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Abstract: The paper suggests a methodological approach for assessing the sustainability of the urban
transport system. Parameters were selected for assessing the sustainability of the transport system
and significant factors affecting sustainability were determined. Parameters of the sustainability of
the system when changes in the weather and road conditions affect vehicle operation were estimated
on the basis of the simulation modeling. An integral indicator of sustainability was introduced to
evaluate the sustainability of the transport flow management subsystem and the methodological
approach to its calculation was substantiated. The results from changing the parameters of the traffic
flow were demonstrated in the case of a significant amount of precipitation and the constraints put
on the movement of vehicles on the road infrastructure unit due to snow-removal operations and
road traffic accidents. Also, the parameters of road traffic under the reconstruction of the main street
of regulated traffic into a street of uninterrupted traffic were presented.

Keywords: transport system; sustainability; road traffic; transport model; operating conditions;
snow-removal operations; vehicle

1. Introduction

Transport services for the urban population is an important area of activity for municipal
authorities. To this end, a transport system is formed which generally represents a coherent assembly
of workers, vehicles and equipment, and elements of transport and transportation infrastructure,
including a management system aimed at the efficient transportation of goods and passengers.
A crucial function of the transport system is to meet the demands of the city residents and allow
their unrestricted mobility. The transport system is part of a more complex life-support system of
the city. At the same time, the transport system is a complex system in itself and includes several
subsystems: urban passenger public transport, the route network, the street and road network, and
the management of traffic lights These systems include elements such as intelligent transport systems,
the traffic flow of light and heavy vehicles, and vehicles of individual owners, organizations, and
taxi companies. An important factor affecting transport system operation is road safety. To achieve a
high safety indicator, various measures are applied, including those related to the Internet of Things
(IoT) [1-3], adaptive lighting control [4-11], etc.

Providing efficient transport services to the population with minimal budgetary costs is a
highly relevant task. No less significant a task is meeting the demand for the movement of the city
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residents under conditions of temporary constraints or the cessation of both vehicular and pedestrian
traffic [12-15].

Temporary limitations may be associated with adverse weather conditions, the construction and
maintenance of roads, facilities associated with engineering infrastructure and capital construction,
mass rallies and public events, and increased traffic during holidays.

A prediction algorithm is also used to estimate the effect of weather on many other types of
human activity [16-19].

Reducing the impact of the negative consequences of temporary traffic constraints or reduced
public transport services can be achieved in two ways: by creating a reserve for the transit and carrying
capacity of the road network and by the prompt reorganization of traffic in the event of external
disruptive factors.

Developing road infrastructure and increasing the capacity of the street-road network (through
the reconstruction of streets of regulated traffic to the main streets of uninterrupted traffic) is one of
the possible ways to improve the sustainability of the transport system.

Both of these approaches include a system of measures aimed at solving the problem. In order to
determine the optimal solution and then form an appropriate system of measures, it is necessary to
adequately assess changes in the state of the transport system, i.e., its sustainability, which is one of
the most significant properties [20-27]. Sustainability is considered in relation to the system of urban
public transportation, individual transportation providers, and municipal routes, as well as uneven
spatial distribution of the severity of road accidents [28].

Sustainability as a characteristic of the transport system and its individual elements in relation
to weather conditions was studied in References [29-32]. The application of “big data” and digital
technologies in the urban transport system ensures a more accurate assessment of its performance [33].
Road traffic accidents and incidents on the roads have a significant impact on the short-term
sustainability indicators of the urban transportation system [34-37]. Studies on the environmental
assessment and justification of the methods for reducing emissions of CO, and toxic substances within
the exhaust gases of vehicles are also relevant [37-47].

The sustainability of the transport system can be enhanced by improving the adaptation properties
of vehicles, as well as the choice of the rational application area of vehicles and vehicle brands and
models most suitable to the specific operating conditions [48,49].

Implementation of the “Mobility as a Service (MaaS)” concept in cities is one method to improve
the sustainability and efficiency of urban transport systems. It is crucial to take into account the
interaction of different modes of transportation and types of transport in the formation of the transport
supply [50-52].

The development of autonomous and self-driving vehicles will have a significant impact on the
sustainability of the urban transport system in the future.

It was suggested in Reference [53] that sustainability should be considered instead of efficiency
when choosing a road design, the cost of which would be justified by the efficient handling of accidents
and other disruptions. Selecting appropriate indicators for sustainability assessment is a complex
process [33], which determines the significance of research in this direction. The aim of this work is
to develop an approach for assessing the sustainability of the urban transport system under varying
weather, climate, and road conditions for vehicle operation.

2. Materials and Methods

The research was carried out in Tyumen—a transport hub as well as an important business and
industrial center in Siberia, Russian Federation. Tyumen has a humid continental climate with warm,
somewhat humid summers and long, cold winters.

The sustainability of the transport system was assessed with respect to the influence of the
following factors:

e amount and intensity of precipitation;
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e  duration of road cleaning;
e number of road sections with constraints or the cessation of vehicle traffic due to road
traffic accidents.

These factors have an impact on variations in the operating conditions, which leads to changes in
the traffic parameters.

The system theory and simulation modeling were applied in this work to study the transport
system of the city. Simulation modeling was carried out using the PTV Vissim program. Vissim’s
traffic flow model is a stochastic, timestep-based, microscopic model that treats driver-vehicle units as
basic entities. The traffic flow model contains a psycho-physical car following a model for longitudinal
vehicle movement and a rule-based algorithm for lateral vehicle movement. The models deployed are
based on Wiedemann's extensive research work [54].

The simulation model of the traffic was made for the main street of regulated traffic and had the
following characteristics: the length of the highway in the main direction was 3.5 km, the length of all
segments (road sections) in the model was 14 km, the number of traffic lanes was 6, the number of
crossroads was 7, the number of traffic lights was 8, and the total number of vehicles in the system was
26,392 units. The total mileage of vehicles within the frame of modeling was 16,280 km.

The simulation period was taken to be equal to 1 h during the morning under the maximum load
of the street-road network. For the vehicles that did not have enough time to enter the simulation
area or finish their movement within it, the simulation time period was increased. This allowed the
movement of all vehicles to be completed and meant that the traffic parameters could be obtained for
different modeling scenarios with the same transport operation.

A linear object (part of the street) was simulated in the study with the detailing of each vehicle
and pedestrian (micromodel). This type of modeling was chosen having taking into account the
recommendations of certified experts on transport simulation in PTV Vision programs (developer
PTV GROUP, Karlsruhe, Germany). It is critical that the micromodel be able to accept variable traffic
parameters that correspond to different road and weather conditions. In macro models (for example,
in the PTV Visum program) the standard parameters which correspond to normal weather conditions
are usually applied, but these would not allow the research goal to be achieved. The composition
of the fleet of vehicles was determined by video recording and counting the number of vehicles of
different classes (cars and trucks, buses) at each crossroad.

When conducting the study during a period of snowfall, the minimum lateral separation distance
for all types of vehicles (distance at rest), maximum visibility distances and limit of rear visibility,
instantaneous speed on the selected road sections, and distance traveled by the vehicle at a constant
speed mode, under acceleration and deceleration measurements, were performed on the approach to
the crossroad, on the descent and entry onto the overpass, and on the road section with uninterrupted
traffic. Based on the results of the measurements taken, the acceleration and deceleration of vehicles
were calculated during start-up and braking. The speed value was read from the engine electronic
control unit using special equipment.

The estimation of traffic parameters under adverse weather conditions was carried out after
changing the values of the initial model parameters, which are given in Table 1.

The list of factors, important in assessing the sustainability of the transport system under varying
weather, climate, and road conditions, as well as their weight, were determined on the basis of
questionnaires and expert assessments. The expert team included researchers from Tyumen Industrial
University, traffic police specialists in the Tyumen region, representatives of the enterprises of the
transport complex, and the administration of Tyumen city.

The methodology proposed by the authors allows changes in the sustainability of the transport
system to be assessed under different weather-climatic conditions. It is necessary to perform
preliminary investigations, determine the values of the basic parameters on a small section of the road,
and then apply the specified parameters to the simulation model.
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Table 1. Parameters of the vehicle traffic under normal and adverse weather conditions.

Parameters of the Simulation Model Value under Normal Value under Adverse Relative Change of the
Conditions Weather Conditions Parameter Value, %
Maximum speed, km/h 60.0 40.0 -33.3
Maximum visibility distances, m 250.0 150.0 —40.0
Maximum limit of back visibility, m 150.0 50.0 —66.7
Inherent maximum deceleration, m/s? —4.0 —3.2 —20.0
Inherent acceptable deceleration, m/ §? —-1.0 —0.8 —20.0
Acceptable deceleration of vehicle behind, m/ s2 —-1.0 —0.8 —20.0
Minimum collision distance before/behind, m 0.5 1.5 200.0
Maximum deceleration for full braking, m/ 52 -3.0 —2.0 —33.3
Minimum side distance for all types of vehicles 02 03 50.0

(distance at rest), m

3. Results

Investigations of the traffic management system as a subsystem of the urban transport system
were carried out.

The system has a set of properties: organization, integrity, emergence, functionality, structural
properties, sustainability, reliability, survivability, adaptability. The property of adaptability of the
transport system in relation to the controlled crossroads was considered in Reference [55].

The state of the system is influenced by a large number of external and internal factors. With regard
to the conditions of vehicle operation, external factors are generally divided into weather-climatic,
road, and transport factors. These groups of factors have a significant effect on the efficiency of the
transport system and its individual elements [56,57]. The degree of the factor impact on the transport
system depends on the property being studied.

The main significant characteristics of the factors affecting the sustainability of the transport
system include:

e the duration of the disturbing factor’s influence on the system;

e the strength of the factor;

e the object of the negative effect of the factor (on the element of the system or relationship between
the elements). The system is composed of interconnected elements. Disturbance of the equilibrium
state of the system is caused by a factor’s influence on the elements or the breaking-down of the
connection between them. This study considers the impact of a negative factor (snowfall) on road
conditions (an element of the transport system).

By estimating the degree of the traffic parameters’ variation, one can speak of a change in the
sustainability of the transport system. For example, snowfall affects the state of the carriage-way of
the road. If there is snow cover on the road surface, the coefficient of tire adhesion to the supporting
surface decreases from 0.7-0.8 to 0.2-0.3.

The value of the coefficient of tire adhesion to the road surface depends on the design and state
of the tire tread; thus, this indicator cannot be taken into account when modeling. The influence
of weather, climate, and road conditions for operation on the sustainability of the transport system
reveals itself to the greatest extent in the autumn period with the first snowfall accompanied by a large
amount of precipitation. During this period, many car owners are still using summer tires instead of
winter tires. Under adverse road conditions the coefficient of adhesion of the summer tires to the road
surface significantly reduces, reaching the value of 0.1 [58].

Under adverse road conditions, drivers usually act in two ways:

e they decrease the maximum speed of the vehicle to reduce the length of the braking distance, or

e they increase the distance between the moving car ahead to reduce the probability of collision
of vehicles.

The influence of the maximum speed on the total travel time and average speed for an urban
main street of regulated traffic is shown in Figure 1.
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Figure 1. Influence of maximum speed of vehicles on the average speed (a) and total travel time (b).

According to the experts’ conclusions made on the basis of the questionnaire, sustainability as a
characteristic of the urban transport system is subject to changes in weather, climate, and road conditions
for vehicle operation, including the impact of these changes on the route timetable, environmental
safety of vehicle operation, accidents, and operating costs of the transport process. The system approach
allows the consolidation of these heterogeneous factors for an integrated assessment.

3.1. Methodological Approach to Assessing the Sustainability of the Urban Transport System

To assess changes in the sustainability of the transport system in relation to traffic management,
the authors propose the introduction of a traffic management coefficient K1, which characterizes the
degree of increase in the total travel time under adverse climatic, road, or transport conditions in
comparison with the standard conditions, given by Equation (1):

tl
Kr = —, )
t
where ¢ is the mean route travel time on route under adverse conditions (in minutes), while t is the
mean route travel time on route under standard conditions (in minutes).

It is advisable in assessing changes in sustainability to take into account the impact of
environmental degradation on the street-road network, especially in places with a large number
of pedestrians (pedestrian crossings, stopping points).

To take into account the contribution of individual toxic substances to the total negative impact,
their relative environmental hazard must be considered. This is taken into account when calculating
damage D, to the atmospheric air caused by toxic substances, emitted with the exhaust gases of
vehicles (for example, according to the methodology proposed for Russia [59]), given by Equation (2):

N
D, =d-Ke-Jg- ) Gi-K; (2)
i—1

where d is an indicator of specific damage to the atmospheric air, caused by a mass unit of a toxic
substance (in monetary unit/relative ton); K. is the coefficient of environmental situation and ecological
significance of the region; J; is the index-deflator for the recalculation of specific damage from current
prices to comparable ones; G; is the actual mass of the i-th toxic substance emitted to the atmospheric
air during the considered period of time ( intons); and K; is an indicator of the relative environmental
hazard of the i-th toxic substance, calculated as a quantity inversely proportional to the maximum
allowable concentration of the i-th toxic substance (MAGC;) (in relative ton/ton).

To assess changes in the environmental sustainability of the transport system, the authors propose
the introduction of a coefficient of environmental compatibility Kg, which is determined by a relative
change in the damage caused by toxic emissions, given by Equation (3):
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where D,, D, is the environmental damage to the atmospheric air, G;, G; is the actual mass of the
i-th toxic substance entering the atmospheric air during the considered period of time, G/, G is the
equivalent mass of toxic emissions, taking into account the relative toxicity (in relative ton) when
moving under adverse and standard conditions, respectively.

To account for the operating costs in assessing changes in the sustainability of the transport system,
it is proposed to take into account the fuel consumption and its change under adverse conditions.
For this purpose, the authors propose the introduction of a fuel efficiency coefficient, Ko, given by
Equation (4):
ot}

rQ’
where Y (0 is the total fuel consumption of vehicles on the route or road segment considered when
driving under adverse conditions (in liters), and >Q is the total fuel consumption of vehicles on the
route or road segment considered when driving under standard conditions (in liters).

Ko 4)

The fuel consumption in transport vehicles is directly proportional to the emissions of carbon
dioxide in the process of operation, which makes it possible to assess changes in the sustainability of
the transport system in terms of fuel efficiency, calculating the ratio of carbon dioxide emissions under
adverse and standard weather conditions, given by Equation (5):

_ LCO
- XCOy’

Kg ®)
where }_CO,’ is the total CO, emissions emitted by all vehicles under adverse conditions (in tons), and
Y CO; is the total CO, emissions emitted by all vehicles under standard conditions (in tons).

Thus, Equations (4) and (5) can be used to calculate Ky depending on the type of source
information available (fuel consumption, CO; emissions).

To take into account socioeconomic factors, it is proposed to apply a traffic safety factor Kyryc.
The coefficient shows how many times the number of accidents on a given section of the road
network increases under adverse road conditions in comparison with the standard conditions, given
by Equation (6):

N/
Kyve = Y€, (6)

where N JI\/IVC is the number of motor vehicle collisions (MVCs), or road incidents, on the road network
section under adverse conditions (in units), and Ny is the number of MVCs, or road incidents, on
the road network section under standard conditions (in units).

The authors suggest that a change in transport system sustainability can be estimated using an
integral indicator of sustainability, K, taking into account the weight of each factor A; (0 < A; < 1;
Zfil A; = 1), which is evaluated by the coefficient K;, as given by Equation (7):

n
K= ZKi'Ai :/\T'KT+/\E'KE+/\Q'KQ+/\MVC'KMVC/ (7)
i=1
where 7 is the number of criteria involved in the evaluation. A; may vary for different municipalities

and can be determined by the method of expert assessments considering the research purpose.

3.2. Assessment of Changes in the Sustainability of the Transport System of Tyumen City under Changes in
Weather, Climate, and Road Conditions for Vehicle Operation

The proposed approach was tested in assessing changes in the sustainability of the transport
system of the main street of regulated traffic of Tyumen city (Russia).
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According to the results of the expert evaluation, the traffic management coefficient Kt has the
greatest weight under the conditions considered. This is determined by the significant problems
in the organization of transport services for the population, insufficient road capacity, and the poor
quality of public transport operation. After relevant improvements to the transport system have
been implemented, the further efforts of specialists can be concentrated on reducing the number of
road accidents, fuel consumption, and emissions of harmful substances with exhaust gases of vehicle
internal combustion engines (ICEs). The value of the weight coefficient At might decrease in the future
and the values of the Ag and Ag coefficients might increase.

When assessing the changes in the sustainability of the transport system, the traffic safety factor
Kyvc was not taken into account because, according to the experts’ opinion, its contribution to the
integral indicator of sustainability in Tyumen is negligible, when considering the experience of driving
in adverse weather conditions for most local drivers. Under adverse weather conditions, as a rule,
drivers operate their vehicles more carefully. This is confirmed by statistics on the number of road
accidents per month of the year, presented in Table 2. As can be seen from the data presented, in
three of the four winter months the number of road accidents is less than the average annual values.
An increase in values observed in December is due to a significant increase in traffic intensity (the
number of trips) during winter holidays.

Table 2. Statistics on the number of traffic accidents by month in winter.

Number of Accidents, Units during the Period

Period
2015 2016
November 118 83
December 128 126
January 122 99
February 108 77
In a year 1481 1395
Average number of accidents per month during the year 123.4 116.3

The criterion of fuel efficiency Ko was calculated from the change in fuel consumption. The
integral indicator of sustainability, taking into account the weight of the factors, can be calculated by
Equation (8):

K = 0.85-K7 + 0.05-Kg + 0.1-Kg 8)

3.2.1. Change in the Road Traffic Parameters in the Case of Precipitation When a Large Amount Falls
within a Short Period of Time

In the case of precipitation, when a large amount falls within a short period of time, the road
conditions for vehicle operation become significantly worse. In winter, in the cold-temperate climatic
zone (the Tyumen conditions), precipitation is characterized by several indicators:

e the average decadal height of the snow cover is 38 cm;

e the maximum decadal height of the snow cover is 63 cm;

e the number of days in a year with snow cover is 161 days;

e the number of days in the winter with solid precipitation is 67 days, including 10.6 days in
November, 15.3 days in December, and 13.0 days in January [60].

The amount of precipitation for the period November—-March in Tyumen is 107 mm. If an amount
of precipitation in the range of 7 to 19 mm falls within 12 h (from 7 to 19 cm of snow), the weather
conditions are considered to be difficult, with a precipitation amount of more than 20 mm indicating
extremely difficult conditions.

The results of the traffic modeling under conditions of heavy snowfall and the surface of the road
having freshly fallen, unconsolidated snow with a thickness of more than 7 cm are given in Table 3.
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Table 3. Change in the parameters of the traffic flow under adverse conditions.

Parameters of the Traffic Flow Value under Normal Value under Worsening  Relative Change of the

Conditions Weather Conditions Parameter Value, %
Mean delay time, s 201 247 23
Average number of stops 41 4.5 9
Average speed, km/h 9 7 -17
Mean delay time in traffic congestion, s 165 211 28
Total travel time, h 1811.0 2196.2 21
Total delay time, h 1471.7 1811.5 23
Total number of stops 109,029 119,244 9
Delay time of vehicles waiting for entry, h 686.4 1115.4 63

The results presented show that when the highway capacity decreases due to worsening road
conditions caused by snowfall, the traffic parameters become worse. Under such conditions the
average delay time increased by 23%, the average speed decreased by 17%, and the value of the traffic
management coefficient Kt was equal to 1.21.

The delay time of vehicles waiting for entry increased by 63%, which demonstrates deterioration
in the traffic quality.

Under worsening road conditions, the fuel consumption of vehicles and the amount of emissions
of harmful substances with exhaust gases of vehicle ICEs increase. This is due to an increase in the
number of stops and traffic non-uniformity. The time when vehicles move in an unsteady mode of
operation also increases.

In the simulations, the emissions of carbon monoxide (CO), nitrogen oxides (NOx), and volatile
organic compounds (VOC) were taken into account. The indicators of relative hazard K; (in relative
ton/ton) of the specified pollutants were assumed to be equal to 0.4 for CO, 16.5 for NOy, and 0.7
for VOC, respectively [59]. The relevant role of NOy has also been confirmed in the latest literature.
The influence of different regimes on the emissions of individual pollutants was ignored, which
reduced the reliability of the estimation, but at the same time increased the availability of the method
since there was no requirement for additional voluminous information for calculations. By taking
into account this simplification, the change in emissions of all substances and the reduced mass of
emissions with regard to their relative hazard will directly correlate with fuel consumption.

The values of fuel consumption and mass of emissions under different road conditions are given
in Table 4.

Table 4. Influence of adverse weather conditions on fuel consumption and the environmental
compatibility of the transport system.

Indicators Value under Normal Value under Adverse
Conditions Weather Conditions
CO emission, kg 40.54 46.15
NOx emission, kg 7.89 8.98
VOC emission, kg 9.40 10.70
Equivalent mass of emissions, relative kg 152.98 174.12
Fuel consumption, L 580 660

If the road conditions worsen, these values increase by 13.8%. The values of the coefficients
Kg and Kg are equal to 1.14. The value of the integral indicator of sustainability K is equal to 1.2.
A minor difference between the value of the integral indicator and the value of the partial coefficient of
sustainability by the traffic management criterion is due to the highest weight value of this indicator
being equal to 0.85.

Decreasing the speed value under worsening road conditions leads to an increase in the travel
time. Consequently, the value of the sustainability coefficient of the system increases, which indicates
deterioration in the quality of transport services for the city’s population.
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3.2.2. Change in the Road Traffic Parameters during Snow-Removal Operations

The primary snow removal operations include treatment using anti-icing materials, shoveling
and sweeping snow, and forming a snow bank for subsequent removal. The secondary operations
consist of removal of snow, chipping ice, and the removal of snow-ice formations.

In the case of a large amount of precipitation, there can be a situation where a considerable period
of time elapses between the operations of the first and second stages. This is typical for cities where
there is not enough equipment for snow removal (dump trucks, loading and unloading machinery)
and its disposal (snow melting units).

After carrying out technological operations of the first stage, the snow bank remains at the edge
of the roadway until the moment of snow removal. The snow bank can reach 20-60 cm in height and
100-150 cm in base width. For urban roads with a lane width of 3-3.25 m, this can result in the actual
cessation of traffic on the rightmost lane. This leads to a decrease in the capacity of the road sections
with the snow bank formed. When the transport demand exceeds the capacity, transport congestion
occurs and the traffic parameters worsen.

When creating a simulation model of the road traffic during the snow-removal period,
the following assumptions were made:

e the rightmost lane of the road in the main direction is occupied by a snow bank and special
snow-removing equipment for its loading and removal,
e the gap in the snow bank begins 50 m before the crossroad and ends 50 m after the crossroad.

If the gap in the snow bank before the crossroad turns out to be smaller, then the parameters of
the traffic flow become significantly worse.

The change in the parameters of the traffic flow in the presence of a snow bank on the main street
is given in Table 5.

Table 5. Change in the traffic flow parameters during snow-removal operations.

Parameters of the Traffic Flow Value under Normal  Value in the Presence  Relative Change of the

Conditions of a Snow Bank Parameter Value, %
Mean delay time, s 201 311 55
Average number of stops 41 4.9 19
Average speed, km/h 9 6 -31
Mean delay time in traffic congestion, s 165 268 63
Total travel time, h 1811.0 2616.9 44
Total delay time, h 1471.7 2277.7 55
Total number of stops 109,029 130,287 19
Delay time of vehicles waiting for entry, h 686.4 2570.4 274

With a decrease in the road capacity due to the snow bank formed on the rightmost lane, the traffic
parameters became considerably worse. Under such conditions, the mean delay time increased by
55%, the average speed reduced by 31%, and the delay time of vehicles waiting for entry increased by
274%. This characterizes a significant deterioration in the quality of traffic.

The calculated value of the traffic management coefficient Kt was equal to 1.44.

The values of the indicators presented in Tables 3 and 5 characterize the simulated system as
a whole. On some sections of the street-road network, changes in the indicators can be even more
significant. For instance, in the model of the street of regulated traffic with the presence of a snow bank
on the carriageway, the decrease in the average speed in the main direction was 49%.

With the road conditions worsening and the presence of the snow bank on the road, fuel
consumption and the amount of emissions of harmful substances from the exhaust gases of motor
vehicles increased by 26% (Table 6).

The value of the coefficients Kg and K¢ was 1.26. The value of the integrated coefficient of the
transport system sustainability K was 1.41.
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Table 6. Change in fuel consumption and the environmental compatibility of the transport system
under adverse weather conditions during snow-removal operations.

Value under Normal Value in the Presence of the Snow Bank

Indicators Conditions along the Street-Road Network
CO emission, kg 40.54 51.10
NOx emission, kg 7.89 9.94
VOC emission, kg 9.40 11.84
Equivalent mass of emissions, relative kg 152.98 192.73
Fuel consumption, L 580 731

In the subsequent assessment, the simulation object considered was transformed into a main
street of uninterrupted traffic. The separation of transport and pedestrian flows in space was achieved
through the creation of two road junctions, a tunnel, and four aboveground as well as one underground
pedestrian crosswalks. The traffic flow parameters for this model and their comparison are given in
Table 7.

Table 7. Change in the traffic flow parameters when creating the main street of uninterrupted traffic.

Value for the Main Value for the Main Relative Change of the
Parameters of the Traffic Flow Street of Regulated Street of Uninterrupted o
) . Parameter Value, %
Traffic Traffic
Mean delay time, s 201 74 —63
Average number of stops 41 11 -73
Average speed, km/h 9.0 244 171
Mean delay time in traffic congestion, s 165 61 —63
Total travel time, h 1811 1029 —43
Total delay time, h 1472 541 —63
Total number of stops 109,029 28,962 —-73
Total delay time in traffic congestion, h 1208 446 —63

Parameters of the traffic flow in the model of the street of uninterrupted traffic were substantially
improved: the average speed increased by 171% and the total travel time was reduced by 43%.
This allows the basic values of the indicators in Equations (1)-(6) to be reduced.

Changes in the traffic flow parameters for adverse weather and road conditions along the main
street of uninterrupted traffic are given in Table 8.

Table 8. Parameters of the traffic flow for the main street of uninterrupted traffic under adverse weather
conditions during snow-removal operations.

Value under Value under Adverse Value in the Presence of
Parameters of the Traffic Flow Normal Weather Conditions a Snow Bank along the
Conditions Street-Road Network
Mean delay time, s 74 80 131
Average number of stops 11 14 21
Average speed, km/h 24.4 234 17.3
Mean delay time in traffic congestion, s 61 62 110
Total travel time, h 1029 1072 1450
Total delay time, h 541 585 962
Total number of stops 28,962 36,423 54,707
Delay time of vehicles waiting for entry, s 15 179 29

The parameters of traffic flow, fuel economy, and environmental compatibility under adverse
weather and road conditions for the model of the main street of uninterrupted traffic are much
better than those in the model of the street of regulated traffic, even under normal conditions.
Figure 2 presents the examples of fuel efficiency and the environmental compatibility for the
street of uninterrupted traffic under various operating conditions in comparison with the street
of regulated traffic.
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Figure 2. Parameters of fuel economy and the environmental compatibility of the traffic flow under
different operating conditions for the main streets of uninterrupted and regulated traffic: (a) total fuel
consumption (in liters); (b) equivalent mass of emissions of harmful substances (in relative kg).

The influence of adverse weather, climate, and road conditions of operation on the parameters
of the traffic flow for the main street of uninterrupted traffic will be less than that for the main street
of regulated traffic. The indicator of sustainability of the transport system Kr under worsening road
conditions is 1.04 (for the regulated main street it is 1.22), while in the presence of a snow bank it is
1.41 (for the regulated main street it is 1.44).

Increasing the sustainability of the transport system in adverse weather conditions is possible
by reducing the number of trips made by residents of the city in private vehicles and using the route
transport. At the same time, the sustainability of the public transport system also significantly changes.
Because it is not possible to increase the carrying capacity of public transport during such periods,
the quality of passenger transportation and travel comfort significantly decrease.

The development of road infrastructure helps to ensure the sustainability of the transport system
in the event of road accidents and incidents. In this study, the traffic flow was simulated after an
accident (a collision of two cars on the approach to the crossroad at a distance of 10 m from the stop
line in the center of the simulation model) within one lane using two variants: the main street of
regulated and uninterrupted traffic under normal weather conditions.

After the accident, the parameters of the traffic flow on the main street of uninterrupted traffic will
be better than when driving on the main street of regulated traffic without an accident (Table 9). Figure 3
shows how many times the integral indicator of sustainability varies under different weather-climatic
and road conditions in comparison with the initial value of the indicator. The indicator value for the
main street of regulated traffic under normal weather conditions corresponds to 1.

Table 9. Parameters of the traffic flow for the main streets of regulated and uninterrupted traffic in the
case of a road accident.

Main Street of Regulated Traffic =~ Main Street of Uninterrupted Traffic

Parameters of the Traffic Flow Without Road With Road Without Road With Road
Accident Accident Accident Accident
Mean delay time, s 201 331 74 185
Average number of stops 41 7.6 11 4.1
Average speed, km/h 9.0 5.9 24.4 13.6
Mean delay tu.ne in traffic 165 273 61 146
congestion, s
Total travel time, h 1811 2766 1029 1,841
Total delay time, h 1471 2427 541 1355
Total number of stops 109,029 200,937 28,962 107,425

Traffic management coefficient 1.22 242 0.27 0.80
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Figure 3. Integral indicator of sustainability of the transport system for the main streets of uninterrupted
and regulated traffic under changing weather conditions.

Thus, the development of road infrastructure allows the sustainability of the transport system
to be improved. Increasing the sustainability of the transport system, including creating a main
street of uninterrupted traffic and increasing the capacity of the road, allows the introduction of
measures to improve road safety (reducing the speed of traffic, preventing vehicles from moving into
the lane of oncoming traffic, preventing the intersection of the trajectory of vehicles and pedestrians).
The properties of sustainability and safety are interrelated and their joint development generates a
synergistic effect.

The measures of rapid response of municipal authorities and traffic police that degrade the
sustainability of the urban transport system include:

e the identification of places and the installation of traffic signs with variable information;

e the prompt change of the road traffic organization scheme by the traffic police;

e the prompt change of operating modes of traffic signal installations on the sections of the
street-road network with the greatest load;

e the restriction of entry to certain areas;

e the introduction of additional trips of scheduled passenger transport, or the adjustment of public
transport timetables.

For a combination of these measures, the share of each measure in the plan is expedient to
determine taking into account the predicted value of the system sustainability factor. Choosing a
complex of effective measures will reduce the negative impact of adverse external factors on the urban
transport system.

4. Discussion

As reported in a number of studies [61-65], in order to increase the sustainability of the transport
system, the recommended measures include: reducing the number of trips taken by private transport,
promoting the more extensive use of bicycles and public transport, and promoting taxis, car-sharing,
and pedestrian movements. This concept has found wide application in most cities of the world and
its implementation ensures the availability of transport, its ongoing safety, and a reduction in negative
impacts on the environment. The results obtained by the authors supplement these conclusions with
reference to the operation of the transport system under adverse weather conditions, as illustrated in
Figure 2.

The influence of the transport flow on the environment was considered in Reference [61]; however,
the authors did not take into account the travel time. An advantage of the presented study is the
analysis of linkages between emissions into the atmosphere due to an increase in the amount of fuel
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consumed and the travel time. Unusual weather conditions further increase the amount of emissions
of harmful substances, since, at the same distance, the travel time increases due to a decrease in the
average speed.

Reference [62] considered the actual change in transport demand on the road with a road load
factor of less than one (1). Our investigations were carried out at the maximum intensity of movement
during the day under normal and adverse weather conditions. In both cases, the value of transport
demand was assumed to remain constant. However, due to a decrease in the capacity of the road in
the case of snowfall, the value of the road load factor increased and became more than one. Compared
to Reference [61], in which the assessment of the degree of change in the transport demand was also
carried out, in the presented study additional important information was obtained: the transport
supply was evaluated relative to the transport demand under adverse weather conditions. In contrast to
Reference [63], the present study did not take into account the transport mode distribution depending
on the travel length, because the object of study is one of the subsystems of the city’s transport
system—transport flow management. Studies on changes in the distribution of the number of trips
made by different ways and modes of transportation, taking into account weather conditions, are
very topical. For instance, in Siberia in winter, the choice of transportation mode depends on the
air temperature. Residents of cities choose transport with comfortable conditions and abstain from
walking or cycling.

In Reference [64], for the selection of measures for the development of the urban transport system,
three categories of indicators of a sustainable transport system were offered, which were characterized
by the possibility of use: A—in almost all situations, B—if necessary/possible; C—in the case when
specific social needs arise.

This study demonstrated the changes in sustainability of the system under the influence of adverse
weather conditions, which are typical for both Western Siberia and other northern regions.

The term sustainability has several definitions [64—66], since it is applied in different fields of
science and technology for various technical and social systems. In addition, the definition of the term
sustainability depends on the stage of the lifecycle of the system. When using the term sustainability
with regard to the impact of weather conditions on the urban transport system, the authors based their
discussion on the following considerations:

e  The main emphasis in the study is given to the change in the parameters of traffic in adverse
weather and climate conditions. These conditions are supposed to be disruption factors.
The ability of the system to resist changes under the influence of disruption factors determines
its sustainability.

e If the weather conditions worsen, the system’s sustainability and effectiveness are degraded.

e  Dealing with adverse weather conditions allows an improvement of sustainability.

e  The development of the street and road network is only one of the possible measures to increase
sustainability. Other activities can include improving the route network and increasing the number
of public transport vehicles, introducing parking fees and increasing existing fees, adopting the
use of remotely controlled vehicles, introducing smart transport systems, and many others [55].

Further studies could be directed at obtaining correcting coefficients for mathematical models of
traffic parameters under adverse weather and climate conditions. Models of parameter determination
are widely used in software complexes for transport planning and simulation. However, in some
programs weather conditions are not considered and in some programs they are underestimated.
The inclusion of correcting factors that take into account weather conditions in such models would
improve the simulation accuracy for the operational management of transport flows.

5. Conclusions

Theoretical and experimental studies carried out by the authors on the influence of weather,
climate, and road conditions for vehicle operation on the sustainability of the transport system made it
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possible to formulate recommendations for its improvement. With worsening weather conditions and
during snow-removal operations, the sustainability of the urban transport system was found to have
deteriorated substantially. Developing road infrastructure and increasing the capacity of highways can
improve the sustainability of the transport system and reduce the negative consequences of adverse
weather and road conditions. The simulation model of traffic developed makes it possible to determine
the parameters of the traffic flow under adverse weather conditions and inform the city residents about
the predicted time for a trip to the city center. The simulation allows one to determine the maximum
number of vehicles in a transport system, which, if exceeded, would lead to a traffic collapse in the
urban system. These results are necessary to inform drivers about the traffic situation and adjust an
intelligent transport system, in particular when imposing restrictive measures on the traffic to the
central part of the city and choosing measures to improve the sustainability of the urban passenger
transport system.
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