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����������
�������

Citation: Sever, D.; Doler, D.;
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Abstract: The elevation of airport runways is specified in the operations manuals and in globally
accepted design guidelines. Airport runways are constantly exposed to various physical and weather
factors. However, these factors can deteriorate the condition of the runway to the point where it
becomes unusable. Monitoring and the continuous inspection of runway evenness is an important
element of a sustainable airport maintenance system. An important element of a sustainable airport
maintenance system is a runway evenness detection and modelling system. The investigation of
the use of various available methods for modelling runway evenness was conducted based on
measurements of the actual condition of the existing runway at Edvard Rusjan Airport in Maribor,
Slovenia. During the measurements of the runway condition, our own measurement equipment
was used, which ensures the geodetic accuracy of the measurements. The novelty of the article is
a comparison between five different approaches to modelling runway evenness: approximation
with regression plane, inverse distance weighted interpolation (IWD) with a weighting factor of
1, 2, and 10, and interpolation based on a triangulated irregular network (TIN)–linear and cubic.
In the methodology section, the advantages and disadvantages of the mentioned methods were
described. The selected models were evaluated by required processor time, by the file size resulting
from the modelling, and by the values of the descriptive statistics of the model deviation at the
average uniform slope. It was found that the modelling method using linear triangular irregular
network interpolation provided the most useful results. The results of the conducted analysis can be
easily used in any runway management models at airport thet allow for professionally based actions
aimed at ensuring the safety and efficiency of runway operations, especially at smaller, regional
airports.

Keywords: experimental measurement; management; runway; evenness

1. Introduction

The sustainable maintenance of airport runways has a significant impact on ensuring
the safety and efficiency of airport operations. The first objective to be pursued is that
airports, regardless of their size and volume of passenger and cargo traffic, should be
operated. During operation, the airport’s entire transport and support infrastructure must
meet all known safety standards.

Airports with all relevant infrastructure and services are complex entities with highly
demanding management. Air traffic effectiveness is achieved through the provision of
highly efficient airport services and a modern and well-maintained airport infrastructure.
Efficient airport management requires a large amount of data on the structure and condition
of airport facilities, airport operations, and the airport environment. This data must be
up-to-date, accurate, and available to airport personnel at all times. Although it is possible
to obtain this data manually, based on predefined protocols, this is a time-consuming
activity that is also a source of human error. Alternatively, the data can be obtained and
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processed by automated procedures that are part of existing information systems or those
that are being developed. The requirements for such systems—timeliness, accuracy, and
continuous availability—encourage system development to enable automated acquisition
in real time [1–3].

Sustainable runway maintenance at airports means that a complete and comprehen-
sive management system must be in place, must involve all key decision-making levels,
and must ensure that all key processes and systems must be in place to enable sustainable
control and action, taking into account all internal and external influences [4].

In general, logistic systems only function effectively and successfully when all corre-
sponding elements function effectively and successfully. If one element of this chain is not
effective and successful, the logistics system is inefficient and will not achieve its goals [5].
The quality of the logistics infrastructure is one of the most important means to strengthen
international competition and expand the market share of enterprises [6].

The general opinion is that transportation logistics is vulnerable and open to many
global business threats. For example, accidents and political conflicts can cause market
disruptions. Infrastructure constraints or blockages can also prevent the basic objectives
of the logistics system from being achieved. Tsai et al. [7] concluded in their study that
inappropriate and inadequate logistics infrastructure is the second most important factor
for inefficient logistics. Choi et al. [5] propose a directional model for the case of accidents
or disruptions that limit the function of logistics infrastructure. Air transport plays an
important role in the world economy and is also a reason to ensure proper maintenance of
airport infrastructure [8]. This was directly proven by [9] who emphasized that improving
airport infrastructure can reduce the cost of air transport by up to 15%, which is a significant
part of logistics costs. For this reason, it is necessary to ensure that the operations in the
process of airport infrastructure maintenance are carried out rationally. This will ensure that
maintenance costs are kept to a minimum and that airport closure time due to maintenance
is kept to a minimum.

The evenness of an airport runway is one of the most important characteristics of
man-made structures for the taxiing phase and landing of civil aircraft [10]. Passengers can
subjectively judge the flatness of the runway by the presence or absence of vibrations during
the movement of the aircraft on the runway, both during the taxiing phase and landing. In
addition to the subjective comfort of passengers, it is worth noting that vibration due to
unevenness can affect the structural stability of aircraft and that unevenness (particularly
larger areas of unevenness–depressions) of the runway are those places where water can
be present for extended periods of time. It is unlikely that aquaplaning on runway surfaces
with normal frictional properties will begin at a water depth of 3 mm or more.

At first glance, it appears that airport runways are straight. Airport runways have
certain, usually minor, slopes in their longitudinal and transverse profiles, but like all
structures, they are subject to weathering and use that can damage the basic structure to
the point where they are no longer usable (Source: https://aviation.stackexchange.com/
questions/11857/how-flat-does-a-runway-need-to-be, accessed on 10 March 2021).

The International Civil Aviation Organization (ICAO) guidelines state that runways
of a certain type (code letter-reference code) must have an appropriate slope. The reference
code is determined by a combination of code elements I and II, based on the length of the
runway, the wingspan of the aircraft used, and the actual outside distances of the drive
wheels. main gear wheel span). The construction and condition of the airport runway shall
be such that [8]:

• has sufficient surface roughness (important for accelerating and decelerating aircraft)
—otherwise, roughness must be ensured by appropriate measures (grooming),

• the horizontal slope may be:

# between 1 and 1.5% for airports with code letter C, D, E and F, and between 1
and 2% for airports with code letter A and B. In terms of elevation, individual
sections of the runway may deviate from the runway centerline for runway
code numbers 3 and 4

https://aviation.stackexchange.com/questions/11857/how-flat-does-a-runway-need-to-be
https://aviation.stackexchange.com/questions/11857/how-flat-does-a-runway-need-to-be
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# less than 1% in the first quarter, less than 0,8% in the last quarter and less
than 1.25% in the remaining quarters. For runways with code numbers 2 and
4, a tolerance of less than 2% shall apply everywhere. Changes from two
consecutive slopes may be less than 1.5% for code number 3 and 4 airports and
less than 2% for code number 1 and 2 airports. There is also a rule concerning
the transition between different slopes, namely a change of slope of less than
0.1% per 30 m for code number 4 airports, of less than 0.2% per 30 m for code
number 3 airports and of less than 0.4% per 30 m for code numbers 1 and 2
airports is allowed.

• the cross slope of the runway shall provide drainage of the runway. The installation
of additional vegetation can help with this, as it artificially directs rainwater outside
the airport runway.

During operation, the runway may become soiled (e.g., from aircraft tire debris),
settled (from exposure to traffic loads and soil conditions), and damaged (from traffic
loads). All of the above conditions must be combined with other environmental factors,
among which weather effects (along with traffic loads) have the greatest impact on runway
condition. The most rapid changes and the greatest extent of runway surface changes are
expected to occur where aircraft land on the runway (touchdown area) [10].

Many authors discuss the ways of determining deformations of the touch down
zone in various parts. The works describe various methods and technologies of data
acquisition and the acquisition of surface irregularities, among which the LiDAR and InSAR
methods has recently been mentioned the most. The authors mainly describe data capture
technologies, data processing accuracy, and presentation methods. Data capture methods,
as described by the authors, must also be feasible during airport operation [11–25].

The established, sustainability-oriented system of runway maintenance must be based
on modern methods of recording the condition of runways and take into account all criteria
(technical and non-technical), on the basis of which the decision to act is technically justified.
The method of obtaining data on the condition of runways, the possibilities of their use,
analysis, and interpretation, as well as the use of the data for the purposes of sustainable
maintenance of airport runways, is the subject of this work.

Air traffic system operators use computerized decision support systems known as
traffic management systems (TMS). The air transportation system (ATS) was developed
in parallel due to the specificity of airports. Decision makers use various technical and
economic analyzes implemented in the pavement management system (PMS) for appro-
priate and timely maintenance of the road surface. The airport pavement management
system (APMS) is also used to develop adequate runway maintenance strategies due to
the special nature of airports. This system includes procedures to support the evaluation
and search for adequate maintenance strategies [26–28]. Numerous airports worldwide
use APMS [29].

The development of PMS and APMS has been studied many times [30–32]. The
disadvantage of APMS is that it is intended for larger and more frequently visited airports.
In contrast, it is not intended for airports with relatively low traffic, such as the Maribor
Edvard Rusjan Airport, which is intended for emergency flights, exhibitions, training, and
school flights.

In general, the integrity of runway surfaces is ensured through regular inspections.
Maintenance of the pavement requires periodic renewal of the surface or wearing course.
The interval between resurfacing depends on the type of surface. The most commonly used
hard surfaces are concrete and asphalt. To help drain surface water, the former surfaces are
often grooved on the sides to allow surface water to drain down the grooves, and the latter
have a porous surface layer that allows surface water to drain under the surface instead
of carrying it over the top. Certain types of asphalt can also be grooved. Minor repairs
(such as resealing joints, plugging cracks, and removing rubber deposits in the touchdown
zone) can take relatively little time, but major works require either a full or partial runway
closure over a continuous period of several weeks, or a carefully managed program of
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night closures during which a complex surfacing program can be carried out in stages. In
such cases, the friction characteristics of the various parts of the available surface may vary
daily, requiring very careful attention to NOTAM (NOTices to AirMen) information prior
to flight, particularly where adverse weather conditions may occur.

The Purpose of the Research

The research focused on smaller regional airports that have not developed an auto-
mated model and information system for runway management and maintenance. Runway
condition is particularly important for the safety of passengers, cargo, aircraft, and the
environment. The developed model is based on geodetic and geophysical measurements,
which are used to determine the unevenness. It allows for measuring of the unevenness
without having to close the airport and thus not causing financial losses. Based on such
measurements, we try to find the right way to model the runway evenness. Finally, such a
model can be useful for the sustainable and circular economy of the city and the region, as
well as for the sustainable management of smaller regional airports.

2. Methods for Measuring the Evenness of Airport Runways

Geodetic methods are non-invasive and allow for accurate inspection of on the sur-
face [33]. The authors of [33] conclude that accurate monitoring and prediction of runway
condition are the main elements of developing measurement models, such as global naviga-
tion satellite system (GNSS) methods and light detection and ranging (LiDAR) technology
and synthetic aperture radar (SAR) interferometry, to study runway deformations (i.e.,
deformations on the surface) [34–41]. The use of these approaches has not been adequately
explored in the accessible literature. Existing runway condition monitoring models are
intended for runway skid resistance analysis. Geodetic methods are excluded from existing
research, as they are not concerned with runway deformation detection. However, the
application of geodetic methods allows the detection of deformations on the surface of the
runway.

Detecting deformations and determining their shape and dimensions are complex
processes that require an interdisciplinary approach [42–46]. Recently, automated acquisi-
tion and processing of spatial data on road and runway deformations has been the subject
of much research [47–53].

In particular, this research focuses on the interpretation and analysis of road and run-
way images-runway surface modelling based on measurement field data. The development
of algorithms for the automatic detection or extraction of deformations from these images,
as well as the determination of the dimensions and classification of the deformations are
common to previous work. Investigations into the use of geodetic measurement methods
in the determination of vertical deviations and the detection of deformations on the surface
of runways (as well as the prediction of the formation of new deformations) have not yet
been sufficiently carried out or cannot be found in the accessible literature.

In the present study, the evenness and deformations of runways were detected using
geodetic methods. To record the vertical deviations on the runway, a vehicle was con-
structed on which the geodetic sensors were placed. The measurement was performed
with geodetic sensors such as a robotic total station (RTS) and GNSS technology, which
are placed on a special vehicle that allows such measurement. The measurement was
performed using geodetic equipment such as the technology of the robotic total station
RTS and GNSS technology: We had a 360◦ prism and a GNSS receiver installed on a
specially designed unsprung vehicle. In the article [51,52], we described a detailed data
capture with geodetic equipment. The determination of the position of deformations was
carried out based on the established geodetic network, which provides a geometric basis.
The relative positions of the trajectory were determined according to the geodetic (null)
network. The creation of the geodetic network is a complex process in which the rules of
geodetic network planning must be followed. Data management and processing must be
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controlled, corrections to the measured quantities must be made, and a suitable levelling
method must be used.

2.1. Methods for Modelling the Evenness of Airport Runways

The evenness of airport runways is a typical example of the spatial and/or temporal
distribution of physical phenomena, which can be approximated by a function depending
on the location of the phenomena in 3D space. The aforementioned phenomena are charac-
terized by measured point data irregularly distributed in time and space—the visualization,
analysis, and modelling within a GIS is usually based on a raster representation.

Many interpolation and approximation methods have been developed to predict
values of spatial phenomena in unsampled location. In GIS, these methods were developed
to support transformation between different discrete and continuous representations of
spatial fields, typically to transform irregular point data into a raster representation or to
convert between different raster resolutions [54]. The following methods were considered:

• approximation with regression plane,
• inverse distance weighted interpolation (IWD) and
• interpolation based on triangulated irregular network (TIN).

2.1.1. Approximation with Regression Plane

The calculation of the plane equation is possible if at least three three-dimensional
points of the plane exist. The approximation of the plane tries to find the equation of
the plane that best matches the set of points (the point cloud). The plane equation was
determined for non-planar points using a Moore–Penrose matrix inverse least squares
solution. Equations (1)–(3) show the general form of the equation of a plane with a normal
vector (

→
n ) [55]:

a·x + b·y + c·H + D = 0 (1)

where:

D—the distance between the plain and centroid of the cloud of point,
a, b, c—the parameters in the equation of the plain
x-x coordinate of the point
y-y coordinate of the point
H–normal orthometric altitude or altitude

It is assumed that c = 1 (weight) and the equation of the plane is written in the matrix
shape, where x is the vector of the plane parameters [55]:

A · x = B

 x0 y0 1
x1 y1 1
xn yn 1

 ·
 a

b
D

 =

 −H0
−H1
−Hn

 (2)

Since we are looking for the equation of the plane through more than three points,
the system is predefined. The solution is found using the left pseudoinverse matrix or
Moore–Penrose matrix inverse A+ [56], where N is the number of points:

AT ·A ·x = AT ·B

 ∑ xi · xi ∑ xi · yi ∑ xi
∑ yi · xi ∑ yi · yi ∑ yi

∑ xi ∑ yi N

 ·
 a

b
D

 = −

 ∑ xi · Hi
∑ yi · Hi

∑ Hi


x = A+ ·B
A+ =

(
AT ·A

)−1
· AT a

b
D

 =
(

AT ·A
)−1
· AT ·B

(3)
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If it is assumed that ∑ xi = ∑ yi = ∑ Hi = 0, we can conclude that D = 0 and the
plane passes through the centroid of point cloud. The accuracy of the calculated parameters
is given with the diagonal part in the variant–covariant matrix [56]:

∑ =

[
σ2

a σab
σba σ2

b

]
(4)

σa—the accuracy of determining the unknown a in the plane equation
σb—the accuracy of determining the unknown b in the plane equation
σc—the accuracy of determining the unknown c in the plane equation (σc = 1)
σD—the accuracy of determining the unknown D in the plane equation (σD = 1)

The calculated and presented regression plane represents a continuous nonlinear
plane for which the squares of the perpendicular distances from all measured points to the
regression plane are considered to be the smallest. The regression plane is defined on the
entire interval X (−∞ < x < ∞ ) in Y ( −∞ < y < ∞): however, its useful value is limited
to the field of research.

2.1.2. Inverse Distance Weighted Interpolation (IDW)

Inverse distance weighting (IDW) is a kind of deterministic method for multivariate
interpolation with a known scattered set of points. The values assigned to the unknown
(interpolated) points are calculated using a weighted average of the values present at the
known points. This method is accepted as the basic method in most systems that create
and manage digital elevation models.

The main feature of this method is that all points on the earth’s surface are considered
to be interdependent, based on distance. Therefore, the calculation of heights in an area
depends on the heights of data points in the surrounding area. The elevation of an
interpolated point is related to the elevations of the surrounding reference points. This
relationship is a function that is inversely proportional to the distance to each reference
point and is raised to a power, which is usually quadratic or cubic:

F(r) =
m

∑
i=1

wi·z(ri) =
∑m

i=1
z(ri)
|r− ri|p

∑m
i=1

1
|r− rj|p

(5)

where is:
wi

. z(ri) ... the value at an unsampled location
z(ri) ... known values
p ... weight
r...distances between the point and the simple
z(ri)... represent the interpolation function
r-ri,j ... separation distance between known and unknown point

In general, it is a relatively fast method [57]. Weighting is assigned to sample points
by a weighting coefficient, which controls how the influence of the weighting decreases
with increasing distance from the new point. The larger the weighting coefficient, the lesser
the influence of points that are far away from the unknown point during the interpolation
process. As the coefficient increases, the value of the unknown point approaches the value
of the nearest observation point.

It is important to note that the IDW interpolation method also has some disadvantages:
The quality of the interpolation result may decrease if the distribution of the sample data
points is non-uniform. In addition, maximum and minimum values in the interpolated area
may only occur at sample data points. This often results in small peaks and valleys around
the sample data points. The interpolation method is part of many GIS applications. IDW
models with p = 2 (IDW1), p = 1 (IDW2) and p = 10 (IDW3) were evaluated as reasonable.
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2.1.3. Interpolation Based on Triangulated Irregular Network (TIN)

A common TIN algorithm is Delaunay triangulation [58]. It attempts to generate a
surface formed by triangles of the nearest points. To do this, circles are created around
selected sample points and their intersections are connected to form a network of triangles
that do not overlap and are as compact as possible [54].

Besides the formation criteria of Delaunay triangulation TIN (empty circle princi-
ple), there are many other criteria, e.g., local equiangularity (max–min angle principle),
minimization of the interior angle range, minimum–sum–distance principle, minimum
circumscribing circle radius, and others.

The main disadvantage of TIN interpolation is that the surfaces are not smooth and
can have a jagged appearance. This is caused by discontinuous slopes at the triangle edges
and sample data points. In addition, triangulation is generally not suitable for extrapolation
beyond the area with sampled sample data points. Interpolation methods are part of many
GIS applications. Linear interpolation (TIN1) and Clough–Tocher (cubic) interpolation
(TIN2) have been evaluated as useful [59].

3. Experiment

Conducting such an experiment at an airport is challenging due to strict regulations. In
agreement with the airport operator, the field research (measurement of runway evenness
and deformations) was conducted at Maribor Edvard Rusjan Airport, which is a public
international airport and the second largest in Slovenia with reference code 4D. The runway
is 2500 m long and 45 m wide and has a bearing capacity of PCN 86/F/A/X/T.

The geodetic network had to be defined in such a way that it would be stable over
a long period of time and would allow optimal execution and repetition of multiple
measurements. The runway is an area with a simple relief structure where there are no
physical obstacles; therefore, the choice of point locations for establishing the geodetic
(zero) network was not challenging. The positions of the points were chosen at the edge
of the survey area where stabilization of the points on the asphalt surface was possible.
This ensured the permanent and physical stability of the network over a longer period
of time. Seven points—20,001, 20,002, 20,003, 20,004, 20,005, 20,006, and 20,007—were
permanently stabilized around the measurement area and connected to the geodetic (zero)
network (Figure 1). The stabilized points of the geodetic (zero) network formed the local
coordinate system, which served as the geodetic basis for determining the location of the
vertical deviations. The network created from these points was used for the planar analysis
and defined the study area of the existing runway of 300 m length and 45 m width [52,53].
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The various modelling procedures considered are based on one of several measure-
ments made of the evenness of the portion of the runway under consideration. The
measurement has a total of 6618 measured and calibrated points and is shown in Figure 2.
For all measured points, information on the x and y geodetic coordinates and elevation
at the measurement point (h = z geodetic coordinate) were included in the geodetic accu-
racy [51,56].
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Figure 2. Measured data set.

All models considered were created at a resolution of 2650 × 1920, the pixel size was
0.1 × 0.1 m, which means that the modelling was performed for a minimum runway area
of 1 dm2. The latter is considered to be sufficient accuracy for the needs of sustainable
runway maintenance.

In the area of the experiment determined by the geodetic base network (zero), five
cross sections were defined: three longitudinal sections (P1, P2, and P3) represent the
areas of expected largest runway irregularities (P1 and P3 to the left and right of the
runway centerline, P2 in the middle of the runway) and two cross-sections (P4 and P5) (see
Figure 3).
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All analyses were performed at the same resolution and with the application Quantum
GIS (QGIS v 3.16.7-Hannover) and personal computer (processor: Intel Core i7-8700CPU
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@ 3.20GHz, x64, RAM: 16GB). Selected analyses were performed using MatLab and MS
Excel.

The different runway evenness modelling methods were compared in terms of pro-
cessing time required to perform the analysis (average time of 10 trials), file size (average
file size after 10 trials), and content usability of each model.

4. Results
4.1. Approximation with Regression Plane

The calculations shown were performed with our own application using the MatLab
software environment. The results of the analysis are shown in Table 1.

Table 1. Regression plane parameters [m] for the selected case.

Regression Plane Parameters a b c D

R3 −0.0112926570 −0.0050969835 1 7,265.5263

Parameter accuracy σa σb σc σD
R3 1.5154 × 10−5 1.1416 × 10−5 1 1

The elevation of any point determined by the known geographic x and y coordinates is
calculated using the regression plane equation shown in Table 1. The result is a continuous
regression plane determined based on the least squares deviations of a large number of
measured points.

4.2. Inverse Distance Weighted Interpolation (IDW)

The results of the interpolation performed are shown in Figure 4 and in Table 2. The
planes shown in Figure 4 have isohypses with an equidistance spacing of 100 mm so that
elevation changes on a relatively flat surface can be seen more clearly.

The algorithm used performs the interpolation on the entire rectangular area where
the area of the experiment is located and not only in the area of the experiment. The
interpolated plane is valid only in the area of the experiment. As a result, the processor
times and sizes of the output tag image file (TIF) files are relatively large.
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Table 2. Results of IDW interpolation.

No. Case p Average Computer
Time (s)

Range of File
(MB) Comment

1 IDW1 2 1705 49.139 Expected and sensible solution

2 IDW2 1 406.9 49.138 p = 1 => inappropriate parameter. The
results are not within expectations.

3 IDW3 10 1697.01 49.061 Expected and sensible solution

All three treated models were further studied using longitudinal and cross sections.
From Figure 5, it is clear that the use of the IDW1 and IDW3 methods (p = 2 and

p = 10) gives similar modelling results. The IDW2 method (p = 1) gives a much flatter
longitudinal slope that does not reflect the actual situation on the ground. Irregularities in
the longitudinal slope at the end of the longitudinal section are due to the lack of measured
data in this area (measurements were not performed to test the influence of missing data in
single, selected areas). Cyclic irregularities of the longitudinal section P2 were due to the
method itself, depending on the distance to the measurement point. Based on the above, it
was assessed that the interpolation method IDW2 (p = 1) is not suitable for the modelling
of longitudinal sections and thus for the modelling of runway evenness and was excluded
from further consideration.
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4.3. Interpolation Based on Triangulated Irregular Network (TIN)

The results of the performed interpolation are shown in Figure 6 and in Table 3.

Table 3. Results of TIN interpolation.

No. Case p Average Computer
Time (s)

Range of File
(MB) Comment

1 TIN1 linear 1.43 33.679 Expected and sensible solution
2 TIN2 cubic 1.76 30.314 Comprehensibility of the model is not guarantee
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Figure 7 shows a longitudinal section P3 modelled with a linear and cubic model TIN.
It can be seen that the results of modelling with the linear and cubic models are completely
different. While the model with linear TIN interpolation provided the expected modelling
result, the cubic Clough–Tocher model provided completely unexpected modelling results
that cannot be fully explained logically. We estimate that the cubic Clough–Tocher model
is not suitable for surface models from a set of successive measurements, as is the case
in our experiment. More useful results would be expected if the measurement data were
available in a uniform network. Since this is not the case, it is estimated that the cubic
Clough–Tocher interpolation is not suitable for runway modelling when the evenness data
are collected in the manner presented in the experiment.
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5. Discussion

The obtained results show the comparability of all described methods for modelling
the evenness of runways. Different models, already presented, were used based on the
same measurements. The results are presented in the form of longitudinal and cross
sections of the analyzed runway and can be seen in the following graphs. The comparison
of modelling of longitudinal cross sections P1, P2, and P3 is presented in Figure 8 and
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the comparison of modelling of cross sections P4 and P5 is presented in Figure 9. The
modelling methods used are those that have proven useful in research.
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The cross sections presented in Figures 8 and 9 were created using the above modelling
methods. In the intermediate area, where no measurements were made, the elevation
values were estimated. Figure 8 clearly shows the influence of the different interpolation
methods, especially in the area where no measurements were made (from the edge of
the runway to the area where measurements were made). While the regression plane
approximation yields a continuous plane that is clearly and demonstrably valid over the
entire bounded area of the analyzed runway (line marked with an orange lock (RR) in
Figure 8), the accuracy of the IDW methods outside the measurement area is questionable.
The accuracy of the IDW methods within the considered cross sections (lines marked in
red and green in Figure 9) (IDW1 and IDW3) depends on the distance to the measured
points. TIN1 (the line marked in blue in Figure 9) is determined only within the area where
measurements were performed.

From the presented longitudinal and cross sections, it can be seen that among the
presented methods for modelling the evenness of airport runways, the methods of mod-
elling with linear interpolation based on the triangulated irregular network (TIN1) and
approximation with the regression plane (RR) have a useful value.

It should be emphasized that modelling is a process of converting the results of
individual measurements into a plane shape. The resulting planes are a better or worse
representation of the actual condition of the runway. To claim that one method of modelling
is better than another is not professionally correct. Modelling results can only be more or
less useful.

To answer the question of the similarity of the results obtained by each method, we
compared the results obtained with the average linear slope of each cross section considered.
The average linear slope was determined by the average of the modelled values (according
to the considered models) at the beginning and at the end of the considered cross-section.
The descriptive statistics of the absolute deviation of the modelling results from the average
linear slope are presented in Tables 4 and 5. The largest detected values are highlighted in
“bold”.
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Table 4. Descriptive statistics of absolute deviation of considered models (cross-sections P1, P2, and
P3) from the average linear slope.

Cross-
Section Model

s
[‰]

Descriptive Statistics [m]

Mean Median SE SD V (m2] Max

P1
S = 2.18‰

IDW1 2.18 0.01509 0.01493 0.00022 0.00788 0.00006 0.03197
IDW3 2.23 0.00941 0.00928 0.00015 0.00543 0.00002 0.02732
TIN1 2.18 0.00412 0.00345 0.00009 0.00314 0.00001 0.01339
RR 2.14 0.00428 0.00359 0.00008 0.00302 0.00001 0.01019

P2 *
S = 2.06‰

IDW1 2.17 0.00376 0.00264 0.00011 0.00356 0.00001 0.02257
IDW3 2.19 0.00774 0.00791 0.00013 0.00435 0.00001 0.01959
TIN1 2.18 0.00431 0.00415 0.00007 0.00269 0.00001 0.01440
RR 2.14 0.00164 0.00164 0.00001 0.00055 0.00001 0.00260

P3 **
S = 2.18‰

IDW1 2.16 0.00761 0.00732 0.00014 0.00458 0.00002 0.01795
IDW3 2.21 0.00909 0.00817 0.00018 0.00603 0.00003 0.02126
TIN1 2.21 0.00455 0.00389 0.00009 0.00336 0.00001 0.02291
RR 2.17 0.00111 0.00091 0.00002 0.00078 <0.00001 0.00266

Where is: S . . . slope of average linear cross-section. s . . . slope of cross section modelled by individual model.
SE . . . standard error of modelled deviations. SD . . . standard deviation. V . . . variance of modelled deviations.
Max . . . maximal deviation from average linear cross-section elevation. P2 * . . . the impact of lack of data is not
taken into consideration (cross-section is considered up to a distance of 250 m). P3 ** . . . the impact of lack of data
is not taken into consideration (cross-section is considered up to a distance of 260 m).

Table 5. Descriptive statistics of absolute deviation of considered models (cross-sections P4 and P5)
from the average linear slope.

Cross-
Section Model

s
[‰]

Descriptive Statistics [m]

Mean Median SE SD V Max

P4
S = 8.46‰

IDW1 8.16 0.03669 0.03459 0.00137 0.01323 0.00017 0.09093
IDW3 8.74 0.04380 0.03485 0.00351 0.03389 0.00114 0.12133
TIN1 8.67 0.03906 0.03366 0.00323 0.03119 0.00097 0.09810
RR 8.26 0.04032 0.04018 0.00260 0.02513 0.00063 0.08340

P5
S = 7.95‰

IDW1 7.80 0.04216 0.04166 0.00129 0.01254 0.00015 0.08801
IDW3 7.91 0.04473 0.03956 0.00307 0.02984 0.00089 0.11181
TIN1 7.89 0.04229 0.04082 0.00263 0.02556 0.00065 0.09024
RR 8.19 0.04123 0.04040 0.00283 0.02750 0.00075 0.08936

Descriptive statistic (shown in Table 5) taken into consideration only the part of
cross-sections where all models were defined (from 11 to 34 m).

With the descriptive statistics for all considered cross-sections, we can confirm that all
considered methods of pavement evenness modelling are similar to each other and a greater
utility can be attributed to the interpolation methods based on the linear triangular irregular
network (TIN) and the regression plane approximation (RR). A substantial comparison of
the two proposed methods shows that:

• regression plane approximation (RR): The method allows for the calculation of the
elevation of each selected point of the regression plane. Since the regression plane
is continuous, the alignments of the measured runway irregularities are likely to be
large. Comparison with the average linear slope shows the best fit (MAX < 3 mm,
Mean < 7 mm, SE < 0,1mm on longitudinal cross-sections and MAX < 9 mm, Mean <
5 mm, SE < 3 mm on other selected cross-sections). An additional disadvantage of
this method is the longer post-processing (a few hours) and, of course, the processing
of the results with the MatLab program, which is not public, but was made for the
purposes of this research.

• linear triangular irregular network interpolation (TIN): A method of creating an eleva-
tion model using TIN interpolation is a tool included in every major GIS (public tool).
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The basic elements of the model are flat triangular surfaces whose nodes are deter-
mined by the measured elevation points. The use of the model, therefore, promotes
the consideration that the model accounts as much as possible for the measured irreg-
ularities in slope evenness and most likely approximates the actual slope condition.
Comparison with the average linear slope shows the good fit (MAX < 30 mm, Mean
< 5 mm, SE < 0.1 mm on longitudinal cross-sections and MAX < 100 mm, Mean < 4
mm, SE < 3 mm on other selected cross-sections). The creation of a model is relatively
fast and simple; the understanding of the results is guaranteed. All tools for further
processing TIN are publicly available.

From the comparison of the described methods, it can be concluded that all mentioned
methods (except TIN2) can be suitable for modelling the slope evenness. The greater utility
compared to the other methods can be attributed mainly to TIN1 in terms of dissemination,
simplicity, and comprehensibility. Continuing our research, we will focus on measuring
and determining the parameters of evenness for the needs of sustainable maintenance of
airport runways using other methods, trying to find the method that provides the most
favorable results. The proposed method should be suitable for smaller and less frequented
airports.

6. Conclusions

Airport runways are subject to internal and external forces at all times and, therefore,
require regular maintenance. Maintenance involves not only inspecting the runway, but
also detecting irregularities that may jeopardize the safety of flight operations. In order
to determine the most beneficial way of modelling runway evenness, we have included
an element of research on modelling procedures in the existing research on determining
the method of conducting evenness measurements and defining the runway maintenance
process. In this part, we also intend to answer the question of the applicability of the newly
developed method of regression plane approximation.

In this paper, the use of three different groups of methods to model runway evenness
is described and tested. It has been shown that certain methods are more useful than others.
Each method has its advantages and disadvantages. Based on the research conducted, it
can be concluded that the linear triangular irregular network interpolation provides the
most useful results. The result of the analysis can be easily understood. Besides, there
are many additional GIS tools to answer different spatial questions. We propose that
the most appropriate runway evenness modelling method be incorporated into runway
management systems at smaller airports.

As it was said in the introduction, the realized measurement method is proposed for
smaller airports, such as Maribor Airport. The measurement was performed in a time
window of 2 h, which is feasible at smaller airports without disturbing the airport schedule.
The measurement method lets one perform measurements with geodetic accuracy. The
latter is also of great importance for the modelling of the evenness. The application
of selected methods for modelling the evenness of the runway Edvard Rusjan Airport
in Maribor showed that the considered part of the runway in the length of 300 m has
an average longitudinal slope of 2‰ and an average transverse slope of 8‰. This is in
accordance with standard runway construction rules. Additional spatial analysis (isohypses
with an equidistance spacing of 1 mm) showed that there are no irregularities in the
considered part of the runway where water could be retained and jeopardize the safety of
the airport.

In the continuation of our research, we will also look into the application and compar-
ison of other methods (such as the InSar method) to determine the irregularities of airport
runways. The InSar method described in [16] is used to determine deformations at Rome
airport with millimeter accuracy.

In the research, we came to the realization that all the methods described in our
research are suitable for modelling irregularities. Among the methods, the TIN2 method,
which is time-consuming and has the most scattered results, proved to be the worst method.
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Among the most useful methods has been the TIN1 method, which has the advantage
mainly in terms of dissemination, simplicity, and comprehensibility. All of the described
methods require only a short-term closure of the airport, which does not pose an economic
and logistic problem in terms of bridging the traffic.

The analyzed methods are applied to the needs of runway condition analysis within
the processes of sustainable runway maintenance, allowing timely intervention and thus
maintaining the quality and usable condition of runways throughout their life cycle. In
future research, we will try to connect our results with the results of other methods,
especially the InSAR method.
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