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Abstract: The aim of this research was to develop a simulation model of the works carried out by
helicopters, which are used in the construction of buildings under harsh natural conditions. This
work identified that even technologies that we do not normally encounter, such as aerial work using
helicopters, can have a major impact on ensuring the requirement of sustainability within the overall
environmental and economic context. In the environment of protected landscape areas and national
parks, in particular, where all sites are sensitive to human intervention, the use of helicopters in
construction functions is an irreplaceable aid. Preparations for aerial work are very demanding and
require the use of more sophisticated tools to achieve optimal results consistent within the paradigm
of long-term sustainability. Simulation modeling is one such option, thanks to the considerable
advancements made in information technology. A simulation model of aerial work was compiled
within the presented work, and its functionality was verified using specific examples that confirmed
in full the suitability of using simulations in the preparation of aerial work within construction. A
detailed analysis of helicopter operations showed that an algorithm that accounts for future weather
conditions at the construction site, and specifically focused on the conditions at the given altitude
above the ground, should be a dominant feature of simulation models. It is exceptionally important
that such data be known within the preparations for aerial work as accurately as possible, and, as
such, this article describes the process of obtaining meteorological information for simulation models
in detail using a numerical weather forecast and the reliability of data obtained in this manner. Based
on the results obtained during this research, the proposed simulation model can be recommended as a
suitable tool in the preparation of buildings. Its use is especially important if construction takes place
under difficult natural conditions, where work cannot be carried out without the use of helicopters.
We perceive the simulation model as a potential tool for digitizing construction preparations in the
age of Industry 4.0.

Keywords: sustainable construction; digital technology; helicopter; simulation model; numerical
weather prediction; project performance

1. Introduction

Aerial work with helicopters has been conducted in the construction industry for
many decades. Its introduction into practice resulted from the successful development of a
previously unknown type of aircraft with rotating wings—the helicopter. Serial production
of the first type of helicopter began during World War I, in 1942. This historic milestone
was the start of a qualitatively different stage in the development of helicopters, which
were no longer just an experiment, but at that time a perfect serial aircraft that allowed
for various uses in military and civilian spheres [1]. In Slovakia, or in the territory of the
former Czechoslovakia, aerial work using helicopters in the construction industry began in
1957 [2] (Figure 1). Despite its relatively long history, the technology of aerial work using
helicopters has not been surpassed in many respects to the present.
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Figure 1. Types of helicopters used in aerial work in the former Czechoslovakia, exhibited at the
Aviation Museum of Prague-Kbely (Czech Republic). The Mi-8 type is in the foreground, and its
predecessor, the Mi-4 type, is behind it.

Nowadays, sustainability is becoming a fundamental requirement in almost every
field of human activity, and helicopter aerial technology-based work is invaluable in sus-
tainability terms, especially in an environmental context. Its extremely specific character
provides diverse possibilities for use, mainly outside built-up areas and especially in
mountainous areas, which comprise a substantial part of the territory of Slovakia. In moun-
tainous locations, there are often legally protected areas, such as national parks, protected
landscapes, or nature reserves, particularly vulnerable to any human intervention [3].
However, such areas are sometimes found outside mountain units, in flat landscapes.
Unlike the conventional, ground-based construction method, the land and ecosystem are
not disturbed during such aerial work [4,5], meaning there is no need to establish or extend
access roads [6,7]. In addition to the inevitable accompanying construction traffic, these
may also contribute to the deforestation of the landscape with their possible concomitant
consequences. There is no need for the establishment of material stockpiles or other compo-
nents of site equipment (these will only be constructed at a location when it is advantageous
and permissible), and there is no need for significant ground disturbance.

Aerial work in which helicopters are used is also proving its benefits in areas with
less or no nature protection, such as the densely built-up inner zones of large cities. They
are also used in the reconstruction of existing buildings [8]. As a result of the above side
effects, construction work carried out by helicopters can be cheaper than it would be with
conventional ground technology, and its time duration can be shorter. Therefore, we can
also talk about economic sustainability—characteristic for aerial work that it is carried out
in a three-dimensional space (the atmosphere), which is strongly influenced by the current
weather conditions primarily [9]. Thus, the very nature of aerial work naturally implies
that its preparation is more demanding compared to that of conventional technologies [8].
Therefore, it is necessary to choose such means and methods that will help to ensure (to
some extent) not only the obvious environmental sustainability, but also the real economic
and practical benefits of this technology, and thus, ultimately, the legitimacy of its existence
and the long-term sustainability of this method of construction.

The concept of this article is based on the following assumptions: (1) Helicopters are a
suitable alternative for work under difficult natural conditions in terms of environmental
and economic sustainability, (2) the use of helicopters is significantly affected by weather
conditions, and (3) the preparation of aerial work using helicopters is demanding and
requires the use of more complex tools, such as simulation modeling.
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Helicopters are used in the construction industry in many countries, but it is a very
demanding technology. Its use depends on several factors associated with the design of
the helicopter itself, its mode of movement, and the specific, especially weather, conditions
in which it can operate.

In Slovakia, the use of helicopters is currently diverse. For example, in 2011-2012,
construction of the connection between the northern and southern sides of Chopok Peak in
the Low Tatras by cableways commenced. This demanding construction project posed a lo-
gistical challenge, and helicopters played a significant role in its successful implementation.
Helicopters were used in the concrete and assembly processes on the difficult-to-access
construction site, situated on both sides of the mountain ridge and just below the summit
of Chopok at an altitude of 2003 m above sea level.

Helicopters are also used in the Czech Republic, where, for example, from 2011 to
2014 a new cableway was built to the highest Czech mountain, Snézka (1603 m above sea
level) [10]. The construction site was, for the most part, located in the first zone of the
Krkonose National Park. It is an area of arctic-alpine tundra, which is very sensitive to any
human activities. Construction work in this area cannot be carried out using conventional
heavy construction equipment, so the use of helicopters was an acceptable solution.

Around the world, the work of helicopters in construction is handled by several
specialized companies that use various types of helicopters from renowned manufacturers.
One of the best-known companies is the Swiss company Heliswiss International AG, which
operates mainly in the Alpine countries and in Western Europe. The company operates
Kamov KA 32 and AS 332 helicopters.

Helicopters have been used in the United States of America (USA) in the construction
of many electrical transmission lines. Helicopters allow construction work to be completed
in terrain, where the deployment of conventional equipment is problematic for technical
and environmental reasons. Construction of the “Susquehanna to Roseland Electric Relia-
bility Project” is one of many such projects. The objective of the project was to construct a
500 kV transmission line from Pennsylvania to New Jersey [6]. The projected route of the
power line crossed a freshwater wetland at the Troy Meadows site, which is protected by
the U.S. Environmental Protection Agency. In this 12.5 km? area, seven poles of the original
230 kV line were located and needed to be replaced with new poles for the proposed
500 kV line.

Helicopter construction technology eliminated the risks associated with the construc-
tion and maintenance of access roads with a minimum area of 10,000 m? and paved work
areas with an additional area of 11,000 m?, which also posed a threat to protected plant
and animal species. Thanks to the technology used, the implementation of the project was
carried out with minimal impact on the surrounding environment of the Troy Meadows
Conservation Area [6].

In some situations, the responsible authorities may even prohibit the use of ground-
based technology altogether, as was the case with the construction of the 161 kV “Jack
Rabbit—Big Sky” power transmission line. The terrain conditions, especially the environ-
mental protection measures, again did not allow the construction of access roads, so most
of the construction work (installation of masts, including equipment, backfilling, stretching,
and installation of wires) was carried out by helicopters [7].

The extensive portfolio of helicopter constructions of this type in the USA has been
complemented by the “230 kV Northern Intertie Transmission Line” project, which dealt
with the construction of a 154 km-long electric transmission line running through the
subarctic zone of Alaska [11]. It has also been complemented by the replacement of two
damaged poles of the 138 kV “Koolau-Pukele” line in Hawaii, under the extreme terrain
and weather conditions of the mountain ridge [12]. Helicopters also find application
in diametrically different areas of construction; for example, in the project to replace the
suspension cables on the Luling Bridge (Luling, LA, USA), they enabled elegant elimination
of inappropriate loading of the bridge deck by heavy truck cranes [13].
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Thorough construction—-technological preparation is required for aerial work using
helicopters because during the construction preparation stage, it is still possible to signifi-
cantly influence the overall concept and organization of the construction of such projects.
Due to the complexity of aerial work using helicopters, which are subject to a number of
random influences (especially variable weather conditions), it is necessary to use more
complex tools during preparation, such as simulation modeling. This can perfectly prepare
the course of helicopter work even under difficult construction conditions, while taking
into account technical, technological, economic, and environmental aspects.

The influence of weather conditions on construction is of interest to many authors.
To assess the severity of this impact, several authors have successfully used a simulation
approach (such as Lee et al. [14] and Jung et al. [15]). The authors AbouRizk and Wales [16],
who investigated the influence of weather on the completion of earthworks using neural
networks, also dealt with considerations for weather conditions in the planning of the
construction process. Their research took into account the influence of three meteorological
elements: precipitation activity and the maximum and minimum daily air temperatures.
The authors did not deal with the influence of other factors or with the possible change in
their influences due to changing seasons. Muhabie et al. [17] investigated the simulation of
the process of constructing unconventional structures, such as offshore wind farms, which,
in addition to weather conditions, also simulated the sea level.

Based on an analysis of the impact of weather conditions on labor productivity,
Lee et al. [14] stated that weather conditions have a significant impact on labor productivity,
with some meteorological elements having a greater impact than others. Jung et al. [15]
described a simulation model based on a future weather generator at the construction site
of high-rise buildings. The basis of the simulation model is a weather generator, on the
basis of which the expected construction delay relative to the impact of adverse weather
conditions can be determined and incorporated into the construction schedule.

Weather generators are based on the values of meteorological elements, measured at
ground level. However, according to the authors, this can be a problem in the construction
of high-rise buildings because weather conditions change with increasing height; changing
conditions may therefore affect the course of construction of the upper floors of a high-
rise building. To solve this problem, the authors proposed a simulation model that took
into account the correlation between altitude and weather conditions. The proposed
model was verified on a 50-story office building. The simulation results pointed out
several facts, namely: that without taking into account the influence of altitude, there are
significant differences in estimating the degree of dependence of the construction process
on weather conditions; that observed differences increase with the height of the structure;
that time series of meteorological elements, especially wind speeds, do not appear in the
one-year seasonal component; that seasonality is natural for the values of meteorological
elements [15].

The main element of such simulation models is a weather generator. This is classified
among the numerical models, “artificially” creating the values of individual meteorolog-
ical elements on a daily basis. These data have the same probability distribution as the
historical weather data entered into the generator [18]. Generators are used in the creation
of simulation models in various areas of industries, e.g., in agriculture, ecology, and in the
generation of electricity in wind power plants [19]. A statistical set of historical data on
weather conditions in the area is entered into the generator. Based on such, using proba-
bility theory and mathematical statistics, the generator simulates the values of individual
meteorological elements such as precipitation, temperature and relative humidity, and
wind speed. These are variables that ultimately affect labor productivity and costs, and
they may even interrupt work [20].

The simulation of future weather conditions at the construction site, carried out on
the basis of historical data, is associated with a certain degree of inaccuracy. According
to Kim and Augenbroe [21], these computational models do not adequately capture the
randomness and uncertainty associated with weather forecasting. Other differences may
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also occur in connection with gradual climate change [22]. Our research shows that it
is possible to increase the accuracy of the data entering the simulation model and, thus,
increase the rate of approximation to the actual conditions at the construction site by using
one of the commercially available numerical weather forecasting models. These models
provide the necessary short-term forecast (e.g., [23]). We applied this approach in our next
solution (Section 2.3).

Partial conclusion: According to the analysis, research in the field of simulation model-
ing in the preparation of buildings is only in its infancy, and several authors have empha-
sized the need to publish other works using the simulation approach. In their works, many
of them have already dealt with simulating future weather conditions and evaluating their
impact on the construction process, but only conventional processes have been simulated,
especially using conventional cranes and other common construction equipment.

Helicopters have long been used in various areas of construction and today are a tool
without which construction work would not be possible to complete efficiently, or at all in
some cases. They are applied to a broad spectrum of activities in mountain and developed
areas. In Slovakia, however, the preparation of aerial work is still carried out in a traditional
way. The key parameter, which is the helicopter payload capacity, is determined manually
by means of its load capacity nomogram in paper form (Section 2.2).

In the case of designing a construction process to be performed by a helicopter, the
effectiveness of the final solution becomes the key criterion. Due to the specifics of these
aerial works and their susceptibility to many factors, it is more difficult to predict their
actual course using traditional deterministic models. Any resulting inaccuracy in time and
cost planning will then negatively affect the entire construction process. A suitable tool
for determining the optimal variant is simulation modeling, which adequately represents
the authenticity of variable conditions in real-world construction practice. Balakchina and
Shalenny [8], in their work, pointed out the need to verify various variants of technological
procedures in aerial work using simulation modeling.

The elaboration of such a topic will make it possible to verify the potential applications
of the simulation approach in another little-explored area of the construction industry,
which will ultimately contribute to the wider application of progressive simulation model-
ing tools in construction practice. It will also create a framework for developing institutional
education in simulation. It is these areas that several contemporary authors have described
as being the most problematic.

The results of such a solution could be usable in the future outside the construction
industry, especially in logistics. Applied knowledge from the use of various numerical
weather forecasting models can also be beneficial for the field of numerical meteorology.
The idea of an interdisciplinary approach is in line with the recommendations of various
authors around the world, including, for example, Lee et al. [24].

2. Methods

Due to their characteristics, helicopters represent a practical and indispensable means
of transport for many industries. The ability to take off and land perpendicularly without
relying on long runways grants helicopters an unusually broad operating space, as they
do not require a large or specially prepared area to land and take off. Unconventional
maneuvering capabilities allow helicopters to perform flights in close proximity to the
ground. The lower transport speed of helicopters compared to other aerial vehicles is
an advantage when transporting loads [25]. Helicopters are able to fly in all directions,
and, unlike conventional aircraft, they can also be stopped mid-air by hovering. It is the
combination of these characteristics that has also enabled the use of helicopters in the
construction industry [2].

2.1. Aerial Work in Terms of Helicopter Performance

During each phase of flight, the helicopter must meet specified performance parame-
ters, particularly the ability to hover at the take-off point, the ability to maintain a specified
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rate of climbing on specified sections of the flight, and the ability to land at a specified
location—all in such a way that fixed objects (obstacles) are safely negotiated [26]. The
performance of a helicopter is influenced by its design and the engine(s) used, which is
a given in its design and manufacture. The practically achievable performance of the
helicopter is further influenced by the atmospheric conditions in the specified location,
as well as its actual weight and configuration. The performance of a given helicopter,
including the effect of atmospheric conditions and its weight and configuration, is always
specified in aviation practice in the so-called flight manual of the particular helicopter.

The original definitions for helicopter performance were derived from the performance
definitions for conventional aircraft. However, unlike these aircraft, helicopters do not
take off and land only on runways, but rather they use helipads or areas of different
characteristics with various surrounding obstacles. Compared to conventional aircraft,
helicopters have the capability of vertical climbing or rear or lateral guidance during
take-off and partially during landing. This capability of helicopters is possible, according
to [26], for use in the application of different take-off and landing procedures. However, all
procedures must comply with the safety requirements and eliminate danger to persons on
board and on the ground. This means that the time during which the helicopter is unable
to make a safe forced landing in the event of a power unit failure must be minimized.
The use of a certain procedure minimizes this time only for a certain type of heliport
(area) and its surroundings. Another reason for differentiating procedures is the different
performances among helicopters. A procedure that is most advantageous for a helicopter
of a particular size may not be applicable to a helicopter of a different performance class.
Therefore, different procedures are defined not only according to the type of landing area
(helipad, elevated helipad, helideck, etc.), but also according to the performance classes of
helicopters [26].

Helicopter performance is therefore primarily influenced by the following factors [26,27]:
pressure altitude and density altitude, humidity, air temperature, wind, the weight of the
helicopter, the helicopter configuration, and the position of the helicopter’s center of gravity.

Weather conditions affect the entire construction process and not just helicopter
work [22]. Chief among them are temperature and wind, as well as rain, snow, and storms.
However, aerial work using helicopters is carried out at higher altitudes than the ground
at which normal construction takes place, where these conditions are significantly more
intense, which significantly affects the performance of the helicopters themselves and their
ability to be used for construction work.

2.2. Aerial Work from the Technological-Organizational Point of View

For aerial work using helicopters, there are, according to Dosoudil et al. [28], two basic
methods of transporting loads: transport in the helicopter’s fuselage compartment (used
for transporting people and smaller loads, where the loading and unloading points must
allow the helicopter to land) and transport via the helicopter’s undercarriage (used when
it is not possible to land the helicopter at the loading and unloading points). However,
the primary reason for the use of helicopters in the construction industry is the existence
of the latter option, which is used in practice in the implementation of most construction
processes by this technology.

The Mi-8 helicopter, frequently used in Slovakia, has a maximum load weight of
4000 kg in the fuselage and 3000 kg in the undercarriage, with external suspension lengths
of 5-50 m. The length of the suspension is determined by the helicopter crew, mainly
according to the height of surrounding obstacles and the longitudinal slope of the terrain.
The material is transported according to its type and quantity on pallets, in containers,
in bundles, or individually [28]. According to these authors, helicopter transport flights
consist of three basic phases: (1) suspension of the load and departure of the helicopter
with the load as the airspeed increasing to cruising speed, (2) movement of the helicopter
at cruising speed along the transport route (the speed cannot be influenced because it is
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given for the specific type of helicopter), and (3) slowing the helicopter to zero speed and
emptying/disconnecting the load.

From the above, it is clear that the duration of one flight cycle can be influenced in
the first and third phases (guiding the load into the unloading area and disconnecting and
suspending the load). Before the actual implementation of aerial work, it is necessary to
find a suitable type of helicopter because the only influence that technologically limits the
use of helicopters is its carrying capacity. This is different for each type and is determined
by the power of the propulsion units and other technical parameters of the helicopter.
With lifting capacity acting as a limiting factor, the maximum weight of an individual
load is sometimes critical in determining the appropriate type of helicopter [28]. However,
helicopters can practically be used for construction work only, provided that the weights
of the transported structures do not exceed the permissible weight of the load for the
given altitude of the installation site and the atmospheric conditions of the environment.
Weather conditions significantly affect the parameters of a helicopter, especially the most
technologically important value, i.e., the lifting weight (lifting capacity).

When using a helicopter for aerial work in the construction industry, various specific
organizational conditions must also be met, which have been summarized by
Barto$ et al. [29]. The authors stated that each load must be weighed, and the weight
of the load must correspond to the helicopter’s load capacity nomogram. The mounting
altitude is given (limited) in terms of the helicopter’s lifting capacity nomogram in relation
to the weight of the suspended load. The place for suspending the load and the place of
its mounting must be vertically free, with dimensions of a minimum of 40 x 40 m and up
to a height of 30 m above the installation site. For complicated assemblies, modifications
must be made at the place of assembly or directly on the load to simplify the guiding and
fitting of the load. The installation of high-rise buildings at heights above 25 m above the
surrounding terrain requires the installation of auxiliary guidance equipment. The speed of
the descending airflow from the helicopter rotor blades onto the ground reaches 22-25 m/s,
which, especially in closed industrial buildings, leads to a high amount of dustiness and
the floating of light objects, so these objects must be secured and surfaces must be cleaned.
In the case of the block construction of steel structures, towers, chimneys, masts, etc., it
is necessary to maintain its slenderness with a maximum value of 1:9 with regard to the
stability of the load because exceeding the slenderness limit leads to a disturbance of the
load’s stability due to the movement of the helicopter.

After many time measurements of the assembly of excessively lean loads, Bartos et al. [29]
stated that the time value of setting a load with a leanness of 1:10-1:12 is more than double,
sometimes even triple, when compared to setting a load with a slenderness of up to 1:7. Based
on this experience, the authors recommended that this knowledge be taken into account
when designing new steel structures to be fabricated by helicopter. These authors also
addressed the content of the optimal technological procedure for aerial work in construction,
which should include the determination of the helicopter’s position and its fuel quantity, the
design of suitable transport packages and containers for loads, the method of connecting and
fastening loads, the identification of loading points, the marking of dump sites, the method
of returning empty transport packages, the most advantageous number of flight cycles per
helicopter take-off, the identification of the shortest overflight routes, and a reliable solution
for communication between the different locations of the planned aerial work (e.g., the use
of radios). In terms of the one preparing the construction, the division of individual types
of activities in the implementation of aerial works is also extremely important, on which
Bartos$ et al. [29] wrote in their work. Flight activity is the actual execution of the working
flight, or overflight, and its preparation in accordance with the related aviation regulations
(planning of the flight activity, assessment of the specific conditions of the working flight
in terms of the current meteorological situation, and coordination with the assembly group)
and reconnaissance of the terrain. Technical activity ensures the technical capability of
the helicopter in accordance with the relevant aviation safety rules and technical regulations
(technical flight preparation, possibly necessary maintenance of aviation equipment, operation
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of and maintenance of suspension equipment, etc.). Auxiliary activity supplies the helicopter
itself with aviation fuel, moving personnel, and material on the ground, and it ensures mutual
communication. Assembly activity involves placement of the load on the terrain and its
assembly security, preparation of loads for fastening under the helicopter, and the fastening
itself. Organizational activity involves controlling the compliance with all conditions for the
successful execution of the entire contract and individual works, contractual conditions, and
safety regulations imposed by the customer or the cooperating assembly organization.

As a rule, flight, technical, support, and organizational activities are carried out by
the staff of the aeronautical operator. The helicopter is to be supplied with aviation fuel
during operation and equipped with launchers, miscellaneous material, operational flight
planning capability, and crew, as well as personnel mobility capability on the ground. The
autonomy of a helicopter is adversely affected by its basic characteristics alone, e.g., a
short range at full load, as a result of which the amount of refueling before a working
flight is limited for weight reasons. When analyzing helicopter work, it is significant that,
unlike other activities in aviation, each construction and each helicopter working flight
represents a unique event that must be dealt with both in preparation and in execution
comprehensively with the participation of all of the aforementioned components. Moreover,
this complexity is concentrated in one common time period, and the different activities
overlap one other in the development of a joint project. Thus, every construction and
work flight require a comprehensive engineering solution to all problems in a coordinated
manner by all the above-mentioned components [29].

Before carrying out aerial work, those preparing the site must search for a suitable
type of helicopter because the ultimate influence that limits the practical use of helicopters
is its carrying capacity. The payload capacity is different for each type of helicopter and is
determined at the time of design and manufacture. However, a helicopter with a specific
maximum load capacity can only be used provided that the weight of the load does not
exceed its permissible value, related to the specific construction site, i.e., its altitude and
weather conditions. Weather conditions significantly affect a helicopter’s payload capacity,
which is the most critical in terms of construction technology. Unlike conventional lifting
equipment, the maximum lifting capacity of a helicopter is not constant, but it varies over
time. For this reason, the preparatory phase of aerial work must necessarily take into
account the course of weather conditions on the future construction site at the time of
implementation. In practice, only some of the described meteorological elements have a
significant influence on the determination of the helicopter’s actual payload capacity, so
we can mathematically express the abovementioned dependence for a known location of
helicopter use as follows:

C =f(t/ ﬂ, pr wSr wdi U) (1)

where C is the lifting capacity or maximum take-off weight of the helicopter, t is the
air temperature, a is the altitude, p is the air pressure, w; is the wind speed, wy is the
wind direction, and v is the visibility. In aviation practice, the relationship between air
temperature, altitude, wind speed, and maximum take-off weight of the helicopter is
represented by a nomogram. The nomogram is valid for a specific type of helicopter and is
part of its documentation supplied by the manufacturer. The helicopter payload capacity
is expressed graphically in the nomogram according to the individual influencing factors.
After subtracting the so-called standard load and the fuel weight, which is determined
depending on the length of the flight, the actual load capacity of the helicopter can be
obtained, i.e., the actual maximum weight of the load to be transported.

2.3. Numerical Weather Prediction

Weather conditions are among the main factors affecting the performance of a he-
licopter and thus its possible deployment, so it is extremely important to know these
data as accurately as possible in the preparation of aerial work. In the distant past, the
weather factor was taken into account only on the basis of the season. In the territory
of Slovakia, the main building season is most often considered to be April to Novem-
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ber; strong frosts are expected in the months of January and February. In professional
long-term planning, the previous general statements have been replaced by the statistical
treatment of measured meteorological data obtained using the permanent network of
meteorological and climatological stations of the national meteorological institutes. In
Slovakia, the Slovak Hydrometeorological Institute (SHMU), which is a member of the
World Meteorological Organization (WMO), is responsible for this activity. Among other
activities, the WMO guarantees a uniform methodology for meteorological and climate
measurements worldwide.

For long-term planning, it is correct to use the climatic norms for a given location,
which are processed in the map outputs. The SHMU currently uses two main climate
norms, of which the climate norm for the period of 19812010 has been fully developed
and the climate norm for the period of 1991-2020 is currently being finalized. Basic
characteristics include, for example, the monthly mean air temperature, the monthly
minimum air temperature, and the monthly mean atmospheric precipitation.

While these values comprise a climatological statistical framework over a given period,
numerical atmospheric prediction models are used to predict the actual weather at a given
time. According to their computational domain, they are divided into global and local
models. Global models cover the entire world and are computed on supercomputers at
large meteorological centers such as the ECMWF (European Centre for Medium-Range
Weather Forecast) IFS (Integrated Forecasting System), Meteo France-~ARPEGE (Action
de Recherche Petite Echelle Grande Echelle), and the Environmental Modelling Centre
GFS (Global Forecast System). Enormous computing power is required for their operation,
which is why these supercomputers are at the top of the TOP500 list of supercomputers [30].

In 2007, Slovakia, and thus also the SHMU, became a cooperating country of the
ECMWEF and gained access to the outputs of the IFS model. The IFS is a 50-member
ensemble model that is computed twice a day at 00:00 and 12:00 UTC (Coordinated Uni-
versal Time). The maximum forecast length is 15 days, with a resolution of approximately
13.88 km. The basic outputs from the IFS model, labeled as the ECMWF model, are freely
available on the SHMU website for points of interest within Slovakia with a 10-day outlook.
The graphical form of these outputs is the so-called meteogram, which captures the time
course of air temperature at 2 m above the surface, cloud cover, precipitation, air pressure
reduced to sea level, and the wind speed and direction at 10 m above the surface at a
selected geographical point. For practical use, it is necessary to select the meteogram for
the nearest geographical point to the intended construction site from the menu.

The SHMU has been involved in international cooperation since 1994 [31], participat-
ing in the development of the model on the ALADIN boundary area [32]. The main reason
and advantage of counting local models is their higher resolution and time availability. At
the SHMU, the ALADIN (ALARO-1) cy40 system is currently computed with a resolution
of 4.5 km and with the assimilation of local surface measurements, and the domain of which
covers Europe (Figure 2). Its boundary conditions are outputs from the global ARPEGE
model. The forecast length is three days (Figure 3a,b).

The aforementioned resolution is essentially a square grid of points over the area
of interest, in which the length of the edge of the square corresponds to the magnitude
of the resolution of the numerical prediction model. The practical significance of the
resolution size is well illustrated by the example of a model representation of the orography
of Slovakia. Figure 4a presents a representation of the orography of our territory by the
IFS global model (ECMWEF) with a resolution of 13.88 km. In contrast to this model, the
ALADIN model (SHMU) depicts the ruggedness of the terrain of Slovakia more accurately,
due to the 4.5 km resolution used (Figure 4b).
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Figure 2. Air temperature field at a height of 2 m in the Slovak Hydrometeorological Institute (SHMU)
ALADIN 4.5 km computational domain.
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Figure 3. Wind speed and direction profile calculated by different runs (a,b) of the ALADIN model (SHMU ALARO-1) for
Strbské Pleso, Slovakia (1350 m a.s.l.) on 21 September 2021 at 00:00 UTC.
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Figure 4. Comparison of the model orography for the territory of Slovakia on the IFS of the ECMWF
(a) and ALADIN of the SHMU (b).

The ALARO-1 model, with a resolution of 2 km, is currently being developed and
tested, but it only covers the Central European region due to the high computing power
requirements. Experiments are also underway with a 333 m resolution model to determine
the effect of resolution on wind speed and gusts. In the future, such models will provide
very important information for nowcasting (short-term weather forecasting for 0-6 or
12 h ahead). The three-hour or up to one-hour computational frequency of such models,
instead of the current six hours, is also important. The development of all models is
linked to a technical upgrade of the respective high-performance computing technology. In
our Central European area, the A-LAEF (ALARO—Limited Area Ensemble Forecasting,
Figure 5) ensemble model, which the SHMU is working on developing in the framework
of RC-LACE (Regional Cooperation for Limited Area Modelling in Central Europe), will
play a key role in the three-day planning of construction works [33-35].

2.4. Simulation Modeling

The essence of simulation modeling in the construction industry is the creation of
a computer model of the construction process as it would take place in reality, followed
by subsequent experimentation with the assembled model [36]. The advantages of the
simulation approach are particularly evident when processes cannot be described by
mathematical relationships and when we want to get as close to reality as possible. The
degree of accuracy is determined by the number of simulation runs.
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Figure 5. A-LAEF model output for Bratislava (Slovakia) on 24 June 2021 at 00:00 UTC.

Currently, there are a number of simulation programs on the market, from which it is
possible to choose the most suitable for creating a model of the construction process under
study. The simulation programs used include ExtendSim (formerly Extend), developed
in the USA in collaboration with NASA. This program belongs to the group of software
dealing with logistics and is designed for the project preparation of production, warehouse
management, handling, etc. Its properties thus meet the requirements of its use under
the conditions of construction production [37]. Another option is to use the MATLAB
programming environment or its simulation superstructure Simulink. MATLAB was also
developed in the USA and, thanks to its versatility, can be used in virtually any field
of technology.

The construction of a simulation model is preceded by the creation of a simulation
scheme. The simulation diagram must represent the construction process as authentically
as possible, i.e., as it takes place in reality—it is essentially a graphical (two-dimensional)
representation of the algorithm. Once the simulation scheme has been created, the sim-
ulation model itself can be designed. A particularly widespread simulation language is
CYCLONE, which was proposed by Halpin in 1973. Its output is clear diagrams based on
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six basic symbols [36]. A diagram of the aerial work execution process according to the
newer BPMN method [38], which captures a helicopter’s sequential steps in transporting
loads, is shown in Figure 6.
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Figure 6. Flowchart of the aerial work execution process using helicopters according to the BPMN method [9].

Simulation modeling can be used in various areas of the construction industry. For
example, Mahmoodzadeh and Zare [39] dealt with the probabilistic prediction of the impact
of expected geological conditions, construction time, and total cost of the construction of
road tunnels. The authors proposed a probabilistic model that predicted the geological
conditions at the site of underground structures, and which consequently determined
the construction time and cost. The authors presented the proposed model using the
example of the construction of the Hamro road tunnel (Iran). A similar issue was addressed
by Liu et al. [40], who proposed an adaptive simulation model based on the CYCLONE
method and validated it in the example of the construction of a 16.67 km-long tunnel for the
Jinping hydropower plant in south-west China. Alsudairi [41] dealt with the possibilities
of using the simulation approach in the field of reducing the cost of construction work,
shortening the construction time and the maintenance of buildings. Kim, Kim, and Cho [42]
used simulation to resolve logistic problems related to the construction of structures made
from precast reinforced concrete components.

The influence of weather conditions on construction performance has also been a
subject of interest for several authors, but usually on sites constructed using conventional
ground technologies. Several authors have successfully used a simulation approach to as-
sess the magnitude of this impact, e.g., Lee et al. [14], Jung et al. [15], and Muhabie et al. [17].
The backbone of such simulation models is a weather generator, which generates predicted
values for individual meteorological elements. These data have the same probability dis-
tribution as the historical weather data that feeds into the generator [18]. However, the
simulation of the future state of weather conditions at the construction site, carried out on
the basis of historical data, is associated with a certain degree of inaccuracy. According
to Kim and Augenbroe [21], these computational models do not adequately capture the
randomness and uncertainty associated with weather forecasting. To increase the level of
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accuracy of the data input into the simulation model, and thus increase the level of ap-
proximation to actual site conditions, it is possible to use one of the commercially available
numerical weather prediction models (Section 2.3).

In order to help bridge the gap that arose during the preparation of construction due
to a large number of random influences affecting the work of helicopters, the MATLAB
programming environment was used in the solution of the presented research in order
to compile a simulation model of helicopter work. This model was subsequently verified
using specific examples in real-life situations.

3. Results

As part of the solution of this research task, a simulation program was designed, which
was subsequently verified using the examples of the construction of cableway systems in
Poland and Slovakia.

When processing the case study that focused on the construction of the U
Kowalskiego—Hala Skrzyczefiska (Szczyrk, Poland) cableway via aerial work technol-
ogy, the simulation model, due to the nature of aerial works in the construction industry,
was based on the principles of discrete simulation. In technical terms, it was a standard
mass-produced single-cab cableway pertaining to the circulatory system, with detachable
carriers. Due to the fact that most of the input data were discrete in nature, the model was
designed directly in the MATLAB environment in the form of a so-called live script, which
represents direct writing of the algorithm using MATLAB’s own programming language
but enriched with interactive controls and interpretation of the algorithm’s outputs in
real time. This method, due to its illustrative nature and relative simplicity, is also very
advantageous from a pedagogical point of view. By choosing this option, it simultaneously
responds to the opinion of some authors pointing out the need to include the issue of
simulation in university curricula, e.g., [24].

When assessing the severity and overall impact of individual factors on helicopter
operation, we also relied on the knowledge and experience of aviation practice. Therefore,
factors that show a low or negligible level of significance were not considered in the
solution of the simulation model. Due to this reason, the issue of head and tail winds
was narrowed down to general wind speeds in accordance with planning procedures in
aviation practice and in accordance with the capabilities of the used numerical weather
prediction models. A key part of the simulation model is the provision of meteorological
input data. This part was designed on the basis of several follow-up steps with successive
approximation of the data using different numerical weather prediction models, provided
by the SHMU.

Relevant numerical weather forecasts are under steady-state conditions within 10 days
at most. Therefore, in this section, a two-step procedure was proposed, with the first one
being the planning of the implementation of the aerial works at a maximum of 10 days
before the requested date. In the second step, from three days before the planned event to
its expected date, local models with a higher resolution were used. Thanks to these models,
it is possible to confirm the expected nature of the weather and to specify the actual date
and duration of implementation. In this interval, it is possible to re-evaluate decisions
made every six hours—at 00:00, 06:00, 12:00, and 18:00 UTC, or every one to three hours in
the case of rapid update models.

The input data on the loads, their number, and their weight were taken from the weight
tables provided to the contractor by the manufacturer of the cableway. The loads were the
individual parts of the tubular shafts of the track supports. Information on the length of
the transport route for each load was obtained from the longitudinal profile drawing of
the cableway route. The transport distance of the load was determined as the so-called
developed length between the lower station and the implemented structure (track support).
A total of 25 loads were transported in this way. This stage of the research represented the
verification of the simulation model, while the simulation results themselves were in line
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with the assumptions and confirmed the logical and factual correctness of the proposed
simulation model.

In this step of the solution, the outputs from the ALADIN prediction model were
modified in cooperation with the SHMU for use in the simulation model in the form of
a data file with a defined format. Thus, the discrete data in a computer-processable form
for a specific raster point (the construction site) were obtained. The SHMU currently
generates this data file in the aforementioned interval of every six hours. The interpretation
of the new forecast and its impact on the construction work thus only becomes a matter of
relaunching the simulation model with the appropriate data file at the input.

In the case of a wider application of the proposed concept, even more advanced
automation can be applied as well, and the data file can be downloaded and loaded
automatically from the forecast provider. An example of graphically interpreted input data
from the ALADIN numerical prediction model for the needs of the simulation model in the
Bachledova dolina location (Slovakia) is shown in Figure 7. Figure 7a shows the predicted
air temperature over the next 72 h at various altitude levels of the Earth’s atmosphere.
Figure 7b expresses, by analogy, the predicted course of the wind speed.
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Figure 7. Interpreted numerical weather forecast for the ALADIN model in the MATLAB programming environment for
the Bachledova dolina locality (Slovakia): air temperature (a) and wind speed (b).

The possibilities of practical use of the simulation were then shown in the example
of the construction of the Bachledova dolina-Mald Pol'ana cableway (Slovakia). From a
technical point of view, it was the same type of cableway as in the previous case. Both
facilities are similar in terms of technical parameters—the developed length is 1518.57 m,
the elevation of the route is 264.40 m, and there are nine supports along the route. Two
variants of the assembly process were assessed, which differed only in the start time of
the work. In variant 1, the start of assembly was planned within 50 h of the beginning of
the validity of the forecast in use; in variant 2, this period was 10 h of the beginning of
its validity, which corresponds to a difference of approximately 1.5 days. The resulting
values of the individual variants of the aerial work on this construction differed mainly in
the duration of unfinished work (0 vs. 73.40 min), which was caused mainly by changing
weather conditions at the construction site (Figure 7a,b) and, thus, the inability of the
helicopter to fly in, in certain cases, due to its maximum load capacity at the given time.

We consider the results obtained by the simulation to be credible because they are very
close to those that are usually achieved in practice in the case of this type of construction
and also fully justify the use of a simulation in the preparation of aerial works in the
construction industry. An example of one of the possible graphic outputs of the simulation
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Frequency

Figure 8.

in the form of a histogram of work durations for the two process variants is shown in
Figure 8a,b and analogously in the form of a box plot in Figure 9a,b.
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Duration of the solved aerial works in the construction of the Bachledova dolina—Mala Pol'ana cableway (Slovakia)

according to Variant 1 (a) and Variant 2 (b)—histograms.
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(Slovakia) according to Variant 1 (a) and Variant 2 (b)—box plots.

The presented analysis shows that the determined capacity of a helicopter by its man-
ufacturer may not be easy to achieve in practice, so it is necessary to respect the influence of
randomly changing construction conditions and, at the same time, the specific conditions
of the helicopter’s work during the preparation of the construction processes implemented
by the helicopter. The complexity of such a system can therefore be appropriately modeled
using the above simulation models.

4. Discussion

This work can be considered a loose continuation of the work [15], which dealt
with the influence of weather conditions on the construction of high-rise buildings. The
construction work carried out by helicopters can, in a sense and after some simplification,
be considered as an analogy for carrying out construction work on such type of buildings.
In contrast to the mentioned work, in which the weather forecast at the construction site
was obtained using a weather generator, we used the numerical weather prediction model,
which provided a vertical weather profile automatically without the need to calculate it.
We believe that, in the case of work performed by helicopters, this method is more suitable,
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especially in connection with the high sensitivity of a helicopter to changes in weather
conditions that affect its basic technological properties. Another advantage of this method
is the ability to predict weather conditions that have not occurred in the past, which is
especially important in the context of climate change [15,22].

The basic idea of simulation modeling in the preparation of buildings is to replicate as
closely as possible the situation at the intended real construction site. The importance of this
step is emphasized by Balakchina and Shalenny [8], who stated that the number of flight
hours and the price per flight hour of a helicopter are often the main factors influencing the
cost of the process; therefore, it is appropriate to verify the proposed process by simulation
and choose the most advantageous among the different variants. Thus, when setting up
the simulation model for helicopter work, other specific issues that must be addressed for
the use of a helicopter at a construction site have emerged and are the subject of discussion:

On what basis does a helicopter pilot make decisions in relation to the overall organi-
zation of aerial work?

How and at what intervals is the refueling of a helicopter fuel tank handled during
the execution of this work?

How do the slenderness of the load and its area affect the flight of a helicopter, espe-
cially with respect to wind loads or rotation of the load in the helicopter’s undercarriage?

Which aspects determine the deployment of a particular type of helicopter at a partic-
ular construction site?

Which activities before, during, and after aerial work can be considered negligible for
simulation purposes, and which cannot be considered so?

With the intention of capturing the course of helicopter work as authentically as
possible, and thus increasing the value of the simulation model, we also consulted these
points in reference to aviation practice. However, despite the efforts made, it is possible that
the simulation model may need to be corrected slightly (refined) for its eventual wider use.
Within the framework of the performed case study, but as well as during the verification of
the model, we focused on the solution of the construction of cableway supports, i.e., on the
assembly process. This focus resulted, on the one hand, from the available possibilities of
capturing actual projects within a permissible timeframe and, on the other hand, from the
availability of the necessary documentation that was available to the authors of the article
due to their professional backgrounds. The presented issue is quite extensive; therefore,
these examples are seen more as clues that point the way to the possible further use of both
simulation models and numerical weather prediction at the present level in the preparation
of any type of building.

The simulation model can be further extended and refined in the future. It seems to be
an interesting idea to consider three important points during the helicopter flight instead of
one, taking into account the expected weather conditions. These points are the helicopter’s
home airfield (often located hundreds of kilometers from the construction site, sometimes
in a neighboring country), the helicopter’s take-off area in the field, and the construction
site itself. Using current numerical weather prediction capabilities, attention can also be
focused on the solution of the entire helicopter flight path and altitude profile, both during
the overflight to the construction site and during the actual construction. This brings the
simulation even closer to objective reality, where the boundary conditions change naturally
over time [24].

The design and implementation of the simulation model was performed in the sense
of the greatest possible future flexibility, so the model can be used in any construction
process, including important and technologically more complicated concrete processes.
Simulation of the concreting process would be carried out in an analogous way to the
assembly process, in principle, with only one difference: the input weights of the loads
must be given to take into account the weight of the concrete basket together with the
weight of the fresh concrete itself in the basket. In this case, it is advisable to add to the
simulation model the continuous monitoring of the duration of the stay of the truck mixer
with fresh concrete at the site and the subsequent alert in case the total processing time of
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the fresh concrete at the site exceeds its permissible workability time. In the case of the
assembly process, it is possible to address the priority of the transported loads so that the
assembly of horizontal load-bearing structures does not precede the assembly of vertical
load-bearing structures. In the simulation model, this situation can occur, e.g., by omitting
flight with a vertical structure due to adverse weather.

The issue of the weight of the fuel in the tanks, the amount of which in practice is
unique for each building project, also proves to be extremely interesting. Refining the
amount of fuel and its effect on a helicopter’s payload capacity at a particular site may
represent a noteworthy direction for future research, which involves not only the economic
plane, but also the environmental one. However, due to its nature (the flight part), it must
be carried out in close cooperation with the airline operator, which alone has the necessary
know-how. In this context, we state that, in the field of aerial work with helicopters in
construction, there is a lack of professional literature, and cooperation with companies is
therefore the only real way to obtain important information.

In addition to the Mi-8 helicopter type, the database of input data can be supple-
mented with other frequently used helicopter types (especially the Mi-17 type under the
conditions of the Central Europe region), and the simulation solution can also consider
various random phenomena occurring in practice and a suitable way of taking them into
account—particularly the randomness of helicopter malfunctions, the randomness of traffic
complications, and other phenomena that could have an impact on the course of the solved
process. Depending on their degree of significance, they can be solved using appropriate
coefficients (deterministically) or stochastically. The input data can be checked qualitatively
using appropriate statistical methods, e.g., normality tests. In terms of outputs, it is possible
to extend the statistical indicators or graphs offered.

The outputs of the proposed simulation model can be automatically implemented
in the future in the processes of construction—technological preparation. This means that
the basic technological documents (construction schedule, financial plan, etc.), nowadays
usually processed on a computer using specialized software, can, as a result of their
optimization on the basis of the simulation model outputs, more accurately replicate the
reality of construction, especially in the area of defining the necessary time and financial
reserves and the resulting technological impacts. This approach would also allow these
documents to be updated in real time according to the work actually being carried out,
which will significantly increase their level of practical usability. At the same time, this
also fulfils one of the main requirements for any type of planning, namely, the necessity of
keeping plans up to date, which is often problematic.

Thus, the output can be an operational (short-term) time plan, which brings benefits
not only to the general contractors and subcontractors of aerial works, but also to the in-
vestors and the public. Construction contractors will appreciate the knowledge of the exact
situation, especially in the coordination of construction processes, where the model will
help project managers. Airline operators will obtain an automated system that will save
time compared to manual processing and will allow the ability to verify alternative scenar-
ios in the event of operational delays due to adverse weather, which, in practice, occurs very
often. Balakchina and Shalenny [8] noted that the achievement of efficiency in aerial work
using a helicopter directly depends on the ability of the construction contractor to take into
account the characteristics of the helicopter and the overall quality level of construction
technology preparation, with regard to the technological and organizational regularities
of such work. We share this view. The optimization of schedules and financial plans and
the determination of necessary reserves with the application of simulation outputs could,
in practice, contribute to the elimination of helicopter downtime in the field, e.g., due to
adverse weather or the incorrect sequence of works, to the minimization of the required
number of flights to the construction site and various loss times, or to the determination
of the optimal amount of aviation fuel to be transported to the construction site by tanker
truck, and thus to maximize the efficiency of this method of construction implementation.
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Thanks to the advanced preparation of the construction work, the investors, as well
as the public, will also appreciate the accompanying environmental aspect. This aspect is
of particular importance in the case of helicopter work, both in mountainous areas (mini-
mizing the negative impact on protected natural areas) and in built-up areas (minimizing
the unavoidable accompanying noise characteristic of helicopter operations). Thanks to
this approach, investors and contractors can also ultimately prove that they apply the
philosophy of corporate social responsibility (CSR). At present, this means an indisputable
benefit on the market, especially in the interest of sustainable development. It also helps to
build a positive image of the organization.

At the same time, the economic efficiency of the aerial work achieved should allow
this environmentally friendly technology to be used wherever it represents a technically
ideal solution and not substituted by ground-based alternatives with a higher risk of
impact on the surrounding environment solely due to price ranges. We are of the opinion
that a similar approach, using simulations, could find application again in a broader
context beyond aerial work, using helicopters in a time of gradual digitalization of the
construction industry in the spirit of Industry 4.0 ideas. In connection with the used
concept of the simulation model, based on various types of numerical weather forecast
models, we consider it appropriate to mention that, even in the case of a fully automatic
decision-making system designed in this way, in practical terms, we recommend consulting
a professional meteorological service in the 48 or 24 h preceding actual implementation
of a work plan. Under the conditions of Slovakia, it is therefore advisable to contact the
Slovak Hydrometeorological Institute, which deals with current weather 24 h a day.

Lee et al. [24] emphasized the benefits of teaching simulation at universities because
simulation allows students to model problems from everyday life, experiment with differ-
ent scenarios and variants, and observe changes. We share this view; we think that it is
the variety of solutions that simulation provides in principle that can lead students to an
analytical way of thinking, and thus an understanding of how to solve real-world problems
in engineering practice, which normally requires making a choice from different options
based on established criteria.

On the other hand, simulation tools have relatively high demands on computing
power, which may not be easy to provide, especially from a financial point of view. Another
problem associated with teaching can be the considerable amount of time needed to build
the simulation model and logistical and financial complexity in obtaining input data.
Knowledge of programming was also required to build the simulation model in our work.
However, from a practical point of view, it is possible (both in teaching and in practice)
to build the model using software that is based on prepared building blocks. In this way;,
the compilation of the model is accelerated, and the focus of the work can be devoted to
experimenting with it, and thus finding the optimal variant of the process, which students
will appreciate, especially in engineering practice.

5. Conclusions

The aim of the present paper was to highlight the fact that the fundamental require-
ment of sustainability can also be found and achieved in the context of technologies with
an extremely specific character, such as aerial work using helicopters, in the whole envi-
ronmental and economic context. Especially in the environment of protected landscapes
and national parks, all sites are sensitive to human intervention, and therefore, the use
of helicopters in construction is an indispensable aid for these areas. At the same time,
they are proving to be a cheaper and shorter option for the implementation of construction
works compared to conventional ground technology. The preparation of aerial work using
helicopters, especially given their high degree of susceptibility to weather conditions, is
very demanding and requires the use of more sophisticated tools to achieve optimal results
consistent with the long-term sustainability paradigm. One possibility, also thanks to the
considerable development in information technology, is simulation modeling.
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Based on the knowledge gained by imaging real processes, as well as on relevant infor-
mation from construction practice, a simulation model of aerial work using helicopters was
compiled, and its functionality was verified using specific examples that fully confirmed
the suitability of using simulation in this situation. A key characteristic of the proposed
simulation model is resolution of the influence of weather conditions on construction work,
the algorithm for which was designed using various commercially available numerical
weather forecast models, such as the IFS, ALADIN, and A-LAEF models.

The presented research expands the knowledge in the field of preparation for con-
struction work employing helicopters under demanding construction conditions, and it
contributes to the digitization of construction preparation, which is an essential part of
Industry 4.0. The simulation model can be beneficial for construction contractors and air
operators in aviation practice, simplifying the process of preparing constructions carried
out by helicopters. Its outputs can also be appreciated by investors of such constructions;
given the environment in which aerial works with helicopters usually take place, it can
ultimately provide them prestige in the eyes of the public as a company that uses modern
technologies that contribute to the protection of the environment through sustainable
forms of business. At the same time, the interdisciplinary nature of the work contributes
to the expansion of knowledge beyond construction, especially in the field of numerical
weather forecasting (knowledge from the practical application of the SHMU models and
methodology of working with models) and in industrial logistics (knowledge from the
application of simulation modeling in construction production).
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