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Abstract: Relevance: In the context of the rapid development of modern transport
infrastructure, preventing negative environmental impacts during highway operation
and maintaining the ecological stability of regions is one of the most pressing issues
today. Purpose and Object: This article provides an in-depth analysis of the essence of
ecological safety during highway operation, its main components, assessment criteria,
and specific aspects related to climate change. Factors such as atmospheric air
pollution, intensive traffic noise, the impact of road runoff on surface and groundwater
basins, soil degradation, and technogenic pressure on local ecosystems are considered
the main objects of ecological safety during road operation. Methods: The study
utilizes the analysis of international regulatory documents and national sources, a
systematic approach, and methods of modeling ecological factors. Results: Based on
the analysis, priority directions for ensuring ecological safety have been identified. In
particular, measures such as the implementation of continuous ecological monitoring
and digital tracking systems, effective management of drainage and runoff water, the
use of noise-reducing barriers, and the organization of climate-resilient road operations
are proposed. Furthermore, the article develops an improved model for the complex
management of ecological safety, systematically illustrating its structural elements
through diagrams and tables. Conclusion: The research results and developed
recommendations aim to strengthen environmental protection in the road management
sector, create a safe transport infrastructure, and form a sustainable and ecologically
responsible operation system.
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Introduction

Highway operation must manage environmental impacts while ensuring the
continuity and safety of traffic flow. In modern conditions, roads are considered not
merely as engineering objects, but as large-scale technogenic systems that affect air
quality, the acoustic environment, water resources, soil condition, and public health [1,
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2]. According to the IPCC, in 2019, the transport sector produced 8.7 Gt COz-eq in
direct emissions; this sector accounted for 23% of global energy-related CO:
emissions. Furthermore, the absolute majority of transport emissions is attributed to
road transport [1].

The i1ssue of ecological safety is particularly relevant from the perspectives of
traffic noise and air pollution. The World Health Organization (WHO) recommends
maintaining average exposure levels for road traffic noise below 53 dB Lden, as levels
above this are associated with adverse health effects [3]. UNEP emphasizes that air
pollution and climate change often stem from the same sources; therefore, ecological
measures in the transport sector can simultaneously benefit both public health and the
climate [4].

From this perspective, scientifically defining the concept of ecological safety in
highway operation, determining its structural elements, and developing practice-
oriented approaches is considered an important scientific task.

Research Purpose

The objective of this research is to reveal the theoretical essence of the concept of
ecological safety during highway operation, to systematize its main structural elements,
and to develop scientific and practical proposals for ensuring ecologically safe and
sustainable operation.

Research Methods

The article employs methods of analysis and synthesis, comparative assessment,
a systematic approach, scientific literature review, the study of regulatory and legal
documents, and the classification of environmental impact factors of infrastructure.
Materials from the IPCC, WHO, UNEP, and the World Bank, as well as official
regulatory documents on environmental monitoring of the Republic of Uzbekistan,
were selected as the primary sources for the study [1-7].

Main Part 1. Scientific Essence of the Concept of Ecological Safety

In the context of highway operation, ecological safety is understood as a
comprehensive system of organizational, technical, technological, and legal measures
that ensure the negative environmental impact is kept within normative limits, pose no
threat to human health, and guarantee the rational use of natural resources during road
use, maintenance, repair, and service processes [2, 5]. This concept encompasses not
only the reduction of pollution but also its continuous monitoring, assessment,
forecasting, and prevention.

In the Republic of Uzbekistan, state ecological monitoring is conducted to
observe, record, assess, and forecast the state of the natural environment and resources.
Official sources stipulate that monitoring must be carried out by specially authorized
state bodies, as well as by organizations whose activities may exert a negative impact
on the environment [6, 7]. This circumstance, in turn, demonstrates the necessity of
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viewing ecological safety in road operation as an object of intersectoral complex
management.

2. Sources of Ecological Hazards in Highway Operation

Ecological hazards during road operation primarily manifest in the following key
areas:

atmospheric air pollution;

traffic noise and vibration;

pollutants contained in surface runoff water from roads;

technogenic contamination (degradation) of soil and roadside territories;

extreme impacts exacerbated by climate change.

The IPCC indicates that emissions from the transport sector are of critical
importance, and decarbonizing the transport system along with improving its efficiency
is a decisive factor in achieving global climate goals [1]. UNEP also emphasizes that
transport remains a major source of air pollution and climate change [4].

Road runoff water is another distinct source of ecological hazard. The World
Bank's handbook, Roads and the Environment, points out that surface runoff from
highways directly affects the quality of surface and groundwater; therefore, drainage,
filtration, and water management measures are integral components of ecologically
safe operation [5]. Additionally, the Green Roads for Water guidelines highlight the
crucial importance of harmonizing road infrastructure with water resource
management and climate resilience [8].

3. The Role of Traffic Noise and Air Pollution in Ecological Safety

Traffic noise is one of the factors in road operation that most rapidly and directly
affects public health. The World Health Organization (WHO) recommends
maintaining average road traffic noise levels below 53 dB Lden [3]. Furthermore,
scientific reviews based on WHO data have demonstrated that exposure to excessive
road traffic noise is directly associated with an increased risk of ischemic heart disease
[9].

From the perspective of air pollution, the environmental impact of the transport
sector is even more extensive. The UN Environment Programme (UNEP) highlights
that air pollution is one of the greatest environmental health risks to humanity and is
inextricably linked to climate change [4]. Consequently, organizing ecologically safe
road operation strictly requires the implementation of noise protection systems, support
for the use of low-emission vehicles, rational traffic flow management, and the further
enhancement of green infrastructure elements.

4. Climate Change and Ecological Safety in Road Operation

Climate change further expands the scope of the concept of ecological safety
during road operation. Today, the issue is no longer solely about reducing the negative
impact of transport on the environment; it also encompasses assessing the extent to

WWW.OPENSCIENCE.UZ | IMPACT FACTOR 4.85 129 D) e |



“SCIENCE AND EDUCATION" SCIENTIFIC JOURNAL | ISSN 2181-0842 25 APRIL 2026 | VOLUME 7 ISSUE 4

which the transport infrastructure itself is resilient to global climate impacts. The
World Bank's guidelines on climate-resilient transport identify the life-cycle approach
for roads, risk assessment, effective infrastructure solutions, and institutional readiness
as fundamental pillars [10, 11].

Under conditions of heavy precipitation, mudflows, abnormally high
temperatures, dust storms, and water scarcity, the road operation process must manage
ecological and technical risks in an integrated and comprehensive manner. In this
context, it is more accurate in modern conditions to understand ecological safety not
merely as a protective measure, but as a broader category of “sustainable and climate-
resilient operation.”

5. The Importance of Monitoring Systems in Ensuring Ecological Safety

Systematic monitoring is one of the most crucial and integral tools for ensuring
ecological safety. In the Republic of Uzbekistan, state ecological monitoring is
legislatively defined as a unified system aimed at the continuous observation, objective
assessment, and forecasting of the state of the natural environment and resources [6]
(Figure 1 and Table 1). Applying this approach to the road management sector
necessitates conducting regular and comprehensive observations of air quality, noise
levels, runoff water composition, soil conditions, and roadside vegetation
(phytocenoses).

Based on data from the [IPCC and UNEP, it can be concluded that digital tracking
technologies, intelligent transport systems (ITS), and data-driven management serve as
decisive auxiliary tools in reducing the ecological footprint of the transport sector [1,
4] (Figure 2). Furthermore, World Bank experts emphasize that the systematic
collection of data and digital asset management in transport infrastructure significantly
enhance the quality of managerial decision-making [12].

FUNCTIONAL MODEL OF ECOLOGICALLY SAFE ROAD OPERATION
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Figure 1. Structural framework of ecological safety in highway operation (compiled
by the author, based on sources [1], [3], [5], [6]).
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Table 1.
Main ecological risk factors in highway operation and their control measures

Ecological Factor Main Impact Control Indicator Recommended Measure

Atmospheric air Impact on public health and CO2, NOx, PM Traffic optimization, low-

pollution climate emission technologies

Traffic noise Cardiovascular, sleep, and dB Lden Noise barriers, green belts,
psychological impacts speed regulation

Road runoff water | Surface and groundwater Water quality, petroleum | Drainage, filtration, local
pollution products purification facilities

Soil degradation Biological damage in roadside Soil composition, heavy | Recultivation, protective
territories metals landscaping

Climate risks Infrastructure damage, traffic Precipitation, Climate-resilient operation plan
disruptions temperature, flood risk

The directions outlined in the table correspond to data from the WHO, IPCC,
World Bank, and the ecological monitoring system of Uzbekistan [1, 3, 5, 6, 10].
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Figure 2. Functional model of ecologically safe road operation
(developed by the author).

This functional model is based on the principle of preventive ecological
management and ensures a data-driven decision-making process.

Discussion

The analyses indicate that ecological safety must not be viewed as a secondary
aspect of road operation, but rather as its fully functional and integral component.
Firstly, the transport sector contributes significantly to global climate change [1].
Secondly, traffic noise and air pollution have a direct negative impact on public health
[3, 4, 9]. Thirdly, road infrastructure is a major engineering object that directly affects
water resources and land funds [5, 8]. Fourthly, under the conditions of climate change,

)

the very processes of road maintenance and operation are encountering entirely new
risks [10, 11].
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Therefore, to ensure ecologically safe road operation, the implementation of the
following approaches is highly advisable:

transforming ecological monitoring into a continuous and systematic process;

integrating ecological criteria into road maintenance and repair plans;

designating priority control sections for noise levels, as well as air and water
pollution;

developing climate-resilient operation and maintenance plans;

extensively utilizing digital tracking and forecasting tools.

Conclusion

It has been scientifically established that the concept of ecological safety in
highway operation is a complex category encompassing air, noise, water, soil, biota,
and climate stability. This concept is not limited merely to maintaining the technical
condition of the road, but also strictly includes the normative management of its impact
on the environment and human health [3, 5, 6].

According to the research results, the most effective way to ensure ecological
safety is the integration of continuous monitoring, prevention, data-driven decision-
making, and climate-resilient operation [13, 14, 15].

This approach will serve as a crucial scientific and practical foundation for the
formation of a sustainable transport infrastructure in the road management sector of the
Republic of Uzbekistan.
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