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ABSTRACT

Transportation infrastructure is crucial for economic growth and social development, with highways being
the core element. Geometric design parameters, such as alignment, curve radius, lane width, sight
distance, and intersection configuration, are essential in ensuring traffic performance, safety, and
environmental sustainability. Improper design increases the risk of accidents and traffic congestion.
Advances in computational tools, Al, and machine learning provide new methods for optimizing these
parameters, focusing on safety and operational efficiency. This paper highlights how design optimization
can reduce road accidents, improve traffic flow, and contribute to environmental sustainability through
enhanced design features and innovative technologies.

Keywords: Transportation, Highway Design, Geometric Parameters, Traffic Safety, Environmental
Sustainability.

I. INTRODUCTION

Transportation infrastructure plays a vital role in the economic growth and social development of any
nation, with highway systems serving as the backbone of mobility and connectivity. Efficient highway
design not only facilitates the smooth movement of goods and passengers but also significantly influences
road safety and environmental sustainability. Among the various aspects of highway engineering,
geometric design parameters—such as horizontal and vertical alignment, curve radius, lane width, sight
distance, and intersection configuration—are critical determinants of traffic performance and accident
occurrence. In recent years, the increasing rate of road traffic accidents and congestion has intensified the
need for optimizing these geometric parameters to enhance safety and operational efficiency. Road traffic
accidents remain a major global concern, leading to significant human and economic losses each year.
Studies have shown that improper or inconsistent highway geometric design is one of the primary factors
contributing to accidents, particularly on rural highways and high-speed corridors. Design inconsistency
arises when road elements fail to match driver expectations, resulting in unsafe driving behavior and
increased crash risk (Sharma et al., 2026). This issue is particularly prominent in locations such as
horizontal curves, merging zones, intersections, and highway—rail crossings, where sudden changes in
alignment or inadequate sight distance can lead to critical driving errors. The relationship between
geometric design and traffic safety has been extensively explored in the literature. For instance, horizontal
curve geometry has been identified as a major factor influencing vehicle speed and stability. Smaller curve
radii tend to increase centrifugal forces, leading to higher risks of skidding and rollover accidents.
Empirical studies have demonstrated that curve radius significantly affects speed distribution, with larger
radii promoting smoother and safer driving conditions (Sil et al., 2020). Similarly, operating speed models
have been widely used to evaluate design consistency, as variations between expected and actual speeds
can indicate potential safety hazards (Saedi et al., 2024).
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In addition to alignment design, sight distance plays a crucial role in ensuring safe driving conditions.
Adequate stopping sight distance (SSD) allows drivers sufficient time to perceive hazards and take
corrective actions. However, deviations from recommended geometric standards can significantly reduce
SSD and braking distance, thereby increasing accident risk. Ukam and Emiri (2019) reported that
reductions in curve radius and increases in road gradient can lead to substantial losses in SSD and braking
efficiency, highlighting the sensitivity of safety performance to geometric design parameters. Merging
zones and intersections are also critical components of highway systems where geometric design
optimization is essential. These areas are characterized by complex vehicle interactions, including lane-
changing maneuvers and gap acceptance behavior, which can lead to conflicts and accidents. Luo et al.
(2026) developed a computational framework to optimize lane transition zone length and entry clearance
distance in merging areas, demonstrating significant improvements in traffic throughput and reduction in
conflict rates. Similarly, innovative intersection designs, such as the CTE model proposed by Zhao and
Ma (2021), have been shown to enhance operational efficiency under constrained conditions by
optimizing lane usage and signal timing. The advancement of computational tools and intelligent systems
has significantly transformed the field of highway geometric design. Traditional design approaches, which
relied heavily on manual calculations and empirical guidelines, are increasingly being replaced by data-
driven and simulation-based methods. For example, Dhanuka et al. (2023) developed a web-based
application tool for highway design that integrates various geometric components and reduces
computational complexity. Such tools enable engineers to evaluate multiple design alternatives efficiently
and make informed decisions based on quantitative analysis.

Furthermore, the integration of artificial intelligence (Al) and machine learning techniques has opened
new avenues for optimizing highway design. Predictive models, such as Artificial Neural Networks
(ANN) and Fuzzy Inference Systems (FIS), have been successfully used to analyze the relationship
between geometric parameters and accident occurrence. Garnaik et al. (2023) demonstrated that FIS
models can effectively predict accident rates and identify high-risk design features, providing valuable
insights for safety improvement. Similarly, Jima and Sipos (2022) utilized machine learning approaches
to analyze crash severity and found that geometric factors, along with environmental conditions,
significantly influence accident outcomes. In addition to safety and efficiency, environmental
sustainability has emerged as a key consideration in highway design. Geometric parameters can influence
vehicle speed, fuel consumption, and emission levels, thereby affecting the overall environmental impact
of transportation systems. Studies have shown that optimizing lane configuration, traffic flow, and
intersection design can lead to significant reductions in emissions. For instance, Anagnostopoulos et al.
(2025) demonstrated that converting conventional roundabouts into turbo-roundabouts can reduce
emissions by up to 44%, highlighting the potential of geometric design in achieving sustainability goals.
Geographic and topographic conditions also play an important role in highway design optimization,
particularly in mountainous regions where terrain constraints pose significant challenges. Zhang et al.
(2021) developed a GIS-based model to assess geometric design quality and identify risk-prone areas,
emphasizing the importance of spatial analysis in complex environments. Similarly, studies on highway—
rail grade crossings have shown that geometric factors such as crossing angle, number of tracks, and lane
configuration significantly affect safety performance (Keramati et al., 2020). Despite significant
advancements, several challenges remain in achieving optimal highway geometric design. One of the
major limitations is the lack of integration between different design aspects, such as safety, efficiency,
and environmental sustainability. Many existing studies focus on specific parameters or isolated
components, without considering the overall system performance. Additionally, there is a need for
incorporating real-time traffic data and driver behavior into design models to enhance their accuracy and
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applicability. Another important issue is the variability in traffic conditions, particularly in developing
countries where mixed traffic and heterogeneous vehicle composition are common. Traditional design
standards, which are often based on homogeneous traffic conditions, may not be suitable for such
environments. Therefore, there is a growing need for context-specific design approaches that account for
local traffic characteristics and user behaviour. In this context, the design optimization of highway
geometric parameters emerges as a critical research area aimed at improving road safety and traffic
efficiency. By integrating advanced computational techniques, data-driven models, and multidisciplinary
approaches, it is possible to develop more robust and adaptive design frameworks. Such frameworks can
not only reduce accident rates and congestion but also contribute to sustainable transportation systems.

I1. RESEARCH BACKGROUND

Sharma et al., (2026). examined the issue of design inconsistency as a major factor contributing to single-
vehicle run-off-road crashes on rural highways. The authors reported that design inconsistency generally
occurred when roadway design elements violated drivers’ expectations, which subsequently led to unsafe
driving behaviors and increased crash risk. The study discussed that surrogate safety measures such as
vehicle speed, alignment indices, and vehicle stability had been widely used as indirect indicators to
evaluate roadway design consistency and enhance traffic safety. A systematic literature review approach
was adopted, and the methodology followed the PRISMA Guidelines to ensure a comprehensive and
transparent selection of studies. Through this process, 62 relevant research articles were finally included
for detailed analysis. The review identified 26 different tools used for evaluating design consistency,
covering aspects such as speed consistency, dynamic consistency, driver workload, alignment
consistency, and drivers’ perception and decision-making. The findings highlighted several theoretical
and practical research gaps and suggested directions for researchers, engineers, and practitioners to
improve roadway design and enhance safety on rural highways.

Luo et al., (2026). investigated the safety challenges associated with merging zones on expressways,
where severe accidents frequently occur and limited research had previously addressed the configuration
of longitudinal traffic separators (LTS) and their openings in interchange merging areas. The authors
reported that the study developed a physics-informed computational framework aimed at optimizing the
lane transition zone (LTZ) length and the minimum entry clearance distance (MECD). In the research,
UAV video data collected from three interchanges on the Xi’an Ring Expressway were analyzed, and 438
vehicle trajectories were extracted using the YOLOV5 detection algorithm. The lane-changing behavior
of vehicles was then modeled using a modified hyperbolic-tangent trajectory approach, while a gap-
acceptance-based waiting component was incorporated to estimate the required lane-changing and waiting
distances for LTZ and MECD design. The findings indicated that the proposed framework improved both
safety and traffic efficiency by maintaining conflict rates below 0.76 conflicts per vehicle-kilometer and
increasing traffic throughput by approximately 50-78% in simulated scenarios. Furthermore, the authors
established quantitative design relationships linking LTZ length with design speed and roadway capacity,
while MECD was determined as a function of speed, capacity, and the number of adjacent lanes. The
study concluded that these relationships could provide practical geometric design guidance for
expressway reconstruction and expansion projects.

Wirdianto et al., (2025). conducted a study examining the relationship between road curve geometry and
traffic safety through a comprehensive systematic literature review. The authors reported that road
accidents often result in injuries or fatalities and that curves on highways frequently represent high-risk
locations, particularly when geometric standards are not properly followed. The study analyzed
approximately 1,000 scientific articles retrieved from Google Scholar using the Publish or Perish
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software. Bibliometric and thematic analyses were performed using VOSviewer to explore keyword
relationships, research trends, and thematic clusters. The findings indicated that several factors
significantly influenced curve safety and traffic performance, including curve radius, road elevation,
visibility conditions, driver behavior, traffic signage, and environmental conditions. The authors further
observed that most related studies originated from developed countries and that recent research trends
emphasized technology- and data-driven safety analysis. Based on the synthesis, a conceptual framework
integrating physical design, environmental factors, user behavior, and safety effectiveness was proposed.

Anagnostopoulos, A., Galanis, A., Kehagia, F., Politis, 1., Theofilatos, A., & Lemonakis, P.
Anagnostopoulos et al., (2025). examined the transition toward zero carbon dioxide emissions for new
passenger vehicles within the European Union and highlighted the need for a transitional phase in which
conventional vehicles coexist with zero-emission alternatives. The authors emphasized that such a
transition requires targeted strategies from engineers and policymakers, particularly in road design, to
reduce traffic-related pollution. The study investigated the environmental benefits of converting a
conventional two-lane urban roundabout into a turbo-roundabout using a virtual microsimulation
approach implemented in PTV VISSIM. The simulation model was calibrated and validated using real-
world daily traffic data by adjusting driving behavior parameters and comparing observed and simulated
traffic volumes and queue lengths. The researchers applied the Vehicle-Specific Power (VSP) emission
method to analyze vehicle trajectories and estimate emissions. The findings indicated a statistically
significant reduction in emissions, reaching up to 44% across the intersection area and 23% at the
intersection itself, demonstrating the environmental effectiveness of turbo-roundabout designs.

Saedi et al., (2024). examined the application of operating speed prediction models for improving safety
on horizontal curves. The authors noted that although several studies had focused on modeling operating
speed, limited attention had been given to the practical implementation of these models for enhancing
curve safety. In their research, 20 horizontal curves located on a highway in Iran were analyzed. The
speeds of 100 vehicles at each curve were recorded and evaluated to determine the safety consistency of
the curves. The geometric characteristics of the curves were considered as independent variables, while
vehicle operating speed was treated as the dependent variable. The findings indicated that 16 curves
demonstrated good consistency, whereas 4 curves showed fair consistency, and none were categorized as
having poor consistency. Based on the results, the authors suggested that modifying geometric parameters,
particularly the horizontal curve radius, could significantly improve safety conditions at curves exhibiting
lower safety levels.

Garnaik et al., (2023). examined the prediction of traffic accident rates on rural highways in India by
applying a Fuzzy Inference System (FIS) approach. The authors reported that various highway geometric
elements were used as input parameters to identify risk variables associated with roadway design. It was
observed that the FIS model effectively analyzed the relationships between roadway characteristics and
accident occurrences. The study indicated that the proposed model successfully predicted accident rates
and helped in identifying major factors contributing to road accidents. Furthermore, statistically
significant positive relationships were reported between highway geometric elements and accident rates,
emphasizing the importance of proper highway design and safety planning. The model was validated
through simulation and data analysis, and the results were found to closely match real-world accident
data. The authors concluded that FIS provided a reliable tool for accident prediction and road safety
management, while also noting that road accidents could negatively influence ecological cycles through
habitat fragmentation, wildlife mortality, pollution, and climate-related impacts.

IJESTI 6 (3) https://doi.org/10.31426/ijesti.2026.6.3.6117 66


http://www.ijesti.com/

Vol 6, Issue 3, March 2026 www.ijesti.com E-ISSN: 2582-9734
International Journal of Engineering, Science, Technology and Innovation (IJESTI)

Dhanuka et al., (2023). reported that conventional geometric highway design practices based on
engineering drawings and mathematical calculations required extensive iterative manual efforts and
numerous computations, making the process time-consuming and cumbersome for highway engineers.
The authors explained that such traditional methods often limited engineers from adopting a broader and
more integrated perspective on geometric design. In response to the growing need for intelligent
transportation systems and sustainable urban infrastructure, the study proposed the development of a
computer-based conceptual geometric design model known as Web Application Tool for Highway Design
(WAT-HD), developed using HTML-based web application programming. The tool was designed to
incorporate major highway design components, including cross-sectional elements, sight distance,
horizontal alignment, and vertical alignment. Comparative analysis between the tool’s outputs and manual
calculations for a two-lane two-way National Highway indicated high design accuracy with minimal input
requirements. The study concluded that web-based computational tools could enhance efficiency,
flexibility, and environmental sustainability in highway geometric design.

Jima and Sipos (2022). examined the influence of road geometric design on the occurrence and severity
of road traffic crashes using crash data collected from Budapest between 2017 and 2021. The authors
reported that the study employed several analytical tools, including Microsoft Excel, SPSS, and QGIS,
for data organization, spatial analysis, and statistical modeling. They explained that both descriptive and
inferential statistical techniques were applied, including relative frequency distribution, Multinomial
Logistic Regression, Multilayer Perceptron Artificial Neural Network, and Severity Index analysis. The
findings indicated that a higher number of crashes occurred on straight and single-lane road segments;
however, the severity of crashes was greater on horizontal curves and three-lane roads. The regression
analysis suggested that variables such as light conditions, collision type, road geometry, and vehicle speed
significantly influenced crash occurrence at a 0.05 significance level. Furthermore, the neural network
analysis revealed a strong positive relationship between horizontal road curvature and traffic fatalities,
while factors such as improper road sign usage, pavement conditions, and limited stopping sight distance
were identified as key contributors to accidents.

Zhang et al., (2021). examined the importance of highway design in supporting economic development
in China, particularly in mountainous regions where complex geological and topographic conditions
create significant engineering challenges. The authors reported that the design of mountainous highways
required careful evaluation to identify potential geometric design defects and accident-prone locations. In
their study, a Geographic Information System (GIS)-based geometric design quality assessment model
was developed to evaluate highway design safety. Initially, fault tree analysis (FTA) was applied to
determine major design-related risk factors, followed by the use of the decision-making trial and
evaluation laboratory (DEMATEL) method to assess the relative importance and sensitivity of these
factors. The model incorporated parameters such as driving suitability, traffic safety sensitivity, design
risk factors, and effective distance. Through two case studies of highways in southwest China, the findings
indicated that improved geometric design significantly enhanced traffic safety. The study also highlighted
those steep slopes, tunnels, and abrupt alignment changes negatively affected geometric design quality
and required careful planning.

Zhao and Ma (2021). examined the limitations of existing unconventional intersection designs, which
had largely been implemented at large intersections involving major roads with multiple lanes and longer
queue storage space. The authors proposed a new unconventional intersection configuration aimed at
improving the operational efficiency of intersections characterized by limited traffic lanes and shorter
vehicular queuing distances, particularly those located on collector roads. Their study integrated the
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advantages of tandem signal control and exit lanes for left-turn movements, referred to as the CTE design.
An optimization model was developed to maximize intersection capacity by jointly considering mixed-
use lane allocation, lane markings, and signal timing strategies. A case study along with extensive
numerical analyses was conducted to evaluate the effectiveness of the proposed approach. The
performance of the CTE design was compared with tandem design, exit-lane left-turn design, and
conventional intersection design under various geometric and traffic demand conditions. The findings
indicated that the CTE design performed particularly well when left-turn traffic ratios were low to
moderate and when queue lengths were limited.

Sil et al., (2020). examined the impact of horizontal curve geometry on vehicle speed distribution on a
four-lane divided highway. The authors reported that poor coordination among geometric elements of
horizontal curves could lead to unsafe vehicle speeds and inconsistent driving behavior. In their study,
spot speed data of passenger cars, heavy commercial vehicles, and light commercial vehicles were
collected from 24 horizontal curve locations. Statistical analysis conducted on data from 10 randomly
selected sites indicated that passenger cars represented the critical vehicle category influencing speed
characteristics. Therefore, the relationship between horizontal curve geometry and passenger car speed
was further analyzed. The findings suggested that the radius of the curve was the most influential
geometric parameter affecting vehicle speed. It was also observed that radii greater than 400 m produced
similar effects on speed distribution. Regression analysis was used to develop predictive models for mean
speed and standard deviation, while degree of curvature emerged as the most significant predictor of
vehicle speed.

Keramati et al., (2020). examined the safety performance of highway-rail grade crossings (HRGCs),
which are locations where roadways and railways intersect at the same level. The study recognized that
HRGC safety had been a major concern for transportation agencies, yet the influence of geometric
characteristics on crash outcomes had not been extensively explored. The researchers evaluated how
several geometric parameters affected crash occurrence and the likelihood of different crash severity
levels. A competing risk algorithm was applied to analyze both crash frequency and severity
simultaneously using data collected from 3,194 public HRGCs in North Dakota. The analysis focused on
four key geometric variables: acute crossing angle, number of tracks, roadway distance between the
crossing and the nearest signalized intersection, and the number of highway lanes. Geographic
Information Systems (GIS) were used to determine distances and crossing angles. The findings indicated
that most contributing factors significantly influenced crash severity and frequency, while crossings with
three main tracks showed the highest long-term crash probability.

Ukam and Emiri (2019). investigated the influence of highway horizontal and vertical alignment design
on road safety within the framework of the Design Manual for Roads and Bridges (DMRB). The study
examined stopping sight distance (SSD) and braking distance (BD) as key safety indicators while
analyzing the effects of curve radius, superelevation, and road gradient. It was reported that reductions in
SSD and BD occurred when design provisions for curve radius, superelevation, and gradients fell below
the minimum recommended limits. The losses in SSD and BD were calculated for various design speed
bands using geometric design formulas and simulations carried out in Microsoft Excel. The findings
indicated that when the radius was reduced by one and two design speed steps below the recommended
value, the average loss in SSD was 25% and 44%, respectively, while BD losses were 35.8% and 63.6%.
Furthermore, the losses increased by approximately 2.2% and 2.9% for SSD and BD with each 1% rise
in gradient, highlighting the sensitivity of braking distance to alignment design parameters.
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Choudhari and Maji (2019). investigated operating speed reduction models to evaluate the consistency
of road geometric design. They developed a maximum speed reduction (MSR) model specifically for
drivers habituated to weak lane discipline conditions. The study employed a fixed-base driving simulator
to conduct the necessary experiments, recording speed profiles of 48 drivers across 24 distinct tangent-
curve configurations. The maximum speed on the preceding tangent and the minimum speed within the
subsequent curve were used to calculate the MSR for each participant. From the collected 85th percentile
MSR data, a multiple regression model was formulated considering road geometric parameters such as
radius, curvature, preceding tangent length, curve length, gradient, shoulder width, and extra widening.
The analysis identified curvature and preceding tangent length as significant predictors of speed reduction.
Based on these findings, the authors proposed a nomogram to assist in evaluating road geometric safety,
highlighting the practical implications of the developed MSR model for roadway design assessment.

Bing et al., (2018). investigated the factors affecting highway traffic emissions, which constitute a
significant portion of China’s transportation-related emissions, and emphasized their importance for
sustainable development. The study highlighted that the impacts of geometric-related and traffic-related
factors on highway emissions had rarely been explored in China. Using data from Cao’an Highway in
Shanghai, China, and employing the Traffic Software Integrated System (TSIS) as a simulation tool, the
authors examined the effects of three geometric-related factors—Ilane width, number of vehicle lanes, and
intersection lane configuration—and one traffic-related factor, free-flow speed, on emissions of HC, CO,
and NOx. The findings revealed that widening lane width tended to increase CO emissions, while
increasing the number of vehicle lanes generally reduced all three types of emissions. Intersection lane
configuration was found to significantly influence emissions, and an average speed of 23-24 mph was
associated with the lowest emissions. The study was reported to provide useful insights for sustainable
highway design and policy-making.

Karimi and Kashi (2018). examined the transport and communication sectors, emphasizing their role as
key indicators of a country’s development. They highlighted that safety management and road accident
reduction were critical issues in this context. The authors indicated that the initial step in controlling road
accidents involved identifying the accident processes and factors affecting them. They noted that recent
studies had focused on understanding the relationships among accident frequency, traffic volume, road
geometric parameters, and environmental factors through accident prediction models. These models were
described as powerful tools for analyzing accidents and identifying black spots on suburban roads. Karimi
and Kashi reported that prediction models derived from robust statistical methods and comprehensive
road and accident data facilitated the evaluation of managerial and geometric interventions. Their study
proposed a model to investigate the influence of geometric parameters on safety and accident reduction.
Statistical analyses and fieldwork were employed to identify effective variables, and measures for
improving road safety were subsequently suggested.

I11. KEY FINDINGS FROM STUDY

Author(s) & Objective of Methodology/Approach | Key Findings Research Gap /
Year Study Limitation
Sharma et al. | To analyze | Systematic literature | Identified 26 | Lack of
(2026) highway review using PRISMA | evaluation tools; | integrated
geometric design | (62 studies analyzed) design frameworks
consistency and its inconsistency combining  all
impact on safety increases  crash | consistency
risk measures
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Luo etal. (2026) | To optimize | UAV data, YOLOV5, | Improved safety | Limited real-
merging zone | trajectory modeling, | (low conflict rate) | world validation
design parameters | simulation and increased | across  diverse
(LTZ & MECD) traffic throughput | traffic conditions

by 50-78%

Wirdianto et al. | To evaluate the | Bibliometric and | Curve radius, | More studies

(2025) relationship thematic  analysis  of | visibility, and | needed in
between curve | ~1000 studies using | driver  behavior | developing
geometry and | VOSviewer significantly countries and
traffic safety affect safety mixed traffic

conditions

Anagnostopoulos | To assess | Microsimulation  (PTV | Emissions Focus limited to

et al. (2025) environmental VISSIM) and  VSP | reduced up to | specific
benefits of turbo- | emission modelling 44% intersection type
roundabouts and region

Saedi et al. | To improve safety | Field data collection | Larger curve | Limited sample

(2024) of horizontal | from 20 curves; | radius improves | size and

curves using speed
models

operating speed analysis

safety consistency

geographic scope

Garnaik et al. | To predict | Fuzzy Inference System | Strong Does not

(2023) accident rates | (FIS) modelling relationship incorporate real-
using  geometric between time traffic or
parameters geometry and | behavioral data

accident risk

Dhanuka et al. | Todevelopasmart | Web-based tool (WAT- | Improved Limited

(2023) highway HD) using HTML | efficiency  and | integration with
geometric design | programming accuracy of | Al or simulation

tool

design process

tools

Jima & Sipos | To analyze crash | Statistical methods | Curves increase | Needs real-time
(2022) occurrence  and | (MLR) and ANN | severity; and  predictive
severity based on | modelling geometry and | integration
road geometry speed are key
factors
Zhang et al.|To assess | GIS-based model, FTA, | Identified risk | Model
(2021) geometric design | DEMATEL factors like slope, | complexity and
quality in tunnels, limited
mountainous alignment scalability
highways changes
Zhao & Ma|To improve | Optimization model | Improved Limited
(2021) intersection (CTE  design)  with | capacity  under | application  to
efficiency  under | simulation low/moderate specific
constraints traffic intersection
conditions
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affecting speed

Siletal. (2020) | To study effect of | Field data collection and | Curve radius is | Focus limited to
curve geometry on | regression modeling the most | passenger
speed distribution significant factor | vehicles

Keramati et al. | To analyze safety | Competing risk model | Geometry Limited variables
(2020) of  highway-rail | with GIS data significantly considered in
grade crossings affects crash | model
frequency  and
severity
Ukam & Emiri | Toevaluate impact | Mathematical modeling | Reduced radius | Does not include
(2019) of geometry on | and simulation and higher | driver behavior
SSD and braking gradient  reduce | factors
distance safety margins
Choudhari & | To develop speed | Driving simulator | Curvature  and | Simulator-based
Maji (2019) reduction  model | experiments and | tangent length are | results may differ
for geometric | regression analysis key predictors from real-world
consistency conditions

Bing et al. (2018) | To study impact of | TSIS simulation model Lane Limited focus on
geometry on configuration and | safety aspects
traffic emissions speed influence

emissions

Karimi & Kashi | To analyze effect | Statistical analysis and | Geometry Requires

(2018) of geometric | field study strongly integration with
parameters on influences modern
accidents accident predictive

occurrence models

IV. CONCLUSION

The present review highlights that highway geometric design is a fundamental determinant of road safety,
traffic efficiency, and environmental sustainability. Geometric parameters such as horizontal and vertical
alignment, curve radius, lane width, sight distance, gradient, and intersection configuration directly
influence driver behavior, vehicle dynamics, and traffic flow characteristics. Improper or inconsistent
design of these parameters often leads to unsafe driving conditions, increased accident rates, and
inefficient traffic operations. The literature clearly establishes that design inconsistency is one of the
most critical contributors to road accidents, particularly on rural highways and high-speed corridors.
When roadway elements fail to meet driver expectations, it results in abrupt speed variations, poor vehicle
control, and increased crash risk. Studies focusing on horizontal curves have consistently identified curve
radius and alignment coordination as key factors influencing vehicle speed and stability. Similarly,
inadequate stopping sight distance and braking distance, often caused by substandard geometric
design, significantly reduce the time available for drivers to respond to hazards. Another important
observation from the review is the growing significance of merging zones and intersections in highway
safety analysis. These locations involve complex vehicle interactions such as lane-changing and gap
acceptance, making them highly susceptible to conflicts and accidents. Optimization of parameters such
as lane transition length, entry clearance distance, and signal timing has been shown to substantially
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improve both safety and traffic throughput. The review also demonstrates a clear shift from traditional
design methods toward advanced computational and data-driven approaches. Techniques such as
Artificial Neural Networks (ANN), Fuzzy Inference Systems (FIS), Geographic Information Systems
(GIS), microsimulation, and optimization models have been widely adopted to analyze and improve
geometric design. These methods enable engineers to model complex relationships between geometric
parameters and traffic behavior, leading to more accurate and efficient design solutions. Furthermore, the
integration of sustainability considerations into highway design has gained increasing attention.
Geometric parameters influence vehicle speed, fuel consumption, and emission levels, thereby affecting
the environmental performance of transportation systems. Innovative designs such as turbo-roundabouts
and optimized lane configurations have demonstrated significant potential in reducing emissions and
promoting eco-friendly transportation. Despite these advancements, the review identifies several
limitations in existing research. Many studies focus on individual geometric parameters or specific
roadway components, lacking a holistic and integrated optimization approach. Additionally, limited
attention has been given to incorporating driver behavior, real-time traffic conditions, and
heterogeneous traffic environments, particularly in developing regions. These gaps highlight the need
for more comprehensive and adaptive design frameworks. In summary, optimizing highway geometric
parameters is essential for achieving safer, more efficient, and sustainable transportation systems. The
adoption of advanced technologies and interdisciplinary approaches offers promising opportunities for
addressing current challenges in highway design.

V. FUTURE SCOPE

Based on the analysis of existing literature, several potential directions for future research and
development can be identified:

e Development of Integrated Optimization Models: Future studies should focus on developing
comprehensive models that simultaneously consider safety, traffic efficiency, and environmental
sustainability. Multi-objective optimization techniques can be employed to balance conflicting
design requirements and provide optimal solutions.

e Incorporation of Artificial Intelligence and Machine Learning: The application of Al and
machine learning can be further expanded to develop predictive and adaptive highway design
models. Real-time data from sensors, GPS, and connected vehicles can be utilized to continuously
update and optimize geometric parameters.

e Inclusion of Driver Behavior and Human Factors: Human factors such as driver perception,
reaction time, and decision-making play a crucial role in road safety. Future research should
integrate behavioral models into geometric design frameworks to better capture real-world driving
conditions.

e Real-Time and Dynamic Design Approaches: Traditional highway design is largely static;
however, traffic conditions are dynamic. Future systems can incorporate real-time traffic
monitoring and adaptive control mechanisms to optimize roadway performance under varying
conditions.

e Focus on Mixed Traffic and Developing Countries: Most existing studies are based on
homogeneous traffic conditions in developed regions. There is a need for research focusing on
mixed traffic environments, where different types of vehicles share the same roadway, to
develop context-specific design guidelines.
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Integration with Smart Transportation Systems: The emergence of intelligent transportation
systems (ITS), autonomous vehicles, and connected infrastructure provides new opportunities for
geometric design optimization. Future research can explore the interaction between roadway
design and smart vehicle technologies.

Advanced Simulation and Digital Twin Technology: The use of digital twins and high-fidelity
simulation models can enable real-time evaluation of design alternatives. These technologies can
help in predicting traffic behavior and safety outcomes before actual implementation.

Sustainable and Green Highway Design: Future studies should emphasize eco-friendly design
practices by integrating geometric optimization with emission reduction strategies, energy
efficiency, and climate resilience.

Standardization and Policy Development: There is a need to develop standardized guidelines
and policies that incorporate modern optimization techniques into highway design practices.
Collaboration between researchers, engineers, and policymakers will be essential in this regard.

Use of Big Data and loT: The increasing availability of big data from traffic sensors, mobile
devices, and loT systems can be leveraged to improve the accuracy of design models and enhance
decision-making processes.
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