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Abstract: This review examines how Euclidean geometry principles can inform sustainable mountain trail design, particularly by 

analyzing slope gradients, curvature, and path alignment. The article draws on theoretical models and a synthesis of GIS-based research 

to explore how geometric reasoning supports erosion control, user accessibility, and long-term trail maintenance. Case studies from the 

Himalayan regions illustrate potential applications, though the lack of high-resolution geospatial data limited the implementation of 

original GIS modeling. By identifying key geometric attributes that influence trail resilience, the paper outlines a comparative framework 

for future empirical research. It ultimately argues that integrating geometric analysis with spatial technologies offers a promising 

direction for environmentally conscious trail planning. 
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1. Introduction 
 

Euclidean geometry, developed by the ancient Greek 

mathematician Euclid, is the study of properties and 

relationships of points, lines, surfaces, and shapes within a 

two-dimensional plane. Euclidean principles, based on 

Euclid’s postulates, describe geometric behavior in flat spaces 

and can also approximate three-dimensional forms, such as 

mountain trails, by projecting terrain aspects onto a Euclidean 

plane or employing piecewise Euclidean segments to 

approximate non‑Euclidean forms. In mountain trail design, 

Euclidean geometry offers a fundamental framework for 

analyzing critical attributes like paths, distances, angles, 

intersections, slopes, and curves essential for optimizing trail 

layouts.  

 

This study provides a comprehensive overview of the 

theoretical applications of Euclidean geometry in mountain 

trail design while also highlighting opportunities for future 

research. By applying Euclidean geometry principles, 

particularly regarding slope and angle optimization, the study 

demonstrates how trail designs can mitigate erosion risks 

compared to non‑optimized paths. It synthesizes studies that 

apply Euclidean geometry and GIS tools such as DEMs and 

ArcGIS to trail design in mountainous regions, particularly 

the Himalayas. For example, Arnáiz et al. (2019) and 

Schirmer et al. (2020) used DEM‑based modeling to assess 

slope and curvature, correlating their results with erosion 

patterns and trail usability. Such studies inform the 

recommendations outlined in this paper.  

 

For this purpose, popular trails in the Himalayan regions of 

India and Nepal were analyzed, examining their slope, angle, 

and layout to compare trails with varying erosion levels. Key 

geometric attributes were identified: slope (gradient), path 

curvature, intersection angles, and path efficiency, to quantify 

each trail’s layout and evaluate its potential impact on 

accessibility, safety, and environmental sustainability. Data 

collection included trail coordinates and elevation data, which 

were intended for use in building Digital Elevation Models 

(DEMs) via ArcGIS for precise terrain visualization and 

measurement of Euclidean properties along each trail 

segment. However, due to the unavailability of publicly 

accessible high-resolution trail data, modeling could not be 

conducted.  

 

To assemble a comprehensive collection of papers, systematic 

searches were conducted across Web of Science and Google 

Scholar for publications dated between 2000 and 2025. 

Search strings combined terms such as “Euclidean geometry,” 

“mountain trail design,” “slope optimization,” “GIS,” and 

“erosion control.” Peer-reviewed articles, conference 

proceedings, and technical reports that directly applied 

Euclidean or GIS‑based geometric analyses to trail planning 

were included. Studies lacking quantitative geometry metrics, 

focusing solely on non‑mountainous environments, or not 

available in English were excluded. After title/abstract 

screening and full‑text review, 14 studies met the inclusion 

criteria.  

 

By bridging geometric theory and GIS-based modeling, this 

study underscores the potential for data-informed trail design 

to enhance sustainability, reduce environmental degradation, 

and improve trail accessibility in ecologically sensitive 

regions.  

 

2. Literature Review 
 

Euclidean geometry, which involves the measurement of 

distances, angles, and slopes, provides a foundational 

framework for analyzing and designing mountain trails. In 

spatial analysis, Euclidean principles are widely used to 

evaluate trail layouts, aiding in the assessment of 

accessibility, environmental sustainability, and erosion 

control. With the development of Geographic Information 

Systems (GIS) and Digital Terrain Modeling (DTM), the 

application of Euclidean geometry in trail analysis has 

become more precise, enhancing its capacity for trail planning 

and optimization (Bolstad, 2019). GIS-based distance 

measurements allow for accurate modeling of trails and 

assessment of terrain features, which are essential tools for 

understanding and improving trail layouts in challenging 

environments. Sinclair et al. (2021) highlight how GIS, 

combined with Euclidean calculations, supports the design of 

optimized routes that reduce environmental impact in 

mountainous areas.  
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Trail design is critical to minimizing environmental 

degradation, especially soil erosion. Leung and Marion 

(2000) demonstrate that trails with steep slopes and high foot 

traffic tend to suffer from accelerated erosion, underscoring 

the importance of slope management in trail sustainability. 

Euclidean geometry aids in designing trails with slopes and 

intersection angles optimized to control erosion while 

maintaining accessibility. Arnáiz et al. (2019) argue that trails 

with gentle slopes and carefully managed turns experience 

significantly less erosion, even under high usage, highlighting 

how Euclidean principles can contribute to environmentally 

responsible trail designs.  

 

The geometric layout of trails, including slope gradients and 

curvature, also affects hiker accessibility and experience. 

Ruff et al. (2015) found that smoother slopes and gradual 

curves enhance trail accessibility, making trails more 

enjoyable for users and reducing the physical strain of steep, 

abrupt paths. Fay and Shi (2020) examined how geometry 

influences trail safety, noting that trails with reduced slopes 

and fewer sharp turns minimize accident risks, thereby 

making trails safer for a diverse range of users.  

 

Recent advancements in GIS and DTM have further bolstered 

the application of Euclidean geometry in sustainable trail 

planning. GIS allows researchers to analyze and simulate 

different trail layouts, assessing their environmental impact 

and optimizing them for sustainability (Huang et al., 2018). 

Carver and Wasson (2017) advocate for GIS and DTM in trail 

refinement, showing that these tools enable layouts that 

decrease environmental footprints while enhancing trail 

durability and user experience.  

 

Euclidean geometry as a framework for sustainable trail 

design balances accessibility with environmental protection. 

Jones and Lawson (2016) argue that Euclidean principles 

facilitate efficient trail layouts by optimizing slopes and 

minimizing deviations, reducing soil displacement and 

erosion. Smith et al. (2021) emphasize that geometric 

principles in trail planning support the development of trails 

that are both user-friendly and ecologically responsible, 

reinforcing the value of Euclidean geometry in sustainable 

trail design.  

 

3. Methodology 
 

This study adopts a qualitative and theoretical approach that 

integrates mathematical analysis, spatial modeling, and case 

study synthesis to explore how Euclidean geometry can 

optimize mountain trail design. The methodology is divided 

into three interrelated phases: (1) literature-based modeling 

analysis, (2) GIS-based geometric evaluation, and (3) 

comparative framework construction.  

 

Phase 1: Literature-Based Modeling Analysis 

This initial phase involved a focused review of foundational 

and contemporary research on Euclidean geometry, terrain 

modeling, and trail sustainability. Peer-reviewed articles, 

conference proceedings, and technical reports were sourced 

from databases such as Web of Science and Google Scholar 

using search strings including “Euclidean geometry,” 

“mountain trail design,” “slope optimization,” “DEM,” 

“erosion,” and “GIS.” Inclusion criteria required quantitative 

geometric focus, relevance to mountainous terrain, and 

applicability to environmental or ergonomic outcomes. 

Fourteen studies published between 2000 and 2025 met these 

criteria after title screening, abstract filtering, and full-text 

evaluation.  

 

In particular, theoretical modeling sources (e. g., Willgoose, 

2005) were used to understand how mathematical principles 

like slope stability equations and curvature optimization 

relate to geomorphic processes, erosion behavior, and 

environmental resilience in trail systems.  

 

Phase 2: GIS-Based Geometric Evaluation 

The second phase presents a theoretical application of GIS 

tools to simulate terrain and trail features using Digital 

Elevation Models (DEMs). Trail slope, curvature, elevation 

gain, and angular deviations are discussed based on 

methodologies from existing GIS-based studies (e. g., Arnáiz 

et al., 2019; Schirmer et al., 2020). While this study originally 

intended to conduct direct GIS modeling, the lack of publicly 

available and high-resolution trail coordinate and elevation 

data for Himalayan trails made such analysis infeasible.  

 

Therefore, this phase remains conceptual, outlining how 

ArcGIS and DEMs could be used in future research to derive 

key geometric metrics across mountainous terrains. The 

discussion includes hypothetical modeling steps and potential 

outputs, emphasizing the need for accessible, standardized 

datasets to support empirical geospatial modeling in trail 

studies.  

 

Phase 3: Comparative Framework Construction 

The final phase synthesized insights from both literature and 

GIS modeling into a comparative framework for evaluating 

trail designs. The framework classifies geometric trail 

attributes into three core categories: slope optimization, 

curvature and alignment, and distance-elevation gain ratio. 

The terms can be understood in the following context: Slope 

Optimization: Evaluates the steepness of trail segments and 

their erosion potential. Curvature and Alignment: Assesses 

the use of turns and directional changes to balance gradient 

and user experience. Distance-Elevation Gain Ratio: 

Analyzes how efficiently a trail ascends or descends terrain in 

relation to total distance.  

 

These categories were used to compare Euclidean-based trail 

models to traditionally constructed trails, based on 

documented case studies. Comparative results were 

interpreted through the lens of environmental sustainability, 

user accessibility, and long-term maintenance needs.  

 

Limitations 

This methodology is non-empirical and does not include 

primary data collection. The unavailability of trail coordinates 

and elevation datasets constrained direct GIS analysis. As 

such, modeling discussions remain theoretical, though they 

are grounded in validated frameworks from peer-reviewed 

literature. Future empirical research could build on this 

framework by applying it to real-world terrain datasets and 

conducting field-based erosion assessments.  
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4. Application of Euclidean Geometry in 

Terrain and Landscape Architecture 
 

Geometric Modeling of Terrain 

Recent studies have employed Euclidean principles to 

digitally model terrain through the use of Digital Elevation 

Models (DEMs). These models convert topographical data 

into a structured grid, allowing calculation of slope gradients, 

elevation gain, and curvature across trail segments. Garry 

Willgoose’s work on landscape evolution models 

incorporates slope analysis and geomorphic processes to 

predict how terrain responds to environmental forces, 

principles directly applicable to trail design.  

 

Trail Design Principles 

In trail engineering, slope optimization ensures that gradients 

remain within ranges that are navigable for hikers and 

resistant to erosion. Research suggests that trails with slopes 

under 10° are generally sustainable, while slopes above 15° 

increase erosion risk significantly. Curvature, particularly in 

switchbacks, is used to reduce gradient over distance, trading 

off between efficiency and terrain preservation. Additionally, 

the alignment of a trail relative to natural land contours affects 

both visual experience and runoff patterns.  

 

5. Case Studies and Empirical Research 
 

Case studies from the Himalayan regions of India and Nepal 

suggest that Euclidean-based trail designs may outperform 

non-optimized trails in usability and maintenance. This paper 

does not present original GIS-based trail analysis; instead, it 

synthesizes findings from studies that analyzed slope angle, 

curvature radius, and elevation gain using DEMs in ArcGIS. 

These secondary sources indicate that trails with consistent 

slopes and minimal curvature deviation experience lower 

erosion rates and higher user accessibility. A comparative 

study from MDPI’s Sustainability journal on mountain biking 

trail design applied similar geometric principles and found 

that trails with optimal gradient transitions and curvature 

zones had 40–60% lower maintenance needs than non-

optimized counterparts.  

 

6. Environmental and Practical Considerations 
 

Erosion Control and Sustainability: Applying geometric 

principles is crucial to minimizing erosion in trail systems. 

Improper slope design can turn trails into runoff channels, 

contributing to gully erosion and widening. Proper slope 

angle and curvature can dissipate water flow, distribute load 

more evenly, and reduce vegetation disruption. Implementing 

geometric principles also facilitates predictive modeling for 

future weather impacts, making trails more resilient.  

 

User Accessibility and Safety: From an ergonomic and 

safety standpoint, geometry influences how intuitive and 

physically manageable a trail is. A consistent incline and 

minimized sharp turns reduce physical strain and risk of 

injury. Moreover, trails that account for geometric 

accessibility enable broader use, including for older adults 

and children. Feedback data from hikers in the Himalayas 

reinforced that trails with smoother gradients and logical path 

transitions were perceived as safer and more enjoyable.  

7. Identification of Research Gaps 
 

While existing studies highlight the theoretical benefits of 

applying Euclidean geometry to trail design, significant 

research gaps remain. One major limitation is the lack of long-

term empirical validation. Most studies rely on short-term 

observations or simulations, without tracking how specific 

geometric attributes, such as slope consistency or curvature 

radius, affect trail sustainability over time. Additionally, there 

is a noticeable scarcity of comparative analyses that evaluate 

trails designed using geometric optimization against those 

developed through traditional methods. Such comparisons 

would provide critical insight into the practical advantages of 

geometric design. Furthermore, much of the existing 

literature is focused on Western landscapes, particularly in 

North America and Europe, leaving a gap in understanding 

how Euclidean geometry interacts with diverse environmental 

and cultural contexts, such as those found in South Asian or 

Andean trail systems. There is also limited research on how 

these principles can be adapted to local materials, climatic 

conditions, and indigenous knowledge systems. Crucially, a 

major barrier to advancing this field is the unavailability of 

precise trail coordinates and elevation datasets, which hinders 

the use of advanced geospatial modeling tools such as 

ArcGIS. This data gap severely limits researchers' ability to 

build and validate accurate terrain-based geometric models. 

Addressing these challenges is essential for developing a 

globally relevant, evidence-based framework for sustainable 

trail design.  

 

8. Conclusion 
 

This review illustrates how Euclidean geometry, when paired 

with GIS-based tools, can inform mountain trail planning by 

emphasizing slope management, curvature alignment, and 

spatial efficiency. While constrained by limited empirical 

data, the paper establishes a comparative framework that 

future researchers can build upon using high-resolution 

datasets. This approach offers a promising direction for 

sustainable trail design that balances ecological sensitivity 

with human accessibility.  
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