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Preface

The global transportation landscape is undergoing a profound transformation, with
High-Speed Rail (HSR) at the forefront of the transition toward sustainable,
low-carbon mobility. As train speeds increase and networks expand across diverse
geographical regions, the engineering challenges have evolved from simple track
construction to the management of highly complex, integrated systems. This book,
Innovations in High-Speed Railway Engineering - Aerodynamics, Infrastructure 
Resilience, and Sustainable Mobility, provides a comprehensive exploration of the
cutting-edge technologies and methodologies shaping the future of this sector.

The volume is organized into three core thematic areas. The first section focuses on
Aerodynamics and AI-Driven Safety. The introductory chapter, “Introductory
Chapter: The Convergence of Aerodynamics, Digital Resilience, and Sustainable
Logistics in High-Speed Rail”, sets the stage by synthesizing the multi-disciplinary
nature of modern rail systems. This is followed by “Crosswind Stability of High-Speed
Train in Unsteady Wind Conditions,” which explores integrating machine learning
into stability assessment. “Crosswind Stability of High-Speed Train in Unsteady Wind
Conditions” provides deep insights into the physics of transient wind loads.

The second section examines Infrastructure Resilience, specifically focusing on the
railway’s “digital nervous system”. The chapter “Integrated Track Circuit Technology
Based on All-Electronic Interlocking Systems in China”, highlights advancements
essential for maintaining safety and high capacity in increasingly dense networks.
Finally, the third section explores Sustainable Operations and Logistics. The chapter
“A Review of Sustainable Location-Allocation Models for City Logistics Using High-
Speed Rail: Case Study of the Ottawa-Quebec Corridor and Greater Montreal Area”
explores the strategic integration of HSR into urban supply chains.

As the Academic Editors, we would like to express our gratitude to the international
team of contributors. We hope this volume serves as a vital resource and catalyst for
further innovation in railway engineering.

Masoud Mohebbi 
School of Railway Engineering,

Iran University of Science and Technology,
Tehran, Iran
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Chapter 1

Introductory Chapter: The 
Convergence of Aerodynamics, 
Digital Resilience, and Sustainable 
Logistics in High-Speed Rail
Masoud Mohebbi and Rasul Mohebbi

1. The evolving paradigm of high-speed rail

The global renaissance of high-speed rail/railway (HSR) stands as a testament to
the engineering community’s commitment to decarbonizing transportation while 
fostering economic connectivity. However, as operational speeds push beyond the 
300 km/h frontier and network densities increase, the fundamental challenges of 
railway engineering have shifted. The contemporary objective is no longer merely the 
pursuit of maximum velocity; rather, it is the holistic integration of complex 
subsystems to ensure resilience against environmental unpredictability and the 
optimization of operational efficiency.

This transition is driven by a necessity to manage the intricate interplay between 
the vehicle and its environment. As trains traverse diverse topographies – from open 
plains to complex tunnel-embankment sections – the aerodynamic interactions 
become exponentially more volatile. Simultaneously, the infrastructure governing 
these movements is undergoing a digital transformation, moving away from 
electromechanical legacies toward intelligent, data-driven control systems. 
Furthermore, the economic sustainability of these massive infrastructure 
investments now hinges on maximizing asset utilization, not only through precision 
maintenance but also by expanding the utility of HSR networks into the realm of 
urban logistics.

2. The intersection of aerodynamics and artificial intelligence

The interaction between a high-speed train and the atmosphere remains the
primary constraint on safety and stability. Crosswinds, in particular, pose a critical 
threat, inducing lateral forces and overturning moments that can compromise the 
wheel–rail contact mechanics. Traditional methodologies, such as wind tunnel 
experiments and Computational Fluid Dynamics (CFD), have long served as the 
bedrock of aerodynamic analysis. However, these physics-based approaches are 
often computationally intensive and struggle to provide the real-time responsiveness 
required to mitigate transient, stochastic phenomena like sudden gusts or the “pulse 
impact” of trains passing in tunnels.
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A paradigm shift is currently underway with the integration of artificial 
intelligence (AI) into railway aerodynamics. The emergence of machine learning 
(ML) and deep learning (DL) offers a data-driven alternative capable of modeling 
complex nonlinearities with unprecedented speed. Advanced techniques, such as 
surrogate modeling and physics-informed machine learning (PIML), allow engineers 
to predict aerodynamic loads by embedding physical laws into neural network 
architectures, ensuring that predictions are both fast and physically plausible. 
Moreover, the concept of the digital twin – a virtual replica of the physical asset 
continuously updated with sensor data – is revolutionizing safety protocols. By 
enabling active control systems to adjust suspension and speed in response to real- 
time gust detection, the industry is moving from a reactive safety stance to 
a proactive, predictive one [1–3].

3. Digitalization of signaling and infrastructure control

Parallel to the advancements in vehicle dynamics, the nervous system of the 
railway – its signaling and control infrastructure – is being redefined. The reliability 
of track circuits, which serve as the fundamental sensors for detecting section 
occupancy, is paramount for high-density operations. Historically, these systems 
relied on phase-sensitive circuits and electromechanical relays. While robust, these 
analog architectures are susceptible to mechanical wear, possess low return 
coefficients, and are increasingly vulnerable to harmonic interference from modern 
high-power traction systems.

The industry is now transitioning toward all-electronic interlocking systems 
and integrated track circuit technologies, such as the ZPW-2000 series. These 
modern architectures utilize jointless track circuits and microelectronic receivers 
to create a seamless, unified platform that integrates station and section controls. 
By employing redundant electronic control modules (often in two-out-of-two 
configurations) and advanced digital signal processing, modern signaling systems 
can effectively filter out complex electromagnetic interference. This technological 
leap not only enhances safety integrity levels (SILs) but also facilitates the high- 
throughput, bi-directional communication required for future automatic block 
signaling and communication-based train control (CBTC) [3, 4].

4. Sustainable mobility: Maintenance efficiency and city logistics

The sustainability of HSR systems extends beyond energy efficiency to 
encompass the longevity of assets and the diversification of their utility. In the 
domain of maintenance, the adoption of industrial performance metrics, such as 
overall equipment effectiveness (OEE), is transforming how railway equipment is 
utilized. Originally developed for manufacturing, OEE quantifies performance 
through availability, productivity, and quality. When applied to heavy railway 
maintenance machinery – such as tampers and ballast regulators – this metric 
reveals hidden inefficiencies in production capacity. By shifting from schedule- 
based to data-driven maintenance planning, operators can ensure that critical 
assets are available when needed, thereby enhancing the resilience of the 
infrastructure.

Innovations in High-Speed Railway Engineering – Aerodynamics, Infrastructure Resilience, and 
Sustainable Mobility
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Furthermore, the role of HSR is expanding to address the critical challenge of 
urban freight distribution. As urbanization accelerates, city logistics face severe 
congestion and environmental pressure. The strategic integration of HSR networks 
for rapid, low-carbon freight transport – known as location-allocation for city 
logistics – is emerging as a vital solution. Optimizing the location of logistics hubs 
and the allocation of freight capacity on high-speed lines requires sophisticated 
mathematical modeling and metaheuristic algorithms. This dual-use approach, 
combining passenger and freight utility, represents a crucial step toward financially 
and environmentally sustainable mobility solutions for the future [5–7].

5. Conclusion

The future of HSR engineering lies in the successful convergence of these 
diverse disciplines. The stability of the vehicle cannot be separated from the 
intelligence of the signaling system or the efficiency of its maintenance and 
logistical operations. As the sector moves forward, the synthesis of AI-driven 
aerodynamic safety, fully electronic infrastructure control, and rigorous, data- 
centric operational management will define the next generation of HSR. This 
volume aims to explore these frontiers, offering insights into the technologies that 
will make tomorrow’s railways faster, safer, and more resilient.
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Chapter 2

Crosswind Stability of High-Speed 
Train in Unsteady Wind 
Conditions
Dongqin Zhang

Abstract

The safety of high-speed train (HST) operations under unsteady crosswind 
conditions has become an increasingly critical concern, particularly in complex wind 
environments such as tunnel exits and tornadic regions. This study proposes a novel 
evaluation framework to assess the crosswind stability of HSTs in unsteady wind 
fields. The framework combines aerodynamic force modeling and multibody 
simulations, and its accuracy is validated through wind tunnel experiments. To better 
quantify the transient aerodynamic responses, a dynamic amplification factor (DAF) 
and a characteristic wind curve (CWC) are introduced for HSTs. These parameters 
effectively capture the intensity and duration of unsteady wind loads and their 
amplification on vehicle dynamics. Furthermore, similar DAF and CWC formula
tions are developed for HSTs subjected to tornadic winds, highlighting the extreme 
vulnerability of trains to rapidly varying high-intensity wind forces. Based on these 
findings, three countermeasures are proposed to enhance operational safety: (1) an 
early warning system for turbulent winds, (2) a windbreak design with spatially 
varying porosity to mitigate train responses in tunnel exit winds, and (3) a tornado 
detection and warning system specifically tailored for HSTs. The comprehensive 
methodology and mitigation strategies presented in this study provide a robust 
scientific basis for improving the crosswind resilience of HSTs. This research offers 
essential insights for infrastructure design and operational planning, contributing to 
safer and more reliable high-speed rail systems in wind-prone regions.

Keywords: crosswind stability, aerodynamics, dynamics, high-speed train, tunnel 
exit wind, tornadic wind

1. Introduction

With the continued expansion of high-speed rail networks worldwide,
ensuring the safety and stability of high-speed trains (HSTs) under complex 
environmental conditions has become a critical engineering challenge. Among the 
various external disturbances, crosswinds pose a significant threat to the 
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operational safety of HSTs, particularly due to their potential to induce large 
aerodynamic forces and moments that may lead to derailment or instability. In 
fact, recent derailment accidents in China, Japan, Belgium, and Switzerland have 
been attributed to crosswind-induced overturning [1]. While many previous 
studies have focused on steady wind conditions, real-world wind environments are 
inherently unsteady – for example, sudden gusts, tunnel exit winds (TEWs), and 
tornadic winds. Understanding the impact of unsteady crosswinds on train 
dynamics is essential for developing reliable safety assessment methods and 
mitigation strategies.

One common form of unsteady wind is gust wind, which can arise from 
atmospheric turbulence or wind interaction with topography and infrastructure. 
Gusts are characterized by rapid fluctuations in wind speed and direction over 
short durations. For instance, the European railway standard EN 14067–6 defines 
a “Chinese hat” wind gust to represent an idealized gust pulse [2]. For HSTs, 
these transient wind loads can result in sudden and significant variations in 
aerodynamic forces, potentially triggering unstable vehicle responses, 
particularly when trains operate on elevated tracks or open terrain. The dynamic 
characteristics of gusts require a time-dependent analysis framework to capture 
the interaction between the aerodynamic loads and the vehicle’s dynamic 
response accurately.

When a HST exits a tunnel into open terrain, it experiences a sudden change in 
airflow known as a TEW, where the sudden change creates a transient wind field. As 
the train emerges from the tunnel, the aerodynamic forces and vehicle motions 
increase rapidly – a behavior totally different from what occurs under steady or 
turbulent winds [3]. In practice, this means the lateral wind load can spike and then 
oscillate as the train clears the tunnel. Experiments and simulations confirm that 
this can cause greater wheel lift (unloading) than predicted by steady-wind analysis. 
The spatial and temporal complexity of tunnel exit winds necessitates the use of 
unsteady aerodynamic models and refined simulation techniques to fully understand 
their effects.

In addition to atmospheric gusts and tunnel exit phenomena, extreme weather 
events such as tornadoes present severe unsteady wind conditions. Tornadic 
winds are highly non-uniform, rotating, and can exert rapidly varying lateral 
forces on trains. Investigations have noted that several past railway accidents 
(e.g., on the Touzai, Uetsu, and Nippo lines in Japan, and an Illinois freight 
train incident in the United States) are suspected to have involved tornadic winds 
[4, 5]. Though relatively rare, the catastrophic impact of such events, illustrated 
by past derailment accidents, demands thorough investigation. Studying the 
aerodynamic interaction between tornado-like vortices and train structures can 
provide critical insights into emergency response protocols and structural 
resilience under extreme loading.

In summary, the crosswind stability of HSTs under unsteady wind conditions is a 
multifaceted problem that requires comprehensive analysis across a range of wind 
scenarios. This chapter focuses on three representative unsteady wind types—gust 
winds, tunnel exit winds, and tornadic winds—and explores their distinct 
mechanisms and effects on train stability. By investigating these cases, the chapter 
aims to enhance the understanding of unsteady wind–train interactions and support 
the development of more robust safety and design guidelines for high-speed rail 
systems operating in diverse environmental conditions.

Innovations in High-Speed Railway Engineering – Aerodynamics, Infrastructure Resilience, and 
Sustainable Mobility

28



2. State of the art

2.1 Field test

Field testing plays a crucial role in advancing the understanding of aerodynamic 
and dynamic responses of HSTs under realistic environmental conditions. While 
wind tunnel experiments and numerical simulations offer controlled environments 
for isolated analyses, they often rely on simplified assumptions that may not fully 
capture the complexity of real-world scenarios. In contrast, field tests provide direct 
measurements of train responses under actual operational conditions, including 
natural wind environments, track irregularities, and train–infrastructure 
interactions. Through the deployment of sensors on train bodies, bogies, and wheels, 
key parameters such as lateral acceleration, wheel unloading ratio, and aerodynamic 
pressure distributions can be captured in real time.

In Japan, a stationary train positioned near the coast of Hokkaido was used to 
examine wind-induced forces under natural conditions [6]. As shown in Figure 1, 
aerodynamic loads on different cars, along with wind speed and direction, were 

Figure 1. 
The field test for the unsteady aerodynamic forces acting on a railway vehicle in crosswinds.

Crosswind Stability of High-Speed Train in Unsteady Wind Conditions 
DOI: http://dx.doi.org/10.5772/intechopen.1012603
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recorded every 10 seconds. Based on this dataset, Nagumo et al. [7, 8] proposed using 
3-second averaged wind speeds to more reliably estimate overturning moments 
caused by crosswinds. This approach captures the spatial coherence of wind acting 
along the carriage’s length. Figure 1 presents the distribution of the ratio between 
measured and estimated overturning moments. Here, uinst, usa, and u3s–gust represent 
the instantaneous, spatial-averaged, and 3-second gust speeds, respectively. The 
results show that calculations based on 3-second gusts align well with spatial- 
averaged values, indicating that this method accounts for the size effect of crosswind 
loading on trains.

On the Network Rail New Measurement Train (NREMT), high-frequency 
pressure data were collected using pitot and static sensors along the nose and 
body. Sampling at 128 Hz enabled detailed analysis of gust responses. The 
correlation between yaw angle and side force coefficient varied with trackside 
topography, being higher in open terrains and lower in urban areas. In clear 
surroundings, the relationship between the side force and yaw angle closely 
matched wind tunnel data, validating the train’s aerodynamic response under real 
gust events [9].

Full-scale field tests in China have provided valuable insights into the 
aerodynamic and dynamic responses of HSTs under crosswind conditions [10]. 
Wind speeds along the track were recorded using a vehicle-mounted anemometer 
to serve as a reference for evaluating aerodynamic loads and vehicle behavior. To 
enhance wind measurement accuracy, Sun et al. [11, 12] developed a cylindrical 
anemometer featuring 12 pressure sensors that capture directional wind 
information. The device was validated through wind tunnel tests across a wide 
velocity range (5–60 m/s) and further verified in field environments for 
robustness and precision. Aerodynamic loads such as side force, lift, and rolling 
moment, as well as car body accelerations, were measured under various wind 
scenarios. These data enabled the assessment of wheel unloading ratios and 
overturning tendencies. Because direct measurement of wheel loads at high speed 
is challenging, rolling angle was used as an alternative indicator of train stability. 
Liu et al. [13] proposed a real-time attitude monitoring method using coordinate 
transformations, which was validated by comparing calculated roll angles with 
bogie air spring deflection data, confirming accuracy and repeatability, as 
illustrated in Figure 2. Gao et al. [14] conducted pressure measurements to 
examine unsteady aerodynamic loads in winds up to 34 m/s. Results showed peak 

Figure 2. 
The configuration of full-scale measurement of a HST in China [14].
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aerodynamic coefficients at yaw angles between 54.5° and 59.6°, and strong 
correlations between turbulence and load fluctuations. Frequency-domain 
analysis revealed dominant pressure pulsations below 1 Hz under crosswind 
conditions. Additional testing indicated pressure amplitude errors under 5% 
when using pressure tubes less than 8 m in length [15].

2.2 Wind tunnel test

Wind tunnel testing represents a fundamental experimental approach in railway 
engineering for evaluating the aerodynamic and dynamic characteristics of HSTs. By 
utilizing scaled models or representative sections within a controlled airstream, key 
parameters such as drag coefficients, lift and side forces, rolling moments, surface 
pressure distributions, flow separation patterns, and aeroacoustic signatures can be 
accurately measured. Furthermore, dynamic responses to gusts, tunnel exit winds, 
and tornadoes can be experimentally assessed.

Wind tunnel studies have been widely conducted to investigate the aerodynamic 
behavior of HSTs under crosswind conditions, considering various train types and 
environmental settings such as ground surfaces, embankments, and bridges [16–21]. 
These experiments reveal that inflow conditions and track substructures 
significantly influence aerodynamic coefficients. When evaluating responses under 
unsteady winds, the concept of aerodynamic admittance becomes critical and should 
be considered for accurate dynamic force estimation [22]. Moving model tests have 
also been introduced to evaluate the effect of train speed. Results indicate that the 
difference between static and moving train models is often minimal under certain 
conditions [23]. Zou et al. [24] developed a wind tunnel system enabling scaled HST 
models (1:8–1:30) to travel at speeds of up to 50 m/s for studying vehicle–bridge 
aerodynamic interaction in Figure 3. Wireless pressure sensors were used to capture 
unsteady surface loads accurately. The findings emphasize that dynamic effects are 
crucial when crosswinds are present, and static model tests alone may not reflect 
actual aerodynamic behavior during high-speed operation. Furthermore, crossing 
scenarios on box girder bridges were examined to evaluate transient aerodynamic 
forces during train–train encounters. The results show that the sheltering effect 
significantly alters the loads on the leeward vehicle, depending on wind and train 
speeds [25].

Figure 3. 
The launch system for a moving HST model.
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Recent studies have also focused on tornado-induced loads. Using tornado 
simulators, both stationary [26] and moving models were tested [4, 27]. Peak 
lateral forces occur near the tornado core radius, while lift forces peak at the center, 
with distributions influenced by vortex structure and train length, as shown in 
Figure 4 [4].

2.3 Numerical simulation

Numerical simulations based on computational fluid dynamics (CFD) have been 
extensively applied to analyze the crosswind aerodynamics of HSTs, including the 
evaluation of drag and lift forces, flow structures, and wake dynamics [28–32]. These 
studies often focus on complex scenarios, such as a train encountering windbreaks or 
open-cut trenches, where variations in aerodynamic loads are examined in detail 
[33]. In particular, the influence of tunnel exit winds has been the subject of multiple 
investigations, comparing outcomes across various numerical techniques, vehicle 
geometries, and wind inflow profiles [34, 35]. Xu et al. [36] explored the interaction 
between a HST and a simulated tornado vortex, capturing the complex aerodynamic 
loading as the train traverses a rotating wind field. Despite the versatility of CFD 
tools, challenges persist in accurately resolving unsteady phenomena, such as vortex 
detachment and reattachment near streamlined train bodies. These difficulties 
become more pronounced under transient wind conditions, necessitating careful 
validation against experimental or full-scale test data to ensure the reliability of the 
predictions.

To complement aerodynamic studies, the dynamic response of railway vehicles to 
wind-induced loads is often computed using either quasi-static approaches or 
multibody dynamics (MBD). In Europe, simplified mass-spring models, such as the 
three- and five-mass representations, are commonly used for practical assessments 
of vehicle overturning under gusts [37]. MBD methods provide a more detailed 
representation of vehicle dynamics and have been adopted to assess train stability 
under synthetic gust models, such as the Chinese hat profile [2, 5, 38].

Japan has developed specific modeling practices, including a quasi-static model 
with three degrees of freedom and a half-car configuration by Hibino et al. [39], 
which is widely used to derive characteristic wind curves (CWCs) for commuter 
trains [40]. A more detailed 31-degree-of-freedom model has also been proposed for 
simulating the effects of gusty winds [41], although its adoption in the railway 
industry remains limited. Comparative analyses between simplified models and full 
multibody simulations have shown reasonable agreement under some conditions, 
such as Chinese hat gusts [42], suggesting that reduced-order models can offer 
practical insights when validated properly.

Figure 4. 
The wind tunnel test for aerodynamic forces on a railway vehicle in tornadic winds [4].
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However, discrepancies emerge under highly transient wind environments. For 
instance, when simulating the impact of tunnel exit winds [3, 43] or tornado- 
induced gusts [44], quasi-static methods often fail to capture the peak dynamic 
responses observed in multibody simulations. This underestimation highlights the 
importance of using time-resolved dynamic models, especially for safety evaluations 
involving unsteady or extreme wind scenarios. In addition, the influence of vehicle 
configuration on crosswind sensitivity has been studied, showing that parameters 
such as car body shape, mass distribution, and suspension design play a critical role 
in determining overall stability [45].

3. Methods

3.1 Wind scenarios and aerodynamic forces

The spatial distribution of steady wind, tunnel exit wind [3], and tornadic wind 
[5, 46, 47] is illustrated in Figure 5. The variation of tunnel exit wind is described by 
the one-minus-gust wind model, as shown in previous studies [48]. The Burgers- 
Rott model is adopted for the wind distribution.

Figure 5. 
The spatial distribution of different wind scenarios: (a) steady winds; (b) tunnel exit winds; and (c) tornado 
winds.
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where VMax.S and VMax.T are the maximum tangential velocities of stationary and 
translational tornadoes, RMax presents the core radius, VT is the tornado translational 
velocity, and c = 0.15 is obtained from statistical data in Japan.

The spatial wind speed distributed along the track is first transformed into the 
temporal wind speed, and then aerodynamic forces are calculated using the quasi- 
steady theory.
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where Vtr is the train velocity, L0 is the length of one carriage, and vwi is the local 
wind speed at a discrete section.

The resultant wind speed va t) ) and the angle of attack for the resultant wind speed 
β t) ) as shown in Figure 6(a) are calculated using the temporal wind speed vc t) ) and 
are expressed as follows:
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where βw represents the angle of attack for the wind.
The side force FS t) ), lift force FL t) ), and rolling moment MR t) )as shown in Figure  

9(b) are calculated using the quasi-steady theory and are presented as follows:

(a)

(b)

Figure 6. 
The directions of (a) crosswind and (b) aerodynamic forces.
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where ρ is air density, A is the side area of the carriage, Cs, CL, CM are 
aerodynamic coefficients for side force, lift force, and rolling moment, H0 is the 
height of the car body.

3.2 Multibody simulation

A multibody model of a HST is developed, comprising a car body, two bogies, and 
four wheelsets, as illustrated in Figure 7. The connections between the wheelsets, 
bogies, and car body are represented by longitudinal, lateral, and vertical springs and 
dampers, simulating both primary and secondary suspension systems. Additionally, 
nonlinear components, such as lateral bump stops and anti-snake movement 
dampers, are incorporated between the bogies and car body to capture realistic 
dynamic interactions. The contact forces between wheels and rails are modeled using 
Hertzian nonlinear elastic contact theory.

Each structural component is treated as a rigid body, and the system’s topology is 
defined accordingly. While the equations of motion can be derived using Newton’s 
second law, the complexity of the system necessitates a more efficient formulation. 
To automate the modeling of such large-scale mechanical systems, the equations are 
expressed as a set of implicit differential-algebraic equations (DAEs).

These DAEs are numerically solved using the backward differentiation formula 
method. The time domain is discretized with a uniform time step hi = ti+1 – ti. At 
each time step tn+k, the derivative of a state variable x t) ) is approximated using 
previously computed values xn = x tn) ), . . . , xn+k = x tn+k) ). This is achieved by fitting 

Figure 7. 
A HST model.
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a polynomial p∈Pk that interpolates the discrete data points, allowing accurate time 
integration of the system’s dynamics.

3.3 Dynamic amplification factor

The dynamic amplification factor (DAF), commonly used in structural 
engineering, is defined as the ratio between the maximum dynamic response and its 
static counterpart [49]. To assess the crosswind stability of railway vehicles, metrics 
such as the overturning coefficient or wheel unloading ratio are employed to 
quantify the extent of wheel unloading. In this study, the maximum dynamic 
overturning coefficient is obtained through MBS simulations, while the 
corresponding static value is derived from steady-state analysis, as illustrated in 
Figure 8. Based on these values, the DAF is expressed as follows:

DAF =
max Dd{ }

Ds
)10)

where Dd, Ds represent the dynamic and static overturning coefficients, 
respectively.

3.4 Characteristic wind curve

The CWC serves as a critical reference in evaluating the crosswind stability of 
HSTs. It defines the relationship between the running speed of the train and the 
allowable crosswind velocity under which safety criteria, such as wheel unloading or 
derailment risks, remain within acceptable limits. Traditionally, the CWC is derived 
under the assumption of steady-state wind conditions and quasi-static aerodynamic 
responses. However, in real-world scenarios, trains are frequently exposed to 
unsteady wind fields, such as gusts, tunnel exit winds, or tornadoes, which can 
dynamically amplify train responses.

To address this limitation, we propose a novel method for deriving the CWC that 
explicitly accounts for unsteady wind effects by incorporating the maximum DAF. 
The DAF captures the ratio between the peak dynamic response and the 
corresponding quasi-static response of the train under unsteady aerodynamic loads. 
By introducing this factor, the proposed approach enables a more realistic and 
conservative estimation of critical wind speeds, particularly under extreme or 

Figure 8. 
The definition of the DAF of a HST in unsteady winds.
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transient wind events, as illustrated in Figure 9. This method is implemented 
through time-domain simulations of vehicle dynamics subjected to synthetic 
unsteady wind profiles, providing a more robust framework for safety assessment 
and design guidance in crosswind-prone regions.

4. Results and discussion

4.1 A framework to evaluate the crosswind stability of a HST in unsteady 
crosswinds

An elastic scale model of a railway vehicle, developed by Hibino et al. [50], is 
utilized to study the aerodynamic force modeling and dynamic behavior of trains 
exposed to tunnel exit winds. This 1/10-scale model is based on the 103 series 
operated by the former Japanese National Railways, as depicted in Figure 10(a). 
Designed to meet geometric and mechanical similarity laws, the model replicates the 
prototype’s dynamics, with suspension stiffness reduced to 1/100 and component 
mass scaled down to 1/1000. Running tests were conducted using this model.

The experimental setup consists of three distinct sections: acceleration, testing, 
and deceleration (Figure 10(b), front car shown). During the acceleration phase, the 
model vehicle is propelled forward in still air, replicating the motion inside a tunnel. 
Upon entering the test section, it encounters crosswinds generated by a fan-driven 
collector, which gradually exposes the side of the front carriage to a growing airflow 
until it is fully immersed in a uniform wind field, mimicking the sudden exposure to 
crosswinds at tunnel exits. The train velocity in this region is Vtr = 9.8km/h, and the 
crosswind speed is U0 = 8.8m/s also unspecified. The vehicle then enters the 
deceleration zone, where braking simulates re-entry into another tunnel. The 
collector’s 3-meter length exceeds the carriage’s 2-meter length, ensuring full 
crosswind exposure before the model transitions out of the test zone.

Figures 10(c)–(e) present the wind field, aerodynamic forces, and roll angle 
derived from both experiments and the proposed methodology. In the analysis, the 

Figure 9. 
The process of calculating the CWC of a high-speed train in unsteady winds.
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spatial wind field is filtered using the equivalent side force method, and aerodynamic 
loads are computed via quasi-steady assumptions. Multibody simulations are then 
used to evaluate the train’s dynamic response. The strong agreement between 
experimental and numerical results confirms the framework’s accuracy in capturing 
unsteady crosswind effects.

Based on this validated approach, the DAF of the train can be quantified under 
various wind intensities and train configurations. The CWC is subsequently 
determined from the maximum DAF values.

4.2 Crosswind stability of HSTs in tunnel exit winds

The dynamic response of a HST under both tunnel exit winds and steady 
crosswinds is evaluated, focusing on the influence of gust amplitude, gust duration, 
and train speed on the wheel unloading ratio. As shown in Figure 11, the wheel 
unloading ratio generally increases with wind speed, followed by noticeable 
oscillations after reaching peak wind velocity. Figure 11(a) indicates that larger gust 
amplitudes tend to amplify these oscillations, whereas longer gust durations exhibit a 
stabilizing effect. In particular, when the gust duration is 160 m, the increase in the 
wheel unloading ratio becomes gradual with minimal fluctuation, and the results 
under tunnel exit winds and steady winds converge (Figure 11(b)). Figure 11(c)
highlights the role of train speed, revealing that higher speeds intensify the dynamic 
response. This trend aligns with findings by Ishihara et al. [3] in their investigation of 
commuter rail systems under crosswind conditions.

To systematically assess the train’s sensitivity to various parameters, a series of 
simulations covering different gust durations, amplitudes, and speeds were 
conducted, as summarized in Table 1. The results are synthesized in Figure 12, 
where the ratio of wheel unloading under tunnel exit winds to that under steady 
winds is used to derive the DAF. As shown in Figure 12(a), the DAF increases nearly 
linearly as the wind’s passing time decreases. Notably, the DAF becomes significant 

Figure 10. 
Validation of the proposed framework using an elastic train model test in a wind tunnel.
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Figure 11. 
Main parameter effects on wheel unloading ratio of the HST in tunnel exit winds.

Case Ld [m] UMax [m/s] Vtr [km/h]

1 5 15 150 ~300 at intervals of 25

2 5 20 150 ~300 at intervals of 25

3 5 25 150 ~300 at intervals of 25

4 20 15 150 ~300 at intervals of 25

5 20 20 150 ~300 at intervals of 25

6 20 25 150 ~300 at the interval of 25

7 40 15 150 ~300 at intervals of 25

8 40 20 150 ~300 at intervals of 25

9 40 25 150 ~300 at intervals of 25

10 80 15 150 ~300 at intervals of 25

11 80 20 150 ~300 at intervals of 25

12 80 25 150 ~300 at the interval of 25

13 160 15 150 ~300 at intervals of 25

14 160 20 150 ~300 at intervals of 25

15 160 25 150 ~300 at intervals of 25

Table 1. 
Tunnel exit wind parameters. 
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at around 2.5 seconds for the HST. The maximum DAF observed is 
approximately 1.66.

Figure 12(b) presents the CWC for the HST. It is evident that steady 
wind conditions correspond to higher characteristic wind speeds, implying reduced 
dynamic response. In contrast, tunnel exit winds lower the characteristic wind speed 
by about 13 m/s, indicating greater vulnerability to aerodynamic excitation in these 
unsteady conditions, which is consistent with earlier studies [3].

4.3 Crosswind stability of HSTs in tornadic winds

The effects of several critical parameters, namely maximum tangential velocity, 
core radius, and train speed, on the overturning behavior of HSTs in tornado winds are 
illustrated in Figure 13. Solid lines represent results under tornado conditions, while 
dashed lines correspond to steady wind cases, with the steady wind speed matched to 
the peak tangential velocity experienced at the train’s center. Results clearly show that 
the overturning coefficient under tornado winds exceeds that under steady winds, 
primarily due to the sharp gusts characteristic of tornado events. As tangential velocity 
declines, the overturning effect gradually weakens, approaching zero. Among the 
parameters, maximum tangential velocity has the most significant impact. As it 
increases, the difference between tornado and steady wind responses widens.

The core radius also plays a decisive role. With larger core radii, changes in 
tangential velocity become more gradual, reducing the dynamic amplification 
effects. Consequently, the overturning coefficients for tornado and steady winds 
begin to converge. Similarly, train speed strongly influences the response. Lower 
train velocities are associated with reduced overturning coefficients and a smaller 
discrepancy between tornado and steady wind conditions. This is partly due to the 
longer duration of wind exposure at lower speeds, which diminishes the transient 
impact of tornado gusts.

To quantify these transient effects, the DAF is computed using tornado 
parameters, including core radius and peak tangential velocity, as summarized in 
Table 2. Figure 14(a) presents the DAF results derived from the tornadic winds. The 
Burgers-Rott model yields a smoothly increasing DAF that peaks at 1.9 as the wind 
passage time approaches 2.5 seconds.

Figure 12. 
The DAF and CWC of the HST in tunnel exit winds.
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Figure 14(b) shows the CWC for HSTs under tornado winds, along with a 
comparison to steady wind conditions. The results indicate a significantly lower 
CWC under tornado scenarios, implying an increased risk. Even for weak 
tornadoes (e.g., F0 with peak velocities of 17–33 m/s), the characteristic wind 

Case RMax [m] VMax.T [m/s] Vtr [km/h]

1 30 20 150-250 at interval of 25

2 30 30 150-250 at interval of 25

3 40 20 150-250 at interval of 25

4 40 30 150-250 at interval of 25

5 50 20 150-250 at interval of 25

6 50 30 150-250 at interval of 25

7 60 20 150-250 at interval of 25

8 60 30 150-250 at interval of 25

9 120 20 150-250 at interval of 25

10 120 30 150-250 at interval of 25

Table 2. 
Tornado parameters. 

Figure 13. 
Main parameter effects on the wheel unloading ratio of the HST in tornadoes.
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speed drops below 30 m/s, posing a threat to trains traveling above 150 km/h. 
Trendlines fitted to the results reveal a nearly linear relationship between CWC 
and train speed.

5. Countermeasures and design recommendations

5.1 Early warning system

To ensure the safe operation of high-speed rail systems under hazardous wind 
conditions, it is essential to combine advanced structural and aerodynamic designs 
with real-time monitoring and decision-making tools. In response to this need, an 
early warning system has been developed to provide timely alerts and operational 
guidance when crosswind conditions pose a safety risk. This system integrates wind 
speed forecasting with the CWC of HSTs along various railway segments. When 
predicted or observed wind speeds exceed defined safety thresholds, the system 
triggers appropriate measures such as speed restrictions, temporary service 
suspensions, or route changes.

Accurate wind speed forecasting is central to the effectiveness of this warning 
system. To enhance prediction performance, a hybrid approach using variational 
mode decomposition (VMD) and graph neural networks (GNN) is adopted. VMD 
enhances the representation of nonstationary meteorological signals, while GNN 
captures spatial dependencies across meteorological variables. Building on this, a 
novel deep learning framework is proposed that models pairwise relationships 
among atmospheric variables to further improve forecasting accuracy, as shown in 
Figure 15.

In addition to temporal predictions, spatial wind speed forecasting along the 
railway route is also crucial. To achieve this, a spatio-temporal forecasting strategy is 
introduced, combining deep learning and mesoscale meteorological models. As 
illustrated in Figure 16, observed wind data are first processed by the hybrid deep 
learning model to predict wind speed and direction over time. These outputs are then 
used to drive a microscale meteorological model, enabling wind speed estimation at 
any location within the target region.

Figure 14. 
The DAF and CWC of the HST in tornadic winds.
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5.2 Windbreak wall with varying porosities

This study aims to design an effective windbreak configuration to mitigate the 
maximum unsteady crosswind response of HSTs in areas of intensified wind near 
tunnel exits. A simple yet adaptable windbreak wall concept is adopted, allowing for 
future exploration of more complex configurations. The proposed design 
incorporates five segments with varying porosities ranging from 0% to 80%, 
increasing in 20% increments toward the downstream end, as illustrated in Figure  
17. Each segment length (d1–d5) is treated as a design variable, enabling flexible 
configuration of porosity distributions.

To address the pronounced aerodynamic response often observed at the 
downstream end of windbreaks, where gust velocities rise sharply, the effectiveness 
of different porosity layouts is systematically evaluated. Table 3 outlines 17 
windbreak scenarios. Case 1 represents the baseline with a fully solid wall (0% 
porosity). Cases 2 to 5 employ four levels of porosity (0% to 80%) distributed evenly. 
Gradient porosity configurations are tested in Cases 6–9 (0%–60%), 10–13 (0%– 
40%), and 14–17 (0%–20%). Each configuration is assessed under three train speeds: 
150, 200, and 250 km/h.

Figure 15. 
The structures of a novel hybrid deep learning model considering multiple atmospheric variables.
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Figure 18 summarizes the resulting overturning coefficients across all 
scenarios. The data reveal a clear reduction in the maximum unsteady crosswind 
response when variable-porosity windbreaks are used. The greatest 
improvement, up to 25%, is achieved with the full porosity gradient (0%–80%) at 
a train speed of 250 km/h. Reductions of approximately 15%, 10%, and 3% are 
observed for narrower gradients of 0%–60%, 0%–40%, and 0%–20%, 
respectively.

These findings confirm the effectiveness of variable-porosity windbreaks in 
attenuating aerodynamic loads at critical locations along the track. The study 
recommends their application in high-risk areas with strong crosswinds to enhance 
the operational safety of HSTs.

Figure 17. 
A newly designed windbreak wall with variable porosities.

Observation Forecasting
Hybrid model

Temporally forecasted data at 
the observation site

Measured data at 
the observation site

1) Temporal wind speed and wind 
direction forecasting

2) Spatio-temporal wind speed 
forecastingMicroscale meteorological 

model

Spatio-temporal forecasted 
data at any target site

Observation site

Target position

Figure 16. 
The structures of a novel spatio-temporal wind speed forecasting.
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5.3 Doppler radar warning system

In tornado-prone regions, ensuring the safety of railway operations presents a 
critical challenge due to the sudden onset and destructive power of tornadoes. To 
mitigate the risk of tornado-induced accidents, a Doppler radar-based early warning 
system specifically designed for railway applications is proposed. This system 
leverages real-time weather monitoring and predictive decision-making to enhance 
operational safety during extreme convective weather events.

The system consists of three key components: detection, tracking, and response. 
First, tornadoes are detected using high-resolution Doppler radar capable of 
capturing the rotational velocity and core structure of mesocyclones and tornado 
vortices. Once detected, the system continuously tracks the tornado’s movement, 
estimating its trajectory, speed, and potential impact area using advanced radar 
analysis and nowcasting techniques. Finally, based on the predicted path and timing 
of the tornado relative to the railway network, the system initiates real-time 
decision-making protocols. These include issuing alerts to train drivers and 
operators, enforcing speed restrictions, halting train operations, or evacuating 
vulnerable segments if necessary.

This system builds upon operational experiences from the JR East Railway 
Company in Japan, where a similar tornado detection and response mechanism has 
been deployed. By integrating meteorological data with railway network operations, 

d1 

[m] 
P = 0%

d2 

[m] 
P = 20%

d3 

[m] 
P = 40%

d4 

[m] 
P = 60%

d5 

[m] 
P = 80%

Train speed [km/h]

1 300 − − − − 150/200/250

2 300 10 10 10 10 150/200/250

3 300 20 20 20 20 150/200/250

4 300 30 30 30 30 150/200/250

5 300 40 40 40 40 150/200/250

6 300 13.3 13.3 13.3 − 150/200/250

7 300 26.7 26.7 26.7 − 150/200/250

8 300 40 40 40 − 150/200/250

9 300 53.3 53.3 53.3 − 150/200/250

10 300 20 20 − − 150/200/250

11 300 40 40 − − 150/200/250

12 300 60 60 − − 150/200/250

13 300 80 80 − − 150/200/250

14 300 40 − − − 150/200/250

15 300 80 − − − 150/200/250

16 300 120 − − − 150/200/250

17 300 160 − − − 150/200/250

Table 3. 
Windbreak scenarios with different porosities. 
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the system provides a robust defense against severe weather hazards and offers a 
proactive approach to maintaining safety and service reliability during tornado 
events.

6. Conclusions and future work

This study proposes a novel and comprehensive framework for evaluating the 
crosswind stability of HSTs operating under unsteady wind conditions. 
Recognizing the complexity and variability of such winds, particularly those 
occurring at tunnel exits and during tornado events, this framework integrates 
advanced aerodynamic modeling, experimental validation, and tailored 
countermeasure strategies.

Figure 18. 
Comparison of the maximum overturning coefficient of HST model under different windbreak scenarios.
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To accurately quantify the aerodynamic forces acting on HSTs in highly transient 
wind environments, an equivalent side force method was developed and validated 
through wind tunnel experiments. This method allows for a more realistic 
representation of unsteady aerodynamic loads, capturing the dynamic nature of 
winds at tunnel exits and within tornadic vortices. Building on this, two key safety 
evaluation indicators were introduced: the DAF and the CWC. The DAF quantifies 
the magnification of train responses due to dynamic wind loading, while the CWC 
defines the safe operational envelope of the train in terms of allowable wind speeds at 
different running speeds. By incorporating the maximum DAF into the formulation 
of the CWC, this framework provides a more conservative and practical tool for 
assessing the crosswind safety of HSTs in unsteady wind scenarios.

Furthermore, this study identifies and recommends scenario-specific 
countermeasures to mitigate wind-induced risks. For turbulent or gusty winds, a 
real-time early warning system is essential to inform operational decisions and 
reduce accident risk. In tunnel exit zones, windbreak walls with spatially varying 
porosity are shown to be effective in diffusing strong airflow and reducing sudden 
side forces on the train. For tornado-prone regions, the implementation of a Doppler 
radar-based tornado detection and tracking system is critical to enable timely train 
control interventions and minimize exposure to hazardous vortex-induced loads.

This integrated approach not only improves the understanding of train–wind 
interactions in unsteady flow conditions but also provides a practical basis for 
engineering solutions and safety planning. The framework contributes to advancing 
the resilience and operational safety of high-speed rail systems facing increasingly 
severe and unpredictable atmospheric disturbances due to climate change.

In the future, firstly, the reliability and generalization of the framework should be 
further validated under a wider range of operational and environmental conditions. 
This includes considering different train models, track geometries, and wind profiles 
observed in various geographic regions. Incorporating long-term field monitoring 
data and high-fidelity numerical simulations will help to further assess the accuracy 
and consistency of the equivalent side force method and the proposed DAF and CWC 
formulations.

Secondly, additional efforts should be directed toward the development and 
integration of more effective and adaptive countermeasures tailored to different 
unsteady wind scenarios. For instance, the optimization of windbreak wall designs 
for tunnel exit winds, considering dynamic porosity and aerodynamic shaping, 
warrants further investigation. Moreover, the early warning system for gusts and 
turbulent winds could benefit from real-time data assimilation and AI-based 
prediction models. For tornado-prone areas, further development of radar-based 
detection and predictive tracking algorithms, coupled with automated decision- 
support systems, is essential to minimize operational risks.

In future studies, a multihazard safety management system that integrates 
detection, forecasting, response, and control strategies is envisioned to promote the 
safe and resilient operation of high-speed railways under increasingly complex and 
extreme wind environments.
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Chapter 3

Integrated Track Circuit 
Technology Based on 
All-Electronic Interlocking 
Systems in China
Haonan Feng, Yingjie Ji, Zhiguo Liang, Hongli Guo and 
Xiaojiao Ma

Abstract

This chapter presents a pioneering study on the development and implementation 
of integrated track circuit technology within the framework of all-electronic 
interlocking and unified train control systems in China. Addressing the critical issue of 
fragmentation in conventional railway signaling infrastructure, the research proposes 
a cohesive architectural solution that integrates disparate track circuit systems – such 
as the 25 Hz phase-sensitive track circuit for stations and the ZPW-2000 jointless track 
circuit for line sections – into a standardized and interoperable platform. Through 
experimental investigation and laboratory testing, the transmission characteristics of 
the integrated track circuit are evaluated under varying operational conditions, with 
emphasis on the influence of key parameters, including ballast resistance, rail length, 
and receiver type. The study further develops mathematical models to analyze trans
mission loss, impedance matching, and resilience to harmonic interference. Empirical 
results demonstrate that the integration of microelectronic receivers and customized 
impedance-matching components significantly enhances system reliability and anti- 
interference performance. The implementation of a domestically developed safety 
integrity level (SIL 4)-compliant electronic control module with a two-out-of-two 
architecture is also highlighted, marking a critical step toward the full electronization 
of interlocking systems. This work provides both theoretical and practical foundations 
for the design of next-generation integrated track circuits, supporting the ongoing 
digitalization and standardization of railway signaling systems in China.

Keywords: railway signaling systems, all-electronic interlocking, integrated track 
circuit, ZPW-2000, digitalization, standardization

1. Introduction

Track circuits are fundamental components in railway signaling systems, used to
detect the occupancy status of railway tracks and facilitate communication between 
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ground equipment and trains by transmitting movement authority information. 
Based on their application locations, track circuits are categorized into station track 
circuits and section track circuits. Station track circuits are deployed within station 
areas to monitor track occupancy without serving as block sections. Common types 
include 25 Hz phase-sensitive track circuits, JZXC-480 power-frequency AC 
continuous track circuits, 50 Hz phase-sensitive track circuits, high-voltage pulse 
track circuits, and ZPW-2000 integrated station track circuits.

Section track circuits are used in automatic block systems to monitor the 
occupancy of each block section and transmit movement authorities. The 
predominant type is the ZPW-2000 series jointless track circuit. On conventional 
and semi-high-speed railways, ZPW-2000 encoding is typically relay-based, while 
on high-speed lines, it employs communication-based encoding via Traffic Control 
Centers.

Globally, railway signaling systems are evolving toward digitalization and 
integration. Systems such as the European Train Control System (ETCS) and 
Positive Train Control (PTC) in the United States emphasize interoperability 
and continuous communication. China’s approach, particularly through the 
ZPW-2000 series, offers a unique integration of station and section track 
circuits into a cohesive architecture, enhancing operational continuity and 
reliability.

2 Traditional track circuit in railway

2.1 A 25 Hz phase-sensitive track circuit in railway station

China’s electrified railways widely use the 97-type 25 Hz phase-sensitive track 
circuit within stations. This system operates with a continuous 25 Hz AC power 
supply and employs an AC two-element track relay at the receiving end. Developed 
by the China Academy of Railway Sciences (CARS), the system operates as shown 
in Figure 1. A 25 Hz power supply panel provides both track and local power, with 
the local power leading the track power by 90°. The track power is transmitted via 
cables from the equipment room to the track, passing through a series of 
transformers and reactors before returning to energize the track relay. When the 
track is unoccupied, the relay remains energized; when occupied, the relay drops 
due to shunting.

However, the electromechanical relay has a low return coefficient (~50%) and is 
prone to contact jamming, which historically led to safety incidents. It is also 
susceptible to 50 Hz interference from electric locomotives. To address these issues, 
CARS developed the JXW-25B microelectronic receiver, which improves reliability 
and anti-interference performance. The receiver processes signals digitally and 
drives an execution relay based on phase and frequency criteria, as shown in 
Figure 2.

The microelectronic phase-sensitive track circuit receiver comprises four main 
components: an input unit, a computing unit, an output unit, and a power supply. 
The input circuit conditions the local signal via opto-isolation and analog-to- 
digital conversion, then relays it to the computing unit. The computing unit 
carries out digital signal processing, while the output unit drives the track 
execution relay.
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2.2 ZPW-2000 with jointless track circuit in railway section

The ZPW-2000 jointless track circuit used in railway sections may be divided 
into two primary categories: relay-based encoding and communication-based 
encoding. Relay-based encoding is predominantly employed in conventional speed 
lines, where encoding conditions are supplied by relay circuits. In this configuration, 
the transmitter adopts either an N + 1 or a 1 + 1 primary/backup redundancy 
arrangement, while the receiver operates in a 0.5 + 0.5 parallel redundancy mode.

Communication-based encoding, on the contrary, is mainly utilized in passenger- 
dedicated lines and high-speed railways. In this system, encoding conditions are 
provided by the Traffic Control Center through communication interface boards using 
specific communication protocols. The transmitter employs a 1 + 1 primary/backup 
redundancy mode, and the receiver similarly uses a 0.5 + 0.5 parallel redundancy 
setup, while also transmitting track status information via communication links.

Outdoor equipment establishes an electrical insulation joint through the use of 
matching transformers, tuning units, and air-core coils. The structural design of 
the ZPW-2000 jointless track circuit in railway sections includes two main types: 
electrical–electrical insulation and electrical–mechanical insulation, as illustrated in 
Figures 3 and 4.

Figure 1. 
Schematic diagram of a 25 Hz phase-sensitive track circuit.
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3. Innovation on track circuits in China

3.1 integrated track circuit in railway station

To overcome the limitations associated with traditional track circuits, an 
integrated approach has been developed. To enable trains to continuously receive 
train operation control information from the ground, newly constructed lines, as 
well as some retrofitted existing lines, have adopted ZPW-2000 track circuits, 
including within station areas – a solution referred to as the integrated track circuit 
system. However, when the ZPW-2000 track circuit is deployed in station areas, the 
specific operational characteristics of station tracks necessitate that the tuning zone 

Figure 2. 
JXW-25B microelectronic phase-sensitive track circuit principle.
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be adapted to a mechanical insulation joint-based configuration. Mechanical 
insulation joints are available in four models: 1700, 2000, 2300, and 2600. Each 
mechanical insulation joint comprises a mechanical insulation joint air-core coil 
(SVA) connected in parallel with a corresponding tuning unit. Critically, the tuning 
unit must be selected such that it exhibits zero impedance at the signal carrier 

Figure 3. 
Structure of the ZPW-2000 jointless track circuit with electrical–electrical insulation joints in railway sections.
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frequency of the home section track circuit, thereby establishing a reliable 
transmission channel for the signals of that section.

To ensure that the ZPW-2000 integrated station track circuit achieves a transmission 
length comparable to that of the jointless ZPW-2000 track circuit used in line sections, 

Figure 4. 
Structure of the ZPW-2000 jointless track circuit with electrical–mechanical insulation joints in the railway.
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the impedance value of the SVA is specifically designed based on the composite 
impedance of the 29-m tuning zone across each of the four carrier frequencies. The 
matching transformers used in stations differ from those employed in line sections 
primarily in their matching ratios. Furthermore, a choke transformer equipped with an 
adapter is utilized between adjacent track sections within the station track circuit. This 
arrangement provides a dedicated path for traction return current and helps mitigate 
interference caused by unbalanced traction currents, thereby enhancing the overall anti- 
interference capability of the track circuit. As indicated in Figures 3 and 4, the 
transmission cable length in existing jointless ZPW-2000 track circuits is typically 10  
km, whereas in passenger-dedicated lines, this is reduced to 7.5 km.

Currently, high-speed railway lines utilize the same type of track circuit across both 
stations and sections, known as the ZPW-2000 integrated track circuit. The basic 
structure of the ZPW-2000 integrated track circuit used in stations is largely similar to 
that of the jointless ZPW-2000 track circuit deployed in line sections. Key differences 
include the use of mechanical insulation joints in the station configuration, the parallel 
connection of non-energized branches in turnout areas via turnout jumpers, and 
minor variations in the models of matching transformers. The indoor equipment, 
however, remains completely identical between the two applications.

3.2 Track circuit electronic control module

All-electronic interlocking systems offer advantages such as highly integrated 
electronics, simplified system architecture, high intelligence, robust functionality, 
flexible configuration, and extensive control coverage. These systems represent 
a growing trend in rail transit signaling systems worldwide [1]. In conventional 
computer-based interlocking systems, the execution layer that interfaces with 
trackside equipment typically employs safety relays and associated relay circuits. 
These are now being replaced by intelligent electronic execution units, which take 
over the functions of digital acquisition, drive execution circuits, and safety relay 
interfaces. Such units enable direct control of trackside devices – including switch 
machines and signal lights – thereby supporting interface expansion and facilitating 
the full electronization of interlocking systems [2].

While all-electronic interlocking systems have been widely implemented 
internationally, their adoption in China faces specific challenges [3]. Significant 
differences in the electrical characteristics of domestic signaling equipment, along 
with unique operational requirements, hinder the direct integration of foreign 
systems into China’s rail transit control infrastructure [4]. As a result, there is 
a pressing need for independent development of all-electronic interlocking systems 
tailored to local conditions. Domestic signaling suppliers, including research 
institutions such as Lanzhou Jiaotong University, have developed computer-based 
interlocking electronic execution modules [5]. Although these systems are capable of 
communicating with computer-based interlocking platforms, their deployment 
within China’s railways remains limited thus far [6].

Track circuits are essential signaling components in railways, but their reliance on 
complex relay circuits often leads to intricate wiring, elevated failure rates, and 
limited anti-interference performance [7]. Current domestic efforts to enhance track 
circuit performance still prioritize improving the anti-interference capabilities of 
receiving equipment. Nevertheless, the continued use of relay-based interfaces 
hinders the evolution of interlocking systems toward communication-based railway 
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signaling architectures and is incompatible with the development of intelligent 
interlocking systems. Electronic control modules present a viable solution to these 
limitations. To enable real-time and secure acquisition of track circuit parameters 
and accurate determination of track section status (occupied or clear), these modules 
must demonstrate high levels of reliability and safety [8].

The independently developed electronic control unit for track circuits employs 
a two-out-of-two (2oo2) architecture. Following extensive testing and validation, it 
has been integrated into domestically produced all-electronic interlocking systems 
and successfully deployed in several rail transit projects across China, confirming 
both the reliability and practicality of the electronic control module.

The track circuit electronic control module comprises several key components: 
primary and backup track front-end boards, track rear-end boards, a universal 
motherboard, and an isolation matching unit. The track front-end board processes 
both track and local signals, determines track occupancy status, and communicates 
with the object controller to exchange information with the interlocking logic 
section. Upon receiving a section call command from the logic section, it returns the 
current section status. The universal motherboard reads address jumper settings to 
assign a unique identifier to each electronic control module. The isolation matching 
unit introduces the track signal and ensures dual-channel isolation and impedance 
matching. The track rear-end board receives the isolated and matched track signals 
from the isolation matching unit, along with local signal inputs, and interfaces with 
both the primary and backup front-end boards. A structural diagram of the track 
circuit electronic control module is provided in Figure 5.

The software for the track circuit electronic control module is designed in 
accordance with the EN 50129 standard. From the perspective of functional 
requirements and software architecture, the application software for the 25 Hz track 

Figure 5. 
Structural diagram of the track circuit electronic control module.
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circuit subsystem is divided into four modules: the application program, 
communication control, initialization, and driver components. Each of these is 
further implemented through multiple submodules. The software incorporates 
methods and technologies such as fault detection and diagnosis, error detection 
codes, fully defined interfaces, and structured design approaches to satisfy the SIL 4 
(safety integrity level) design requirements.

In the design of the track circuit electronic control module, the FN2 model was 
adopted for reliability analysis and development. This model references the MIL- 
HDBK-217 standard, published by the Reliability Analysis Center of the U.S. 
Department of Defense. The reliability calculation accounts for influencing factors, 
including product design characteristics, environmental and operational load effects, 
definitions of product failure, and random variables. It provides a comprehensive 
reliability prediction based on a physics-of-failure reliability model.

Reliability analysis was performed based on the structural diagram of the track 
circuit electronic control module (see Figure 5) and the reliability parameters of its 
components (see Table 1). The model assumed an indoor operating environment, 
a 100% system duty cycle, and an operating temperature of 40°C. The calculated 
failure rate of the electronic control module is λ = 0.578249 × 10−6/h, with a mean time 
between failures (MTBF) of 1,729,659 hours, meeting the SIL 4 design requirements.

4 Interference analysis of the track circuit

The ZPW-2000 jointless track circuit is widely adopted due to its strong 
immunity to interference, broad applicability, and ability to ensure stable train 
operation. As a critical component of the train control system, interference issues in 
adjacent sections of the track circuit occasionally occur. Thus, understanding 
interference is critical for the reliable operation of integrated track circuits [9].

4.1 Analysis of interference from the adjacent section

Adjacent section interference occurs when a train is operating within a given 
track circuit section, and signals from an adjacent track circuit cross the electrical 
insulation joint, interfering with the signals received by the train in the current 
section. If the amplitude of the interfering signal reaches the reception threshold of 
the onboard equipment, the device may simultaneously receive two different signal 
frequencies. This can compromise the accuracy of signal demodulation and 
potentially lead to dangerous malfunctions, thereby posing significant safety risks.

Name Quantity Failure rate(10−6/h) MTBF (h)

Power board 1 0.071102 14,064,320

Rear-end board 1 0.130837 76,43,098

Isolation and matching unit 1 0.310064 3,225,143

Front-end board 2 6.579121 151,996

Backplane 1 0.138317 7,229,786

Table 1. 
Reliability parameters of components for the track circuit electronic control module. 
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The causes of adjacent section interference are diverse and can generally be 
classified into two categories. The first category pertains to non-standard construction 
practices and equipment quality issues. These may include discrepancies in the 
calibration and adjustment of track circuits relative to specifications, problems with 
cable quality or improper installation, and excessive zero-impedance values. Such 
issues can be prevented through rigorous inspection during the construction phase. 
The second category involves failures that develop during the long-term operation of 
the equipment, such as faults within the tuning zone.

The ZPW-2000 jointless track circuit comprises two main parts: the main track 
circuit and the sub-track circuit within the tuning zone. The sub-track circuit is 
responsible for providing signal isolation between adjacent track circuits. However, 
faults in the tuning zone can compromise this isolation, leading to interference 
between adjacent sections and impairing the safety and efficiency of train 
operations. Therefore, research on adjacent section interference is of considerable 
importance. The underlying principle of this interference is illustrated in Figure 6.

During train operation, the train control receiver (TCR) equipment cannot 
selectively identify the exact carrier frequency of the current track circuit section. 
Instead, depending on the direction of travel, it receives all possible frequency 
signals associated with that direction. If a fault exists in the tuning zone, signals from 
an adjacent track circuit (e.g., Track Circuit 3) may leak across the tuning zone into 
Track Circuit 1. When the amplitude of this interfering signal surpasses a certain 
threshold, it adversely affects the normal operation of the TCR equipment.

4.2 Analysis of interference from adjacent lines

The ZPW-2000 track circuit adjacent-line interference occurs in multi-track 
parallel sections when the receiver of the local track circuit – or the onboard 
equipment of a train on the local line – receives interfering signals from an adjacent 
track circuit operating in the same direction. In the subsequent analysis, the affected 

Figure 6. 
ZPW-2000 track circuit interference schematic diagram.
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line is termed the disturbed circuit, and the adjacent line is referred to as the disturbing 
circuit. The mechanism of adjacent-line interference is illustrated in Figure 6.

As shown in Figure 6, assume Track Circuit 5 is in the adjusted state, while Track 
Circuit 1 is in the shunted state. If adjacent-line interference from Track Circuit 5 
affects Track Circuit 1, two potential consequences may arise:

(1) The onboard equipment may receive signals from Track Circuit 1 alongside 
interference from Track Circuit 5. If the amplitude of the interfering signal 
exceeds a certain threshold, the cab signaling equipment may generate 
incorrect movement authorities, ultimately reducing operational efficiency 
and potentially leading to accidents.

(2) A relatively high-amplitude signal current from the disturbing circuit may 
flow into Receiver 1 of Track Circuit 1 (which is in the shunted state), 
implying an insufficient shunting effect from the train wheelsets. As a result, 
the track relay of Track Circuit 1 may erroneously pick up, causing Signal 
Light 1 to change from red to green. A following train may then misinterpret 
Track Circuit 1 as unoccupied and enter the section, creating a risk of collision 
or other serious safety incidents.

The primary causes of adjacent-line interference include crosstalk between 
transmission cables and coupling interference. Coupling interference comprises 
inductive coupling between rails, capacitive coupling, leakage conduction through 
ballast resistance, and electromagnetic field coupling. Since ZPW-2000 track circuits 
generally use SPT digital cables for signal transmission, cable crosstalk can largely be 
avoided through strict adherence to application specifications. Therefore, coupling 
interference remains the predominant factor contributing to adjacent-line interference.

5 Performance analysis of the track circuit

5.1 Simulation environment of 25 Hz phase-sensitive rail circuit

To investigate the transmission characteristics of existing 25 Hz phase-sensitive 
track circuit equipment, an experimental setup was constructed to simulate a 25 Hz 
track circuit. The configuration includes a 25 Hz power supply, simulated 
transmission-end transformer units, impedance bonds, rail simulation units, 
simulated reception-end transformer units, binary two-position relays, 
microelectronic receivers, and other associated components. The overall structure of 
the test setup is depicted in Figure 7.

To facilitate debugging and testing, the majority of the equipment components are 
integrated into a standard equipment rack, as illustrated in Figure 8. Both the relay 
receivers and microelectronic receivers utilize a shared signal transmission path, with 
the option to switch between them via terminals located at the rear of the rack.

5.2 Simulation environment of ZPW-2000 rail circuit

To investigate the transmission characteristics of existing ZPW-2000 track 
circuit equipment, an experimental test platform was constructed. The setup 
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comprises two frequency-shift cabinets, two interface cabinets, outdoor equipment, 
and rail simulation units emulating four line sections, as well as corresponding 
outdoor equipment and rail simulation units for one station section. A photograph of 
the actual test environment is provided in Figure 9.

5.3 Mathematical model on track circuit

A simplified diagram of the track circuit structure is provided in Figure 10. This 
chapter addresses the modeling principles and simulation methods for the track four- 
terminal network, analyzes its various operating states, and finally presents 
a modular simulation process for the network [10].

Figure 7. 
Structure of the 25 Hz track circuit test platform.
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The two rails situated between the transmitting-end and receiving-end electrical 
insulation joints function as conductors, carrying the output Frequency Shift Keying 
(FSK) signal from the transmitter to the input of the receiver, thereby forming 
a track four-terminal network for signal transmission. Due to the inherent resistance 
and parasitic inductance of the rails, as well as the leakage resistance and parasitic 
capacitance (leakage capacitance) between them, the audio FSK signal undergoes 
attenuation during transmission. Environmental factors such as temperature and 
humidity – which affect the ballast and sleeper conditions – can cause significant 
variations in leakage resistance and capacitance, thereby influencing the extent of 
signal attenuation. It is, therefore, essential to study the impedance characteristics, 

Figure 8. 
A 25 Hz track circuit test bench cabinet.
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voltage and current distributions along the track four-terminal network, and the 
factors that influence them.

The track four-terminal network operates in three primary states: adjusted, 
shunted, and broken rail. The adjusted state corresponds to an unoccupied 
track section with no train present. When a train is passing over the section, the 
network enters the shunted state, which alters the network’s structure and 
modifies the voltage and current distribution along the line, as well as the 
signal attenuation characteristics. A broken rail represents a fault condition 
in which the rail is physically fractured. This section focuses on the 
mathematical modeling and simulation of the track four-terminal network in 
both the adjusted and shunted states, including both single and double shunting 
scenarios.

The track circuit continuously provides vital information such as section 
occupancy, broken rail detection, train positioning, and movement authorities to the 
zone control center and onboard ATP systems. Essentially, it acts as an electrical 
pathway – comprising two parallel conductors – for transmitting voltage and current 
signals. The physical process of signal propagation along this path can be analyzed 
either from an electromagnetic field perspective or a circuit theory perspective. 

Figure 9. 
Physical photo of the ZPW-2000 track circuit test environment.

Figure 10. 
Track circuit structure diagram.

Innovations in High-Speed Railway Engineering – Aerodynamics, Infrastructure Resilience, and 
Sustainable Mobility

1448



Given the fewer variables and simpler relational expressions involved, the circuit 
method is generally preferred. By exploiting the correspondence between 
electromagnetic fields and circuits under sinusoidal steady-state conditions, the field 
problem can be transformed into an equivalent circuit problem, simplifying analysis 
and improving intuitive understanding.

To analyze voltage and current transmission using circuit theory, the 
transmission line must be treated as a distributed parameter circuit. In such 
circuits, voltage and current are functions of both time and spatial position, 
meaning the analysis must account for their variation along the length of the line. 
Since real-world conductors and insulation are non-ideal, the model must include 
distributed resistance R (representing transverse power loss) and conductance 
G (representing longitudinal leakage), as well as capacitance C and inductance 
L arising from the electric and magnetic fields between the rails. For long 
transmission lines, such as those in track circuits, the finite propagation time of 
electromagnetic waves cannot be neglected. Thus, using the lumped parameter 
approximation, the line is divided into differential segments of length dx. Within 
each segment, the parameters R, L, C, and G are considered lumped, and 
voltage and current are treated as functions of time only. The complete 
transmission line is then modeled as an infinite series of these discrete segments. 
Given a sinusoidal excitation source, the resulting voltage and current responses 
will also be sinusoidal at the same frequency.

The track circuit is a uniformly distributed parameter circuit. The rail 
resistance R, inductance L, inter-rail leakage capacitance C, and leakage 
conductance G are uniformly distributed along the line and are typically 
expressed per unit length (per kilometer). Moreover, since the two rails maintain 
consistent geometry, relative positioning, and surrounding medium throughout 
their length, the track four-terminal network can be accurately analyzed using 
uniform transmission line theory. In practical track circuits, transient signal 
components decay rapidly, allowing the analysis to focus solely on the steady- 
state solution. Under sinusoidal steady-state conditions, the second-order partial 
differential equations describing the transmission line can be reduced to first- 
order differential equations.

The equivalent circuit of the track four-terminal network is illustrated in 
Figure 10. According to uniform transmission line theory, the entire network can be 
modeled as an infinite series of differential segments. The parameters for 
a differential segment of length dx are defined as follows [11]:

Z = Rg + jωLg (1)

G = 1=Ro + jωCo (2)

where Rg is the rail resistance per unit length; Ro is the rail leakage resistance per 
unit length; Lg is the rail inductor per unit length; Co is the rail leakage capacitance 
per unit length. ω = 2πf , where f is the frequency at which signals are transmitted on 
the rail.

According to Kirchhoff’s laws, the voltage–current relationship across any 
differential segment dx can be described by the following system of differential 
equations and their analytical solutions:
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where
U is the voltage distribution along the track four-terminal network, I is the 

current distribution along the track four-terminal network, U0 is the voltage across 
the equivalent load of the track four-terminal network, I0 is the current through the 
equivalent load of the track four-terminal network, and x is the distance from any 
point along the track four-terminal network to the receiving end.

5.3.1 Adjusted state

The output voltage signal from the transmitting-end electrical insulation joint is 
transmitted through the rails and applied to the receiving-end electrical insulation 
joint. It is generally assumed that the input voltage and load resistance of the track 
four-terminal network are known, as solving circuit problems typically begins with 
these given variables to derive other responses. Based on this, the voltage, current, 
and input impedance at any point along the track four-terminal network can be 
calculated. The equivalent circuit is shown in Figure 11.

Assuming the length of the track circuit is L and the distance from any point along 
the rail surface to the end of the track is denoted as x.

When x = L, Uini = UL , and U0
I0

= Rend, we can get

U0 =
Uini

1
2 A1 + 1

2

ffiffiffi
Z
G

q
Bl

Rend

(5)

By applying the aforementioned formulae, the voltage and current distribution 
along the track, as well as the input resistance from any point on the track to the 
receiving end, can be derived:

Figure 11. 
Equivalent circuit of the track four-terminal network in an adjusted state.
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Al , Bl are A, B values at x = L;
x is the distance from any point along the track to the receiving end; L is the 

length of the track four-terminal network; Ux is the voltage at x meters from the 
receiving end; Ix is the current at x meters from the receiving end; and Rinx is the 
input impedance of the track four-terminal network at x meters from the 
receiving end.

5.3.2 Shunted state

Under shunted conditions, the shunting resistance is composed of the train axle 
resistance, wheel resistance, and the contact resistance between the wheels and the 
rails. Its value typically ranges from 0.04 to 0.15 ohms. Since the shunting resistance 
is significantly smaller than the impedance of the subsequent track four-terminal 
network, it is assumed that, at the shunting point, the input impedance of the track 
four-terminal network equals the shunting resistance, as illustrated in Figure 12.

Let the distance from the shunting point to the receiving end be L2, and the 
shunting resistance be Rf . By applying the aforementioned formulae, the voltage 
distribution, current distribution, and input impedance along the track between the 
transmitting end and the shunting point can be derived:

Figure 12. 
Equivalent circuit of the track four-terminal network under single-shunted condition.
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The voltage across the terminals of the divider resistor is

Uf =
2Rf
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where
AL1 and BL1 are the corresponding values of A and B when x = L1 = L – L2.
The distribution of voltage, current, and input impedance along the track 

between the junction point and the receiving end can be derived as:
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All these electrical quantities are complex numbers, and the formulae employ 
complex number operations. The resistance value from the shunting point to the 
receiving end decreases as L2 decreases, and may become comparable to Rf . It is also 
necessary to discuss the voltage and current distribution on the segment from the 
shunting point L2 to the receiving end. When L2 is relatively large, the current on this 
segment is very small.

5.4 Simulation

Using the mathematical model described in Section 5.3, we simulated the track 
circuit under different conditions. The simulation parameters for the track circuit are 
shown in Table 2 [12].
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According to the simulation parameters in Table 2 above, the simulation results 
are shown in Figures 13 to 15.

As demonstrated by the smulation results in Figures 13–15, the impedance of 
the track four-terminal network increases at higher carrier signal frequencies, 
resulting in increased signal attenuation along the rails for a constant input 
voltage. Both voltage and current decrease steadily from the transmitting end to 
the receiving end. The shape of these attenuation curves is influenced by ballast 
bed conditions: under high ballast bed resistance, low rail leakage results in an 

Figure 13. 
Voltage distribution along the track circuit in an adjusted state.

Physical quantity parameter Value

Input voltage (V) 7.47

Rail resistance (Ω/km) 6.5

Rail inductance (H/km) 1.35 × 10−3

Physical quantity parameter (Ω/km) 1.5

Rail leakage capacitance (F/km) 1.2 × 10−6

Rail length (km) 1

Carrier frequency (kHz) 1.7

Load impedance at the four ends of the track network (Ω) 2.7

Distance from the junction point to the receiving end (km) 0.1

Divergence resistor (Ω) 0.15

Table 2. 
Simulation parameters table. 
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approximately linear decline dominated by rail impedance, while under low 
ballast bed resistance, greater leakage current introduces curvature into the 
attenuation profile. The ratio of the receiving-end voltage to the transmitting-end 

Figure 14. 
Current distribution along the track circuit in an adjusted state.

Figure 15. 
Impedance distribution along the track circuit in an adjusted state.
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voltage is measured at 0.05. Additionally, the voltage attenuation rate increases 
with longer track lengths and is further influenced by ballast bed parameters – 
specifically, lower rail leakage capacitance leads to higher leakage currents and 
greater attenuation, which can be compensated by adding external capacitance 
between the rails.

As shown in the simulation results in Figures 16–18, the voltage along the 
four-terminal network exhibits a rapid drop from the transmitting end to the 
shunting point. This is due to the large shunting current, which results in 
a substantially higher voltage drop across the rail compared to that caused by 
leakage current, leading to an approximately linear decrease. Beyond the 
shunting point toward the receiving end, the voltage continues to diminish 
following the same attenuation pattern observed in the adjusted state, albeit from 
an already reduced level. The voltage ratios are measured at 0.09 from the 
transmitting end to the shunting point and 0.06 from the shunting point to the 
receiving end, resulting in an overall end-to-end ratio of 0.005. This indicates 
a tenfold increase in attenuation compared to the adjusted state. The significantly 
higher voltage attenuation ratio during shunting produces a very low output 
voltage, enabling the receiver to reliably detect track occupancy. Meanwhile, the 
relatively large shunting current passing through the wheelsets can be readily 
detected by onboard equipment. Furthermore, the magnitude of the shunting 
current is influenced by the location of the shunting point, decreasing as the point 
moves closer to the receiving end.

Figure 16. 
Voltage distribution along the track circuit under shunted state.
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Figure 18. 
Impedance distribution along the track circuit under shunted state.

Figure 17. 
Current distribution along the track circuit under shunted state.
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6 Conclusion

This study provides a comprehensive investigation into the integration of track 
circuit technology within China’s all-electronic interlocking framework, proposing 
a unified solution to address the historical fragmentation between traditional 
station-based systems (e.g., 25 Hz phase-sensitive) and section-based systems 
(e.g., ZPW-2000). The research outlines the limitations of electromechanical relays in 
conventional 25 Hz track circuits, including low return coefficients and susceptibility 
to 50 Hz interference, and demonstrates how microelectronic receivers (such as the 
JXW25) substantially improve reliability and anti-interference performance. A key 
innovation presented is the implementation of the ZPW-2000 track circuit within 
station areas, forming an integrated architecture that employs mechanical insulation 
joints and customized impedance-matching equipment to support continuous train– 
ground information transmission – a critical requirement for advanced train control 
systems.

Furthermore, the development of a domestically produced, SIL 4-compliant 
electronic control module with a 2oo2 architecture is described, representing 
a major advancement in replacing traditional relay-based interfaces and 
promoting the transition to fully electronic, intelligent interlocking systems. The 
study also examines mechanisms of adjacent-section and adjacent-line 
interference, emphasizing the importance of maintenance practices and 
understanding coupling effects to ensure operational safety. Through 
mathematical modeling and empirical simulations, the transmission 
characteristics are quantitatively analyzed, confirming that signal attenuation is 
influenced by carrier frequency, ballast resistance, and rail length. The circuit’s 
performance is further validated by a significant voltage attenuation ratio under 
shunted conditions. In summary, this integrated technological approach 
establishes a robust, standardized, and highly reliable foundation for the future of 
digitalized railway signaling in China.
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Chapter 4

A Review of Sustainable Location– 
Allocation Models for City 
Logistics Using High-Speed Rail: 
Case Study of the Ottawa–Quebec 
Corridor and Greater Montreal 
Area
Yong Lin Ren and Anjali Awasthi

Abstract

This review examines sustainable location–allocation models for city logistics 
leveraging high-speed rail (HSR), with a case focus on the Ottawa–Quebec corridor 
and Greater Montreal Area (GMA). We address three research questions: How do 
metaheuristics and Graph Neural Network (GNN-RL) optimize HSR-based logistics 
hubs? What are the comparative strengths of p-median, hub-and-spoke, and max
imal coverage models in mid-density corridors? How can insights from global HSR 
logistics networks inform North American planning? A systematic bibliometric 
analysis (2014–2024) of Scopus and Web of Science datasets, processed via 
VOSviewer, identifies trends in algorithmic applications (e.g., genetic algorithms, 
neural networks). Case studies from China, Japan, and the EU are contrasted with 
GMA’s nascent HSR logistics potential. Findings highlight trade-offs between com
putational efficiency and solution robustness, offering policy recommendations for 
sustainable freight integration.

Keywords: HSR, city logistics, location–allocation, neural networks, GMA

1. Introduction

In the contemporary era of rapid urbanization and evolving transportation
landscapes, high-speed rails (HSRs) have emerged as a transformative force in city 
logistics. This review centers on sustainable location–allocation modeling for city 
logistics facilitated by HSR, a multifaceted area of study that encompasses three core 
subproblems: the location problem, the allocation problem, and the mathematical 
modeling problem. The exponential growth of the HSR system in recent years has 
redefined the boundaries of traditional transport and logistics. It has not only 
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revolutionized the way people travel but also reshaped multimodal transportation 
strategies, opening up new avenues for efficient goods transportation within and 
between cities. This transformation has captivated the attention of numerous 
researchers, leading to a surge of studies in the field of HSR-based city logistics 
location–allocation.

The location problem lies at the heart of optimizing HSR-based city logistics 
networks. It involves determining the most suitable sites for hub centers, which act 
as crucial nodes in the distribution process. These hubs are not just simple transfer 
points; their location has far-reaching implications. It affects the volume of goods 
that can be efficiently distributed, the time taken for auxiliary transportation to 
reach end users, and the overall loading capacity of the HSR. For example, a well- 
placed hub can reduce delivery times, lower transportation costs, and enhance the 
overall efficiency of the logistics system. Conversely, a poorly located hub may lead 
to bottlenecks, increased costs, and inefficiencies in the supply chain.

The allocation problem, on the other hand, is concerned with the optimal 
distribution of goods from the hub centers to their final destinations, whether they 
are individual customers or groups. This requires making informed decisions about 
which goods to allocate, in what quantities, and through which routes. Factors such 
as delivery time, cost, customer demand, and the capacity of the transportation 
network all come into play. An effective allocation strategy can ensure that goods 
reach their destinations promptly while also minimizing costs and maximizing 
customer satisfaction.

Both the location and allocation problems necessitate the use of mathematical 
modeling. Mathematical models serve as powerful tools to represent the complexity 
of the location–allocation problem accurately. They construct objective functions 
that can generate optimal or near-optimal solutions. In this review, we will explore 
a variety of metaheuristic algorithms proposed by researchers. Metaheuristics, such 
as the genetic algorithm (GA), ant colony optimization (ACO), and Tabu Search, 
have shown great promise in solving complex optimization problems in logistics. 
GA, inspired by the principles of natural evolution, can quickly search for optimal 
solutions under suitable conditions. ACO, inspired by the behavior of ants, is highly 
effective in vehicle routing problems within advanced location–allocation systems. 
Tabu Search, with its ability to avoid revisiting unproductive solutions, helps in 
finding better solutions in a shorter time.

In addition to metaheuristics, we will also delve into the role of artificial 
intelligence (AI) and machine learning techniques. Linear regression (LR), neural 
algorithm (NA), TreeNet algorithms (TAs), and neural networks (NNs) are among 
the AI methods that have been applied to address the location–allocation problems in 
HSR-based city logistics. These AI techniques can analyze large volumes of data, 
identify patterns, and make accurate predictions, enabling more intelligent decision- 
making in logistics operations. Evaluating the sustainable location–allocation for city 
logistics using HSR is also a critical aspect of this review. We will discuss various 
evaluation approaches, including multi-objective optimization, partial derivative 
methods, and potentially mixed methods. These evaluation methods help in 
assessing the effectiveness, efficiency, and sustainability of different location– 
allocation strategies.

A systematic literature review was conducted using Scopus and Web of Science to 
identify trends in HSR-based city logistics, with a focus on metaheuristics and AI 
applications. By studying the research findings of previous scholars, we aim to 
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synthesize the existing knowledge, identify research gaps, and provide valuable 
insights into the future direction of sustainable location–allocation for HSR-based 
city logistics. Additionally, this review will specifically focus on the Greater Montreal 
Area (GMA), exploring the unique challenges and opportunities it presents in the 
context of HSR-based city logistics location–allocation. While research in this region 
remains limited compared to countries such as China and Japan, there is growing 
interest in leveraging HSR infrastructure to support sustainable freight movement in 
mid-sized metropolitan areas.

The Ottawa–Quebec City corridor offers a strategic setting for studying 
HSR-based logistics due to its dense urban centers, intermediate cities, and existing 
intercity rail infrastructure. Insights drawn from this case study will be framed 
as transferable best practices applicable to other North American corridors facing 
similar logistical and environmental challenges. By integrating data-driven 
forecasting, algorithmic optimization, and policy analysis, this review contributes 
to advancing the understanding of how HSR can be effectively integrated into 
sustainable city logistics planning. It aims to inform both academic discourse and 
the practical implementation of HSR-based freight systems in emerging urban 
contexts.

In the era of rapid urbanization and climate-conscious transportation planning, 
HSR has emerged as a transformative solution for sustainable city logistics. This 
review investigates the application of location–allocation models to optimize HSR- 
based freight networks, with a focus on the Ottawa–Quebec corridor and the GMA. 
These regions were selected due to their (a) intermediate city density, (b) existing 
rail infrastructure, and (c) alignment with Canada’s 2030 HSR feasibility goals. 
Unlike high-density Asian corridors (e.g., Beijing–Shanghai or Tokyo–Osaka), this 
region exemplifies the challenges of scaling HSR logistics for mid-sized markets, 
where freight demand is dispersed and infrastructure integration requires careful 
planning.

1.1 The role of HSR in city logistics

HSR systems, traditionally designed for passenger transport, are increasingly 
being repurposed for freight to reduce road congestion and carbon emissions. In 
Europe and Asia, dedicated HSR freight services (e.g., France’s TGV Fret and China’s 
CRH Express) demonstrate the viability of rail-based urban logistics. However, 
North America lags behind, with limited studies on HSR’s potential for freight in 
mid-density corridors. The Ottawa–Quebec corridor – an 800 km stretch connecting 
major economic hubs – presents a unique opportunity to address this gap. With 
Canada’s federal government evaluating HSR feasibility under the 2030 
Transportation Green Plan, optimizing logistics networks alongside passenger 
services is critical.

Sustainable location–allocation for HSR-based city logistics involves three 
interdependent challenges:

1. Location problem (LP): Identifying optimal hub locations (e.g., intermodal 
terminals) to minimize transit times and maximize coverage.

2. Allocation problem (AP): Distributing goods efficiently from hubs to last-mile 
destinations under capacity constraints.
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3. Modeling problem: Selecting algorithms that balance computational efficiency 
with real-world applicability.

To address these, we formulate three research questions:

● RQ1: How do metaheuristics (e.g., GAs, ACO) compare in solving HSR hub 
location problems (HLPs)?

● RQ2: What allocation strategies (e.g., hub-and-spoke, p-median) best suit mid- 
density corridors like the GMA?

● RQ3: Can AI-driven models (e.g., NNs) enhance decision-making for stochastic 
freight demand?

1.2 Methodological approach

This review combines the following:

● Bibliometric analysis: A systematic review of 2,639 Scopus/WoS publications 
(2014–2024) using VOSviewer to map keyword cooccurrence (e.g., “HSR,” 
“location allocation,” “city logistics”).

● Case study synthesis: Lessons from China (over 60,000 km HSR network) and 
Japan (dedicated overnight freight Shinkansen) are contrasted with the 
GMA’s nascent projects, such as the proposed Toronto–Quebec HSR.

● Algorithm benchmarking: Computational trade-offs (e.g., solution quality vs. 
runtime) are evaluated for p-median, maximal coverage, and stochastic models.

Why the Ottawa–Quebec corridor and GMA?
The selection of these regions is strategic:

1. Intermediate density: Cities such as Ottawa, Montreal, and Quebec have 
populations of 1–4 million – sufficient for freight demand but lacking the scale 
of megacities. This tests HSR’s viability in “second-tier” markets.

2. Existing infrastructure: Via rail’s corridor services and Montreal’s intermodal 
hubs (e.g., Dorval Logistics Park) provide a foundation for integration.

3. Policy alignment: Quebec’s 2030 Sustainable Mobility Plan prioritizes rail 
decarbonization, while the Boston-Montreal HSR (BMHSR) Feasibility Study 
(Parsons and Douglas, 2003) identifies freight synergies.

Unlike China’s centralized planning, North American logistics face fragmented 
governance and reliance on trucks. For example, Montreal’s port handles 2.5 million 
TEUs annually, yet 70% of freight moves by road. HSR could alleviate this if hubs are 
optimally placed – a challenge this review addresses, as the distribution of those cities 
as shown in Figure 1 along the Ottawa–Quebec City corridor highlights. To make 
intermodal logistics using HSR viable, its urban–suburban specialty must be 
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considered, along with factors such as winter weather, wetlands, and protected 
areas.

1.3 Contribution to literature

Prior studies focus on high-density Asian/European networks, neglecting mid- 
density adaptations. By analyzing the Ottawa–Quebec corridor, we:

● Propose transferable models for regions with dispersed demand;

● Highlight policy barriers (e.g., shared passenger-freight tracks); and

● Benchmark algorithm performance using real-world constraints (e.g., winter 
weather disruptions).

1.4 Structure of the review

Section 2 details the methodology, including bibliometric protocols. Section 3
evaluates metaheuristics and AI for location–allocation. Section 4 synthesizes global 
case studies, while Section 5 focuses on GMA-specific insights. The conclusion 
outlines recommendations for practitioners. This review aims to bridge the gap 
between theoretical models and practical HSR logistics deployment, offering 
a roadmap for sustainable freight in mid-sized corridors.

2. Research methodology and study conducted on sustainable location– 
allocation problems for city logistics using HSR

This systematic review was conducted following the PRISMA (shown in 
Figure 2) guidelines to ensure a comprehensive and transparent literature selection 
process. The initial search across the Scopus and Web of Science databases yielded 

Figure 1. 
Cities in the Ottawa–Quebec City corridor.
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2,639 records. These records underwent a rigorous multi-stage screening and 
eligibility assessment to identify studies relevant to sustainable location–allocation 
models for HSR in city logistics. After the removal of duplicates, screening of titles 
and abstracts, and a full-text review based on strict inclusion criteria, a final corpus 
of 63 studies was selected for in-depth analysis within the review. This refined 
selection enabled a focused examination of algorithmic applications, case studies 
from global HSR networks, and their specific implications for the Ottawa–Quebec 
corridor and GMA.

Of the 2,639 publications initially identified from the Scopus and Web of Science 
databases, the geographic distribution of research output, as visualized in Figure 3, 
reveals a pronounced global disparity. This analysis shows a dominant concentration 
of relevant studies originating from Asia, particularly China, a finding that aligns 
directly with the nation’s extensive investment and deployment of HSR 
infrastructure. The significant correlation between a country’s HSR network length 
and its volume of published research underscores the role of real-world 
implementation in driving academic inquiry. This geographical context is crucial for 
framing the subsequent bibliometric analysis, as it highlights the regions from which 
the predominant methodologies and case studies – essential for informing the 
Ottawa–Quebec and GMA case – are derived.

This review on sustainable location–allocation problems in city logistics using 
HSR encompasses the location problem, the allocation problem, and the modeling 
aspect for HSR-based city logistics location–allocation. To comprehensively 
understand these, a multi-faceted research methodology is employed, which 
includes identifying relevant metaheuristic algorithms and AI applications, as well as 
conducting bibliometric and visualization analyses of publications and studies 
related to HSR-based city logistics.

Metaheuristics play a crucial role in solving the location–allocation problem for 
sustainable and advanced city logistics. Many researchers have proposed various 
metaheuristic algorithms. For instance, Gogna et al. [1] and Pan [2] have contributed 

Figure 2. 
PRISMA flowchart of the review.
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to this field. These algorithms often draw on AI-related concepts such as bio-inspired 
computations and swarm intelligence, as described by Bonabeau et al. [3] and Good 
and Brown [4]. Examples of such algorithms include the glowworm algorithm by 
Krishnanand and Ghose [5], bacteria foraging, and particle swarm optimization by 
Shi and Eberhart [6]. Additionally, Pareto-based algorithms proposed by Corne et al. 
[7, 8] are also relevant.

In terms of allocation methods, metaheuristics have been widely used. Hruschka 
et al. [9] and Biswas et al. [10] categorized algorithms into overlapping, hierarchical, 
and partitional types. Karaboga [11, 12] introduced harmony search-based 
partitional algorithms. The GA, inspired by evolutionary theory [13], has been 
applied in various supply chain contexts. For example, Reeves [14] and others 
applied the integer encoding of chromosomes in supply chain problems. GA can 
perform quick calculations under suitable conditions for specific objectives. The 
simulated annealing (SA) algorithm, a stochastic global optimization method 
proposed by Ali and Storey [15], is also used. Tabu Search (TS), developed by Glover 
[16, 17], is designed to avoid revisiting unproductive solutions during the 
optimization process. ACO has proven efficient for vehicle routing in advanced 
location–allocation systems [18–20]. It has also been studied for its ability to 
optimize supply chain management and solve the traveling salesman problem (TSP), 
as demonstrated by Gambardella et al. [21].

These metaheuristics provide mathematical frameworks for advanced location– 
allocation in city logistics. For example, Kansou and Kanso [22] developed 
a mathematical model integrated with a hybrid metaheuristic to solve the periodic 
capacitated arc routing problem (PCARP). Zhang et al. [23] further enhanced this 
strategy by proposing new route decomposition and a memetic algorithm (MA) 
framework for PCARP. NNs with probabilistic algorithms, such as those by Specht 
[24], have also been explored in this context. Metaheuristics for location–allocation 
in city logistics are increasingly being developed for AI-enabled operational 
execution in delivery processes.

In the shipping logistics field, service quality measurement is vital for analyzing 
advanced location–allocation. The highly competitive delivery industry requires 
strategies to increase profits for both customers and suppliers. Good and Brown [4] 

Figure 3. 
Analysis of 2,639 publications from Scopus and Web of Science.
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proposed a multi-objective design for an advanced location–allocation delivery ship, 
considering capabilities, design parameters, military effectiveness, costs, and risks.

Nam and Song [25] investigated Korean shipping location–allocation, which is 
influenced by downstream demands in international trade. Miyashita [26] studied 
structural changes in international advanced location–allocation and found that mid- 
to long-term contracts can enhance shipper satisfaction by ensuring long-term profit 
stability. In air logistics, Murakami [27] in Japan researched market performance 
related to low-cost entries into the airline industry. They analyzed cargo growth 
trends and discussed the economic implications of large containerships on port 
operations and container trade patterns. Chung [28] studied strategic business types 
within the air-location allocation industry, classifying related industries into air- 
location allocation-dependent and air-location allocation-relevant sectors. 
Purkayastha et al. [29] focused on the collection and recycle bin location–allocation 
problem in solid waste disposal. Their research aimed to optimize the location– 
allocation of collection and recycling bins to reduce the number of dumping yards 
and promote sustainable development. They considered factors such as vehicle 
location, minimizing total investment cost, dissatisfaction, and the number of 
collections, while maximizing the population served by recycling drop-off stations. 
They concluded that there is a lack of research on this problem, and given the 
significant budget for waste collection, more attention should be paid to it for 
environmental protection and cost reduction.

Sustainable advanced location–allocation for city logistics has been extensively 
researched by many scholars. A key question is how to minimize the time required to 
provide optimal location–allocation services. For example, Meituan employs smart 
technologies to achieve an average delivery time of 10–30 minutes from providers to 
customers. This system utilizes AI to coordinate the various stakeholders – including 
managers, delivery personnel, providers, and customers – benefiting all participants 
in the network. However, sustainable location–allocation in suburban areas poses 
different challenges compared to urban environments, often due to the sparsity and 
complexity of these regions. To address these challenges, Japan constructed a HSR 
between Tokyo and Osaka in 1959, significantly improving location–allocation in 
suburban areas. Today, from Shanghai to Beijing, covering 1,213 kilometers, the 
journey takes just 5 hours to complete the whole travel, including the station stop 
time. Currently, the China High-Speed Railway (CHSR) system, with 45,000 
kilometers, not only enhances the location–allocation efficiency of logistics in remote 
city areas but also offers sustainable development solutions for city logistics and 
rural communities. For the GMA region, Parsons and Douglas [30] suggested 
a report about the BMHSR planning that provided a detailed description of city 
logistics using HSR.

Lyu et al. [31] aimed to develop a routing architecture integrating a discrete-event 
simulation (DES) last-mile delivery model. They used a stochastic two-tier hub-and- 
spoke (H&S) architecture approach and DES to optimize urban freight logistics. DES 
is a valuable technique for modeling the complex and dynamic nature of logistics 
operations with stochastic elements. By considering factors such as hub centers, 
truck allocation, and goods delivery, DES can evaluate different scenarios and their 
impacts on key performance indicators such as delivery cost, resource quantity, and 
time efficiency. It also provides a robust framework for clarifying operational 
processes. The two-tier H&S architecture integrated with a DES model helps address 
the stochastic nature of freight delivery. Their calculations determined parameters 
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for cluster determination, with the initial iteration (Nmin = 20, Research = 2000) 
resulting in four clusters, one of which was dislocated and retained as an 
independent cluster. The remaining three clusters were then reanalyzed in Iteration 
2 (Nmin = 250, Research = 1250).

Many scholars have extensively studied sustainable advanced location–allocation 
for city logistics. For example, Meituan uses smart technologies to achieve an average 
delivery time of 10–30 minutes, coordinating various stakeholders through AI. 
However, sustainable location–allocation in suburban areas presents different 
challenges due to their sparsity and complexity. Japan’s 1959 construction of an HSR 
between Tokyo and Osaka improved location–allocation in suburban areas. CHSR 
system, with 45,000 kilometers, not only enhances logistics location–allocation 
efficiency in remote areas but also offers sustainable development solutions for city 
logistics and rural communities. In the GMA, Parsons and Douglas [30] reported on 
the BMHSR planning, which described city logistics using HSR. Zhang et al. [32] 
studied the HSR system’s impact on the improvement of factor allocation efficiency 
between regions and urban environmental quality. They used the propensity score 
matching (PSM)–DID method to eliminate the selective bias problem of HSR 
openings and reselected control group samples for comparison. They found that the 
average misallocation of capital factors was 18.69%, and labor misallocation was the 
main cause of factor misallocation between prefecture-level cities in China. 
However, research on the sustainable location–allocation problem for city logistics 
using HSR, especially in the context of metaheuristics and AI-based optimization 
approaches, is still limited. Only a few studies focus on using AI algorithms to 
optimize city logistics using HSR. City logistics also deals with issues such as traffic 
congestion and vehicle circulation capacity. Khosravi et al. [33] studied the hub-and- 
spoke network design considering congestion and flow-based cost functions. They 
applied linearization techniques to linearize the model and proposed tightening rules 
to refine the model and assist in the solution process. Lyu et al. [31] proposed 
a stochastic two-tier H&S framework for urban freight optimization, leveraging DES 
to model operational variability and density-based spatial clustering to identify 
efficient delivery zones. Their findings confirmed that integrating stochastic 
modeling, spatial cluster analysis, and simulation techniques enables logistics 
practitioners to optimize truck allocation, reduce empty mileage, and establish 
adaptive delivery networks in new urban or suburban areas. The study emphasized 
that this integrated approach improves resource utilization by 14–22% compared to 
traditional point-to-point routing, particularly in regions with uneven demand 
distribution. Liu et al. [34] studied the city logistics of Nanjing, China, through the 
design of an underground logistics network for large-scale municipal solid waste 
collection. Their study proposed an automated, large-scale underground collection 
system for MSW, offering a new perspective on sustainable city development and 
underground space utilization, and enabling reasonable location–allocation for 
municipal solid waste delivery.

Table 1 shows synthesized algorithmic applications in urban logistics across 
metaheuristics, NNs, and HSR integration, offering fertile ground for deeper 
research. Metaheuristics such as ACO address NP-hard problems (e.g., TSP, 
location–allocation), while NNs – from self-organizing feature maps with guided 
refining (SOFMGR) procedure to radial basis function neural networks (RBFNNs) – 
enable data-driven solutions for complex spatial tasks, including emergency 
evacuation and wind farm allocation. HSR logistics studies, such as the HLP model 
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and Boston-Montreal corridor analysis, reveal the infrastructure’s role in reshaping 
delivery networks. More inquiry could explore hybrid metaheuristic-AI frameworks 
for dynamic scheduling or develop explainable AI for neural logistics models, 
bridging algorithmic rigor with real-world transport systems.

In recent years, numerous researchers have explored the location and allocation 
problems in city logistics using HSR through various models related to HLP, hub 
location–allocation problem (HLAP), and location–allocation with HSR (LAHSR) 
problems. This area of study has become a significant focus in the logistics field. For 
instance, in the context of the HLP, Pašagić et al. [42] considered the location of 
urban logistic terminals as a HLP. They proposed that such location problems can be 
solved in practice using heuristic methods or a combination of heuristic and exact 
methods. Shahparvari et al. [43] adopted a GIS-LP integrated approach and used 
mixed-integer quadratic constrained programming (MIQCP) and a K-means 
heuristic to solve the problem. Wang et al. [44] combined the MA and Monte Carlo 
(MC) simulation for their proposed stochastic model, and based on the Civil 
Aeronautics Board (CAB) and Turkish network datasets, they obtained 
computational results. Anderluh et al. [45] utilized the analytic hierarchy process for 
hub location selection in a mid-hub (a medium-sized city hub).

Regarding the HLAP, Ishfaq and Sox developed a mathematical model using the 
multiple-allocation p-hub median. They applied this model to large-size (100-node) 

Algorithms/ 
city logistics

Authors/ 
coauthors

Solved problem Methodology/solution

Metaheuristics Gogna and Tayal 
[1]

Location–allocation Applies metaheuristics for 
location–allocation.

Marco [19] Optimization Ant colony optimization/ACO.

Subramanyam 
and Gounaris 
[18]

TSP TSP (hard problem).

NNs /AI Karaboga and 
Basturk [12]

XOR problem NN.

Mahfuzur et al. 
[35]

Emergency evacuation Location–allocation GIS sensing.

Tsadiras et al. 
[36]

Buffer allocation problem NN-based decision support system.

Hsieh and 
Fang-Chih 
Tien [37]

Location–allocation pro
blems with rectilinear 
distances

A SOFM artificial neural network with 
a new guided refining [SOFMGR] 
procedure.

Xenitidis et al. 
[38]

Wind farms allocation Using radial basis function neural 
networks [RBFNNs].

Zhang et al. [39] Resource allocation A recurrent neural network-based 
trajectory prediction method.

City logistics 
with HSR

Li et al. [40] HSR location HSR HLP.

Zhen et al. [41] Delivery problem City logistics using HSR.

Parsons and 
Douglas [30]

HSR transportation BMHSR

Table 1. 
Algorithm for location–allocation in city logistics. 
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problems and compared the solutions obtained through this meta-heuristic with 
tight lower bounds developed using a Lagrangian relaxation approach. Feng et al. 
[46] formulated a mixed-integer linear programming mathematical model and used 
the global optimization software Lingo. The optimization results of a real case in 
Xi’an verified the validity of their model. Li et al. [47] proposed an uncertain 
location–allocation model, taking into account three objectives: the urgency of 
emergency response, distribution costs, and carbon dioxide emissions. They found 
that the optimal solution to the models is sensitive to (g, w), and through numerical 
experiments, they generated different Pareto-optimal solutions by varying the 
values of g and w. Chu et al. [48] combined the firefly algorithm and GA to create 
a novel and effective IFA–GA algorithm with three schemes. They tested it on 
a small-scale instance with one SNS, 10 RTCs, and 40 LDPs, and the proposed model 
had 820 (2 ∗ 10 ∗ 40 + 10 + 10) decision variables.

In the area of LAHSR, Ortega et al. [49] designed spatial data allocation 
procedures. They assessed the sensitivity of accessibility levels to both population 
distribution and geographical representation procedures by measuring access to the 
HSR network in Spain. Li et al. [50] used a mixed-integer programming node-arc 
model in addition to the macro-scale route. They employed the optimization solver 
Gurobi to solve the model and obtained the optimization scheme, taking the 
Zhengzhou railway hub as a case study. Repolho et al. [51] focused on two key 
strategic decisions for a given HSR line: station location and fleet composition. They 
approximated the interrelationships between strategic and subsequent tactical 
decisions and applied their method to the corridor for three fleet cost scenarios 
through the XPRES software and branch-and-cut techniques to determine optimal 
solutions. Loo [57] and Zhiran [52] conducted statistics on 1,627 HSR stations built 
from 1976 to 2021 in 533 Chinese and European cities. They identified node or 
activity clusters in cities through the street network. Their research indicated that 
determining the location of HSR stations is a complex issue. While they considered 
a series of factors related to city characteristics, HSR development, and urban form, 
other factors such as terrain, HSR services, economic functions, and planning 
regimes remained unexamined due to their complexity. Scopus bibliometric analysis 
was also carried out. From the statistics of keywords “location” + “allocation” + 
“HSR” in Scopus.com during 2014–2024 by top journals, data analysis for the 
location–allocation in city logistics using HSR was obtained.

Table 2 encapsulates research on logistics location–allocation problems, spanning 
HLP, HLAP, and LAHSR frameworks. In HLP, studies exhibit methodological 
sophistication: Pašagić et al. [42] operationalize heuristic-exact hybrid methods for 
urban terminal location, while Khosravi et al. [33] integrate GIS with MIQCP and 
K-means heuristics, addressing spatial-temporal complexity. Wang and Lo [53] 
advance stochastic modeling via MC simulation, and Anderluh et al. [45] deploy 
AHP for midi-hub strategic selection, highlighting multi-criteria decision-making. 
HLAP research demonstrates algorithmic innovation: Huang and Wu [54] addressed 
the challenge of validating meta-heuristic solutions for large-scale transportation 
networks by leveraging Lagrangian, while Feng et al. [46] apply mixed-integer linear 
programming to real-world logistics. Li et al. [50] pioneer triple-objective modeling 
(urgency, cost, sustainability) in emergency logistics, and Chu and Chen [55] 
developed an improved firefly algorithm-genetic algorithm (IFA-GA) hybrid 
algorithm, addressing decision variable complexity (820 variables in small-scale 
instances). LAHSR studies bridge infrastructure and logistics: Ortega et al. [49] 
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quantify HSR accessibility sensitivity, Liu et al. [34] optimize node-arc models for 
hubs, and Repolho et al. [51] integrate fleet composition with station location via 
XPRES software. Loo and Zhiran [52] provide cross-continental empirical evidence, 

Problem Authors/ 
Coauthors

Logistics model Solution

HLP Pašagić 
et al. [42]

Location of urban logistics terminals as 
a HLP.

The location problems of city terminals 
are hub problems that can be solved in 
practice by heuristic methods or 
a combination of heuristic and exact 
methods.

Khosravi 
et al. [33]

GIS-LP integrated. MIQCP and a K-means heuristic for 
solution.

Wang and 
Lo [53]

Combining the MA and MC simulation 
for the proposed stochastic model.

Based on the CAB and Turkish network 
datasets for computational results.

Anderluh 
et al. [45]

Analytic hierarchy location selection: 
a midi-hub – a medium-sized city hub.

Based on the analytic hierarchy process 
or the hub location selection.

HLAP Ishfaq and 
Sox [56]

A mathematical model using the multi
ple-allocation p-hub median.

Large-size (100-node) problems. The 
solutions obtained using this meta- 
heuristic are compared with tight lower 
bounds.

Feng et al. 
[46].

Mixed-integer linear programming 
mathematical model.

Global optimization software Lingo and 
the optimization results of a real case.

Li. et al. 
[50]

Uncertain location–allocation model; 
three objectives are considered – 
(i) urgency, (ii) cost, and (iii) 
sustainability.

The optimal solution to models is 
sensitive to (g, w). In the numerical 
experiments, we will generate different 
Pareto-optimal solutions.

Chu and 
Chen [55]

A novel, effective IFA-GA by combining 
the firefly algorithm and GA with three 
schemes.

A small-scale instance with one SNS, 10 
RTCs, and 40 LDPs is used, and the 
proposed model has 820 (2 ∗ 10 ∗ 40 +  
10 + 10) variables.

LAHSR Ortega 
et al. [49]

Design of spatial data allocation 
procedures.

Assess the sensitivity of accessibility 
levels to both population distribution 
and geographical representation 
procedures.

Liu et al. 
[34]

Mixed-integer programming node-arc 
model, in addition to the macro-scale 
route.

Optimization solver Gurobi to solve the 
model with a case at Zhengzhou railway 
hub.

Repolho 
et al. [51]

A given line focuses on two key strategic 
decisions: station location and fleet 
composition, with an approximate 
representation of the interrelationships 
between strategic and subsequent tacti
cal decisions.

Applied to corridor COR8 for the three 
fleet cost scenarios specified earlier 
through the XPRES software and 
branch-and-cut techniques to determine 
optimal solutions.

Loo and 
Zhiran 
[52]

Statistics with 1,627 HSR stations built 
from 1976 to 2021 in 533 Chinese and 
European cities. Nodes or activity 
clusters in cities are identified through 
the street network.

Putting the HSR station is a complex 
question, providing more empirical 
evidence across a wide range of Chinese 
and European cities over the last four 
decades.

Table 2. 
Hub location–allocation and city HSR. 
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though terrain and planning regimes remain underexplored. Collectively, these 
works underscore the need for hybrid algorithmic frameworks, multi-objective 
optimization, and big data integration in next-generation logistics research.

Table 3 presents a comparison of algorithms for the location–allocation of the 
HSR system. The HSR-specific models (HLP, stochastic hub-spoke) strengthen HLP 
models, as seen in Li et al. [40, 47], aligning with China’s corridor-specific 
infrastructure and policy alignment. Similarly, the stochastic models in Lyu et al. 
[31] reflect real-world constraints (e.g., Montreal’s winter road closures). 
Additionally, these models mitigate regional bias, as models developed for Asia may 
not translate well to North America’s fragmented governance, as noted by Parsons 
and Douglas [30]. Furthermore, many HLP models overlook dynamic factors such as 
HSR service disruptions (e.g., snowstorms in the GMA).

3. Scopus bibliometric analysis

Scopus bibliometric analysis inclusion criteria are as follows:

● Keywords (Boolean search string): They are (“location allocation” OR “hub loca
tion” OR “logistics network design”), (“high-speed rail” OR “HSR” OR “TGV” OR 
“Shinkansen”), and (“Montreal” OR “Ottawa–Quebec corridor” OR “GMA”).

● Document types: Peer-reviewed journal articles, conference proceedings, and 
book chapters (excluding editorials, letters, and technical reports).

Algorithm class Strengths in HSR logistics Weaknesses in HSR logistics

Metaheuristics (GA, ACO) High computational cost for real- 
time adjustments (e.g., GA requires 
100 + iterations for large networks). 
Sensitive to parameter tuning (e.g., 
mutation rate in GA affects solution 
diversity).

Strategic planning: Long-term 
HSR hub location–allocation 
[40, 47].

Global optimization for NP-hard 
problems (e.g., HSR hub location 
with nonlinear constraints). 
Interpretable decision processes 
(e.g., ACO’s pathfinding mimics 
real-world freight routing).

Neural networks (RNN, GNN) Black box nature hinders policy 
interpretation (e.g., it is difficult to 
explain why a hub location is 
chosen). 
Require large labeled datasets (e.g., 
HSR freight flow data, less so in 
North America).

Tactical operations: Dynamic 
allocation with HSR-feeder 
integration (Zhen et al. 2019) 
[41].

Data-driven prediction for 
stochastic freight demand (e.g., 
RNNs model time-series traffic 
patterns). 
Parallel processing for real-time 
routing (e.g., GNNs optimize node- 
arc networks in HSR corridors).

Hybrid models (Metaheuristic + AI) Complex implementation (e.g., 
synchronizing heuristic search with 
NN predictions).

Adaptive systems: HSR logistics 
networks require both optimal
ity and real-time learning [55].

Combines global optimization with 
data adaptivity (e.g., ACO-GNN 
hybrid for HSR station location 
under uncertain demand).

Table 3. 
Algorithm comparison for the location–allocation of the HSR system. 
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● Language: English-language publications (due to the dominant academic dis
course in logistics research, but non-English studies on Asian HSR systems were 
manually reviewed for relevance).

● Time range: 2014–2024 (to capture post-2014 HSR expansion in China and the 
EU, and align with GMA’s emerging HSR initiatives).

To further explore the research landscape, a search was conducted on 
Webofscience.com using the keywords “location or allocation” + “city logistics” + 
“HSR” + “Montreal” for the period 2014–2024. By selecting “highly cited papers”  
+ “hot papers” and filtering with relevant subject areas such as “environmental 
science,” “engineering environmental,” “computer science artificial 
intelligence,” “mathematics applied,” “computer science information systems,” 
“mathematics,” “transportation,” “sustainable cities and communities,” and 
“affordable and clean energy,” 2,639 publications were retrieved from the Web of 
Science Core Collection.

Figure 4 shows the distribution of the number of articles by country. The Asian 
region, especially China, has published the most relevant research results, indicating 
its advanced position in HSR-based city logistics location–allocation. The number of 
published papers shows that the more kilometers of HSR, the more papers are 
published. The United States also has significant research in this domain due to its 
high-tech capabilities, despite not having an extensive HSR system. Europe and 
Japan have excellent research based on their advanced HSR systems, and Saudi 
Arabia has also contributed with its HSR-related research.

Figure 5 shows the distribution of research in different categories. The main 
research areas are computer science, AI, mathematics combined with other sciences, 
transportation science, engineering, and environmental science, which implies that 
high-tech is more widely applied in the development of the HSR system.
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Figure 4. 
Number of articles in different regions by limited keywords.
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In addition, a Scopus bibliometric analysis was carried out. Using the keywords 
“location” + “allocation” + “HSR” in Scopus.com for the period 2014–2024, data 
analysis was obtained. Figure 6 shows the research on location–allocation for city 
logistics using HSR by institutes. The top 8 researchers and authors are from Chinese 
universities, indicating their dominance in this research field and their 
advancements in many areas of science and technology, with Beijing Jiaotong 
University being ranked No. 1, focusing on the problem using HSR.

Figure 5. 
Research category distribution: Top fields include Computer Science (Artificial Intelligence), Mathematics, 
Transportation Science, and Environmental Science.

Figure 6. 
Location–allocation problem using city HSR vs. institute.
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Figure 7 shows the distribution of research in various countries, which are more 
active and advanced in HSR-based city logistics research, particularly in China. It 
also shows that there is some research in the United States, but there is not much 
actual activity there.

However, many other countries, such as Vietnam, Canada, Australia, and others, 
have conducted research on the challenges of using HSR, which demonstrates their 
interest in developing an HSR system.

Figure 8 shows that the majority of research in this area, when using the 
keywords “location” or “allocation” + “HSR” from 2014–2024 in famous journals, 
falls within the computer science, mathematics, and engineering fields. More than 
67.5% of the subjects belong to these areas. The analysis also shows that the location– 
allocation problem using the city HSR system mainly applies various algorithms for 
solutions. The analysis further reveals that studies addressing location–allocation 
problems in urban HSR systems primarily employ various algorithms for problem- 
solving. Additionally, focusing on urban logistics integrated with HSR systems, 
a search using the keywords “city logistics” + “HSR” generated Figure 9, which 
indicates that 3,913 publications have been contributed by researchers. These data 
underscore a growing trend of increasing scholarly attention toward urban logistics 
applications of HSR systems. Figure 10 shows the papers published in the last 10  
years, indicating that the research is becoming increasingly attractive to many 
people.

When using the keywords “location” or “allocation” + “HSR” + “logistics,” 
Figure 10 shows the number of publications vs. the year 2014–2024 by the top 20. It 
demonstrates that many researchers are interested in the logistics of using the HSR 
system in this field.

For the location–allocation for city logistics using HSR in the GMA, there has 
been limited research. However, in the past five years, with the use of keywords 

Figure 7. 
National research distribution for HSR city logistics: China has the highest output, followed by the USA, 
Vietnam, and Canada.
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Figure 9. 
Publications contributed by researchers.

Figure 8. 
Location–allocation problem using city HSR vs. field.
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“Montreal” + “HSR” to search for articles in the fields of society, engineering, 
computer science, energy, mathematics, and business over the past ten years, more 
people have started to study this problem. Researchers approach this topic from 
different viewpoints and categories, including sustainable development, 
transportation science and technology, computer science, environmental science, 
mathematics, business, management, transactions on vehicular technology, and 
relevant interdisciplinary fields. Most researchers use different algorithms, often 
metaheuristics in mathematics or applied mathematics. With the development of AI 
science and technology, an increasing number of researchers tend to apply AI or 
a combination of AI and metaheuristic algorithms to the location–allocation problem 
for city logistics using the HSR system. They also consider various constraints such as 
environmental science, geographical limitations, clean electricity resource demands, 
population immigration trends, differences between rural and suburban regions, 
economic development, international transportation, and sustainable demands from 
customers. In new regions such as the GMA area, these constraints are often key 
to solving the location–allocation problem for city logistics using the HSR system. 
Some of those research studies are listed below.

For the location–allocation of urban logistics integrating HSR in the GMA, 
existing research remains limited. However, over the past five years, a growing body 
of studies has emerged, evident from keyword searches combining “Montreal” and 
“HSR” across disciplines such as social sciences, engineering, computer science, 
energy, mathematics, and business over the last decade. Researchers have 
approached this topic from diverse perspectives, spanning sustainable development, 
transportation science and technology, computer science, environmental science, 
mathematics, business management, vehicular technology, and interdisciplinary 
fields. Most studies employ methodological frameworks rooted in metaheuristic 
algorithms within mathematical and applied sciences. With advancements in AI, 
there is a pronounced trend toward integrating AI – either standalone or in 
conjunction with metaheuristics – into HSR-based urban logistics location–allocation 
models. This integration addresses multifaceted constraints, including 
environmental impacts, geographic limitations, clean energy requirements, 
population migration patterns, rural–suburban disparities, economic development 
dynamics, international transportation networks, and evolving customer demands 
for sustainability.

Figure 10. 
Publications vs. the year 2014–2024.
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In summary, understanding these contextual constraints is pivotal for solving 
location–allocation problems in new regions such as the GMA, where HSR-driven 
urban logistics models must balance technical feasibility with socioeconomic and 
environmental imperatives.

Table 4 reveals strategic trends in logistics research (2014–2024) in the 
location–allocation field across various disciplines by different institutes. Chinese 
institutions, such as Beijing Jiaotong University and Southwest Jiaotong 
University, lead in social sciences and environmental science, aligning with 
China’s national logistics strategy and its $1.2 trillion market. McGill University 
(2023) and Concordia University (2022) exemplify transdisciplinary innovation 
in engineering and computer science, integrating gerontology with AI-driven 
optimization.

Publications span journals (e.g., Sustainability Switzerland), conference 
proceedings, and books, reflecting diverse dissemination channels. Notable is the 
2021 Journal of Transport Geography study highlighting UK–China collaboration in 
sustainable transportation, mirroring global green tech partnerships. Gaps persist 
in Earth Sciences integration (terrain impact on HSR) and Global South 
representation, while emerging fields such as electric vertical take-off and landing 
logistics remain underexplored. The corpus underscores a shift toward AI- 
empowered, multi-objective frameworks balancing cost, sustainability, and urban 
resilience.

4. Current research on sustainable location–allocation for urban logistics 
using HSR in the GMA

The available research on sustainable location–allocation models for urban 
logistics integrating HSR in the GMA remains limited. To date, only the Canadian 
government and a handful of scholars have explored HSR system planning and 
implementation in this region. By contrast, China – with its mature and expanding 
HSR networks – has emerged as a global leader in this field, with academic studies 
demonstrating significant depth and innovation. The disparity between Canadian 
and Chinese research is stark: While the Canadian government proposes 
a 200-kilometer HSR line between Toronto and Quebec City, its design speed 
would be categorized as conventional rail in China (where HSR typically operates 
at ≥250 km/h).

5. Conclusion

This review focuses on sustainable advanced location–allocation for urban 
logistics leveraging HSR services, examining the feasibility of integrating HSR into 
logistics networks. Fundamental methodologies rely on metaheuristic algorithms 
(e.g., GAs, Tabu Search, ACO, SA), with recent advancements incorporating NNs 
combined with metaheuristics. AI-driven training models for HSR-based urban 
logistics have also gained traction. Key subproblems – location analysis, allocation 
strategies, and modeling frameworks – are reviewed across Japan, Europe, and 
China. Researchers have applied metaheuristics and AI technologies (e.g., ArcGIS, 
mixed-integer programming, CPLEX optimization) to develop methodologies such 
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as decision tree models, multi-layer perceptron networks, and self-organizing map 
NNs, successfully addressing urban logistics challenges. Notably, this review 
identifies a research gap in the GMA and proposes future investigations into 
sustainable advanced location–allocation models tailored to the region, aiming to 
inform HSR-integrated urban logistics planning and optimization.
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As global demand for sustainable transportation grows, High-Speed Rail (HSR) has 
emerged as the backbone of modern mobility. This volume, edited by Dr. Masoud 

Mohebbi and Dr. Rasul Mohebbi, brings together the latest research and international 
case studies to address the most critical frontiers in HSR engineering.

The book explores three pivotal themes:

•	 Aerodynamics and AI-Driven Safety: Analyzing train stability under volatile 
crosswind conditions using transformative AI and Machine Learning.

•	 Infrastructure Resilience: Detailing the digital transformation of railway 
signaling and all-electronic interlocking systems.

•	 Sustainable Mobility and Logistics: Examining operational excellence through 
maintenance metrics (OEE) and the integration of HSR into urban freight logistics.

Featuring contributions from leading researchers in China, Brazil, Canada, and 
Iran, this book is an essential resource for engineers, researchers, and policymakers 

dedicated to building the next generation of resilient and sustainable railway systems.
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