
However, the least squares B-spline exhibits more significant fluctuations. Analyzing Figure 28, one may conclude that
the upper part of the landing hill has a minor uplift (20 mm on average), corresponding to the previous results for the
runway ramp. The landing hill has negative average displacements of 60 mm starting from a distance of 100 m. Of
interest is a comparison of different observation epochs with design values. Figure 28 presents such a comparison. The
obtained results show the discrepancies between observations and design values. However, these differences
demonstrate the construction imperfections determined after the first observation epoch. At this stage, the displacements
and the construction imperfections are mixed, and it is impossible to tell them apart. The displacements become
identifiable only beginning with the second observation epoch. Anyway, in Figure 28, we can also examine the
differences that become significant starting from a distance of 100 m.
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Figure 27. Comparison between B-spline and least squares B-spline interpolation for the landing hill of K125
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Finally, let us determine the displacements for the landing hill of ski jump K95. For the analysis, we used the least
squares B-spline, built on 29 optimal knots for the first epoch and 17 knots for the second epoch. The displacements
between the first and second observation epochs are shown in Figure 29.
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Figure 29. Displacement chart for the landing hill of the ski jump K95
Similarly to the neighbor ski jump K125, this landing hill has an average uplift of 40 mm in the upper part and

settlement around -60 mm at the bottom. Let us compare the two observation epochs with design values. The comparison
is given in Figure 30.
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Figure 30. Comparison of different observation epochs and design values for the landing hill of K95

The comparison with design values demonstrates a slightly different displacement distribution. Fig. 30 shows that
during construction, the central part of the landing hill departed from the design curve to the value of 0.3 m. Yet this
deviation changes slowly and cannot affect the structure exploitation. Nonetheless, the general deformation evolves in
the same way as for the ski jump K125. The evident explanation is landslide activity at the bottom of the hill. Unlike
the publications [51, 53, 54], where the analysis was done for one observation epoch, we presented the workflow for
multitemporal analysis. Similarly to the idea given in [41, 45, 51], at the first stage, we compared a design model and a
deformed model from the first observation epoch. This comparison shows instead construction imperfections rather than
real deformations. If we now turn to the second observation epoch, then further analysis shows that the surfaces of ski
jumps have undergone deformations.

The structural analysis that was performed helped us estimate the structures' operational conditions. Using structural
simulation results in Tables 1 and 2, we may infer that for the ski jump K95, maximum theoretical vertical displacement
takes place for full load, including dead weight, snow, wind gusts, and hill movement. This displacement reaches 248
mm. After the second observation epoch, the determined displacements have a maximum value of 60 mm, so the
structure operates in the allowable range. Regarding ski jump K125, this one has a maximum simulated displacement
equal to 109 mm for load case 4, while the observed displacement has a similar value — 60 mm. A comparison of the
two results reveals deformations that have no impact on structure exploitation. However, it can be seen that for both ski
jumps, the deformation values tend to grow between observation epochs. Therefore, the observations must be expanded
to simultaneously monitor the structures and the hill surface.
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5. Conclusion

The general idea of the article is to explore the procedure of design and analysis of geodetic monitoring results for
massive sports structures. The presented study considers the capabilities of terrestrial laser scanning as measuring
equipment for monitoring. As a case study, the ski jump sports complex was selected. For such an object, we developed
and described the monitoring workflow and presented the monitoring flowchart. Qualitative geodetic monitoring is only
possible with proper accuracy assignment. To reach this goal, we worked out the method that uses the results of the
FEM simulation. The paper provides the results of the FEM simulation for two ski jumps. The given simulations
included the effect of different loads. The obtained results procured the displacements used further to assign allowable
monitoring accuracy. The authors suggested four alternative accuracy models: min-max model, averaged accuracy
model, absolute accuracy model, and averaged absolute accuracy model. Based on the model analysis, we recommend
using averaged accuracy or averaged absolute accuracy models. The geodetic network project and its adjustment were
accomplished using the acquired accuracy. The a posteriori accuracy of the geodetic network was in a range of + 3 mm.
Terrestrial laser scanning was carried out from the points of the geodetic network.

The obtained point clouds were georeferenced and filtered. For displacement analysis, we built cross-sections along
the longitudinal axis. To compare these cross-sections for various observation epochs, we tested the different
interpolation/approximation functions. The complete list of the tested functions included linear interpolation, cubic
interpolation, piecewise cubic Hermite interpolation, modified piecewise cubic Hermite interpolation, cubic natural
spline, B-spline with different numbers of knots, least squares B-spline, smoothing spline (4th and 6th order). The best
function was selected for each observation epoch. B-splines and least squares B-splines demonstrated the best results.
These spline functions were used for interpolation and displacement analysis. The displacement analysis showcased
moderate deformations of around 20 mm for the runway ramp of K125. The landing hills for both ski jumps
demonstrated more significant displacements of around 60 mm, which is allowable for such structures. In light of the
presented study, few conclusions can be drawn. The FEM simulation guarantees reliable input data for monitoring
accuracy assignments. The suggested models for accuracy assignment allow us to consider various structure exploitation
cases and design geodetic monitoring properly. Spline functions proved useful for displacement analysis. The study
affirms the high efficiency of the suggested method and approach for displacement analysis. Our research was limited
to one particular structure, so these findings are not generalizable beyond that structure. It is recommended that similar
studies be conducted on another massive structure. Future research will have to confirm whether the developed methods
and algorithms are applicable to other structure monitoring.
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