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DEVELOPMENT OF METHOD FOR
ANTI-ICING MATERIALS CONSUMPTION
OPTIMIZATION DURING WINTER ROAD
MAINTENANCE

The object of research is the processes of managing the consumption of anti-icing materials during the win-
ter maintenance of highways. The main hypothesis of the research is the application of mathematical modelling
methods to optimize the consumption of anti-icing materials. The study considered the factors that affect the use
of both individual types and anti-icing materials as a whole. It was determined that the temperature of the road
surface and the selected winter maintenance strategy taking into account the level of service (LOS) are signifi-
cant factors. A mathematical model of material consumption optimization based on the binary numbering system
is proposed. Additional limitations to the model have been established: compliance with the criteria of reliability,
preservation of assets, road safety, compliance with user expectations (social factor), environmental friendliness,
efficiency of the use of materials. An algorithm for the application of the method of optimizing the consumption
of anti-icing materials during the winter maintenance of highways has been developed. It was determined that
the developed method solves the main problem of minimizing the costs of anti-icing materials, taking into account
the requirements of the level of service, the chosen strategy, the temperature of the road surface and the criteria
of impact on winter maintenance. It is proposed to implement the calculation according to this method using the
built-in «Parameter selections function in the Microsoft Excel license environment (USA). The results obtained
by the optimization method, based on real data, showed the possibility of saving materials by about 23 %, which
confirms the ef fectiveness of the proposed solutions.

The results of calculations based on the method of optimization of material consumption have practical value
and can be used to make management decisions regarding the justification of winter road maintenance operations.
The proposed method can be used both for the cost planning phase and in the case of analysis in the post-imple-
mentation period. This is an important aspect in the conditions of financial and resource uncertainty, including
those related to circumstances of force majeure, in particular, martial law in Ukraine.
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1. Introduction

Highway maintenance is the longest phase of the life cycle.
An important feature of maintenance is its seasonality and
the need to take into account the climate of the service
area of the road network. In particular, for the northern
and western regions of Ukraine, optimization of winter road
maintenance operations is important for ensuring road traffic
safety, mobility and productivity of transport systems [1].
According to the Ukrainian Hydrometeorological Center
of the State Emergency Service of Ukraine, more than
70 percent of the country’s roads are located in regions with
periodic snowfall in the winter period with a snow cover
of at least 30—40 mm.

The fight against snowfall and its consequences for
road organizations is a complex process that requires the
coordination of the work of specialized teams, the use of

modern technologies, equipment and materials. One of the
important tasks of the road service is to optimize the costs
of anti-icing materials. A number of researchers of this
issue are inclined to the need to take into account the
so-called precipitation index, as well as various scenarios
of material spreading [2—5] when planning stocks of anti-
icing materials. In particular, in studies [3, 4] it is about
preventive measures (preliminary treatment of roads), water-
ing with a solution or spreading of dry reagents (or salt).
The researchers of works [6, 7] suggest using the life
cycle assessment (LCA) method and the road and weather
information management system for making management
decisions regarding winter maintenance measures (spreading
of anti-icing materials or snow clearing of roads). Separate
studies [8] emphasized the need to regulate the costs of
anti-icing materials from the side of their negative impact
on the environment, existing infrastructure facilities, and
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road users. However, it should be noted that scientists
have not sufficiently substantiated the application of one or
another mathematical method of calculating the costs of anti-
icing materials in various scenarios of material spreading.
Thus, the development of a method of optimizing the con-
sumption of anti-icing materials during the winter mainte-
nance of the road network is an urgent
scientific task of an applied nature.
The aim of research is to develop a me-
thod for optimizing the consumption of
anti-icing materials during winter road
maintenance. This will make it possible
to minimize the social, economic and en-

Usual
conditions

Preventive strategy

— observed rainfall intensity;

— days of the week (working days, non-working days);

— time of day (peak hours).

The calculation of the rate of consumption of mate-
rials is based on the assumption that all parameters of
the rate are evenly distributed over time.

Usual

- End of
Beginning Remaining works conditions

of snowfall Level of service  gnowfall
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vironmental consequences of the use of
chemical reagents, salt and abrasives due
to the reasoned choice of the most op-

Reliability, preservation of assets

timal winter road maintenance strategy.

Ensuring road traffic safety

2. Materials and Methods

Indicators of the effectiveness of anti-

Meeting the needs of users

icing materials are indicators of how well
winter road maintenance operations meet

Ensuring compliance with performance criteria

the expectations of the road organization

and road users [9]. Thus, the object of the

Ensuring compliance with environmental criteria

study is the processes of managing the
consumption of anti-icing materials dur-
ing the winter maintenance of highways.

Performance of winter operational maintenance of the
road network begins with the selection of the most optimal
maintenance strategy. One of the most common strategies
is the anti-icing strategy. The essence of this strategy is to
minimize the time that snow and ice remain on the road
surface. In this case, anti-icing materials are used preven-
tively (before the beginning of snowfall) to prevent the
formation of a solid compacted layer of snow, and also repeat-
edly during snow removal. Another strategy is to carry out
activities during or after precipitation, taking into account
compliance with road safety standards. The main operations
in this case are snow removal, compaction and sprinkling with
sand or mixtures. According to world experience, the choice
of an operational maintenance strategy is regulated by the
level of service (LOS) [10, 11]. Making strategic decisions
inevitably leads to the need to justify a number of tactical
decisions, for example, the time of applying reagents, the
norm, the time of mechanical snow removal, etc. (Fig. 1).
Each tactical solution is measurable and meets individual
LOS requirements regarding reliability, asset preservation,
road safety, meeting the needs of road users, compliance
with the criteria of efficiency and environmental friendli-
ness of the anti-icing materials used.

Thus, the level of road maintenance in the winter period
can be set by the function:

LOS, = f(S,T,,0,M,I), )
where § — winter maintenance strategy; Ty — duration of
operations; O — type of operation (tactical decision based on
strategy); M — average hourly rate of material consumption;
Iy — weather index.

Service level assignment also depends on the following
parameters:

— traffic intensity on the site, meaning and category

of roads;

Fig. 1. Tactical and strategic goals of road maintenance in the winter period

The average hourly rate of material consumption for
each patrol area is determined by the formula:

i=W j=V t=T
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M
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M= X-w.v.T "’ 2)
where M;;, — consumption rate of the i-th anti-icing mate-
rial at the j-th event at the patrol area for ¢ hours of time,
units of measurement according to the type of material,
X — number of traffic lanes; W —amount of anti-icing materials;
V — number of events (operations) in the patrol area; T — the
total duration of the operation.
In the case of the optimization model, formula (2) will
have the form:
i=W j=V ¢

T

M,

<.

Jy =
X-w.v.-T

With model restrictions:

.

— min.

3)

T — min,
M>M,,
V>V,

(4)

where M, — the maximum consumption rate of anti-icing
materials; V, — threshold number of events according to
the level of service (LOS).
Consumption of materials, reduced to the length of pa-
trol areas:
=W j=V =T M. .
25
= j= t= 1,]5 5
C=Xwwr ©)
where L;;, — the length of the patrol area where the i-th anti-
icing material was used at the j-th event in ¢ hours of time, km.
The material consumption rate can also be calculated
per unit area, then in formula (5) instead of the length of

;20
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the patrol areas, the area variable will

(6)

where Sg;j, — the area of the patrol
area where the i-th anti-icing material
was used at the j-th event in ¢ hours
of time, m2.

It should be noted that the choice
of one or another anti-icing material
primarily depends on the tempera-
ture of the coating and the selected
operational maintenance strategy.

Thus, clarifying the conditions
and restrictions, there is a mathemati-
cal model of material consumption

Begin

v
Data input

»
/

Normative and technical

Factors

Auvailable anti-icing
materials

Traffic safety Level of service

Coating temperature

Performance
requirements

Expectations of road
users

Information about
weather conditions,
precipitation forecast

optimization, which is based on the

Strategy of operational

Environmental situation .
maintenance

binary numbering system:

P e e
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M;;, —>VM,;,S;
lowee,

Mi+1,j,z 4 VMiH,j,tySy

— mi

)

where {0 — the temperature of the road
surface, °C; 1 — the i-th anti-icing ma-
terial, corresponds to the temperature
conditions of use and the adopted stra-
tegy; 0 — the i+1-th anti-icing material
corresponds to the temperature condi-
tions of use and the adopted strategy.

Reliability, preservation
of assets

Additional restrictions to the adopted strategy are
compliance with the criteria of reliability, preservation of
assets, road safety, compliance with user expectations (social

factor), environmental friendliness, efficiency of the use

of materials:

QefU{FNvFAvFRS:FSrFEyFLOSyFKPI}v

Optimization of
material

End

»

Fig. 2. Algorithm for using the method of optimizing the costs of anti-icing materials

during winter road maintenance

The basic data for the approbation of the proposed
method of optimizing the costs of anti-icing materials during

the winter maintenance of highways were the data of the
city of Kyiv, collected in the period from November 2022

(8)

to the end of February 2023 for 12 events. The calcula-

tion results are presented in the form of graphic illustra-

where Fy — reliability criterion; F4 — asset preser-
vation criterion; Frg — road safety criterion;
Fg — criterion of compliance with user expecta-
tions (social factor); Fg — ecological criterion;
Frps — criterion for meeting the requirements of
service level standards; Fxp; — criterion for the
effectiveness of anti-icing materials.

Thus, the sequence of application of the
proposed method can be graphically displayed
in the form of an algorithm (Fig. 2).

The tasks of the developed method are to
minimize the cost of anti-icing materials taking
into account the requirements of the level of
service, the chosen strategy, the temperature of
the road surface and the criteria of impact on
winter maintenance. The calculation according to
this method can be carried out using the built-in
function «Select parameters» in the Microsoft
Excel license environment (USA).

Coating temperature in Celsius

-5

tions (Fig. 3-5).

— (] — 1A X

Fig. 3. Measured surface temperature for a section of road clothing
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Fig. 4. Actual and estimated consumption of anti-icing materials

10

Fig. 5. Analysis of overconsumption of anti-icing materials

According to the graph of the measured temperatures,
the anti-icing material — salt — was actually applied by the
road organization. Fig. 4 presents the actual consumption
of materials and is calculated according to the proposed
method per unit of coverage area, taking into account
the temperature regime and level of service.

It should be noted that for all events, the actual con-
sumption of materials exceeded the estimated consump-
tion (Fig. 4). To perform a more convenient comparative
analysis of actual and estimated data, it is advisable to
determine the overconsumption of materials (Fig. 5).

The results of optimizing the costs of anti-icing materials
prove that the application of the proposed method in the
practical activities of the road organization allows saving
materials in the amount of about 23 % (Fig. 5). The limi-
tations of using this method in modern conditions are:

— lack of historical data on winter road maintenance;

— lack of monitoring measures in road organizations

that carry out winter maintenance;

— market fluctuations of anti-icing materials in con-

nection with the state of war in Ukraine;

— lack of funds for operational maintenance in general

in the state;

— slow introduction of long-term road maintenance

contracts [10, 11], etc.

However, it should be noted that the application of
the proposed method of optimizing the costs of anti-ic-
ing materials in the conditions of martial law in Ukraine

is promising from the point of view of saving
budgetary funds for winter road maintenance.

In further research, this method will be im-
proved taking into account the economic and social
efficiency of using the specified anti-icing materials.

4. Conclusions

According to the research results, based on the
analysis of factors influencing the consumption of
anti-icing materials, a method of optimizing the
consumption of materials during winter mainte-
nance of highways is proposed. A mathematical
model of the method is defined, which is based on a

1 12
binary numbering system, which takes into account
the dependence of the use of anti-icing material
on the temperature of the coating and the chosen
strategy of operational maintenance. An algorithm
R for the application of the method of optimizing the

consumption of anti-icing materials during the win-
ter maintenance of highways has been developed.

Optimization of costs of anti-icing materi-
als was carried out according to the proposed
method in the Microsoft Excel license environ-
ment (USA). A comparative and comparative
analysis of the actual and estimated costs of anti-
icing materials according to the data of the city
of Kyiv, collected in the period from November
2022 to the end of February 2023 for 12 events,
was also carried out. The results of optimizing
the consumption of anti-icing materials showed an
estimated savings in consumption of materials in
the amount of about 23 %. Thus, in the further
development of this research, the relative release
of reserves and the economic efficiency of the
proposed solutions can be calculated.

The results of the study have practical value and can
be used to make management decisions regarding winter
road maintenance in conditions of financial and resource
uncertainty, including those related to circumstances of
force majeure, in particular, martial law in Ukraine.
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