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Abstract 

With more than 3,200 km of track, the Spanish high-speed rail network is the longest 

network in Europe and the second largest in the world after China. Due to its 

geographical location in southern Europe, the entire network is exposed to periods of 

elevated temperatures that can cause disturbances and severe disruptions such as rail 

deformation, or in the worst case, lateral track buckling. In this study, the vulnerability 

of the current Spanish high-speed rail network is analysed in terms of track buckling 

failures with a Monte Carlo simulation. Downscaled temperature projections from a 

range of Global Climate Models (GCMs), under three Representative Concentration 

Pathways (RCP4.5, RCP6.0 and RCP8.5), were forced in a buckling model and 

particularized for different segments of the network. With that, the proposed 

methodology provides the number of rail buckles expected per year by assuming current 
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maintenance standards and procedures. The result reveals significant increase in the 

occurrence of buckling events for future years, mainly in the central and southern areas 

of mainland Spain. However, relevant variations are found in different climates and time 

horizon scenarios in Spain. The anticipated buckling occurrences highlight the 

vulnerability of the Spanish rail network in the context of global warming scenarios. 

Overall, the proposed methodology is designed to be applicable in large-scale railway 

networks to identify potential buckling sites for the purpose of understanding and 

predicting their behaviour. 
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1. Introduction 

Railway track systems across the globe play an important role in modern society and 

their operation, repair and maintenance is essential in reaching a long-term sustainable 

transport system (Eddington, 2006; Molemaker and Pauer, 2014). According to data 

provided by the Spanish Railway Infrastructure Administrator (ADIF), the rail network 

comprises more than 15,000 km of metric, standard and Iberian gauge, with more than 

2,700 km of high-speed lines under construction or planned. Indeed, in 2010 Spain 

became the second country in the world after China in terms of number of kilometres 

of high-speed lines in operation, thus generating development and improving 

communications and people’s quality of life (López et al., 2009; Mendiluce and Schipper, 

2011). 

 

To operate and maintain this extensive network, ADIF needs to ascertain that rail tracks 

and their elements can cope with and adapt to different loads and weather conditions. 

To accomplish this task, large investments are expected in years to come in order to 

adapt to climate change (IPCC, 2014). 

 

Although rails tracks are robust transport infrastructures, the conjunction of mobility 

growth and climate change predictions can potentially lead to severe disruption, 

resulting in train delays, speed restrictions and equipment or infrastructure failures such 

as track buckling events (Liu et al., 2012; Ford et al., 2015). High-speed tracks uses 

continuous welded rails (CWR) by removing expansion joints in order to improve riding 

comfort and to achieve high speeds. Specifically, during railway construction as well as 

repair and maintenance track operations, modern rails are welded and fixed at the so-



called rail neutral temperature at which rails are unstressed axially. As a result, if the 

temperature is extremely high, rail expansion can quickly exceed several centimetres, 

which may cause track damage due to large lateral misalignments (Kerr, 1976; Esveld, 

2001; Chapman et al., 2007; Navarro et al., 2015; Villalba et al. 2018).  

 

According to the European Union Agency for Railways (ERA), in 2016 track buckles and 

other track misalignments were the principal causal factor of rail accidents with more 

than 6,000 events in the European Union (EU) in 2018, observing a pattern between the 

track buckles and the maximum temperatures registered in EU (Fig. 1). In fact, 

temperatures in Europe show a clear warming trend over the last four decades, for both 

annual and seasonal averages. In this sense, 2018 was one of the three warmest years 

on record for Europe - together with 2014 and 2015 - with an anomaly of around +1.2°C. 

 

Fig. 1. Total precursors of accidents with track buckles and other misalignments and 

global temperatures, EU 28, 2008-2018. 

 



To reduce vulnerability, a few rail companies have begun to develop a strategy to adapt 

their activities and operation, such as reducing maximum speed of the trains, in order 

to reduce the stress on rails during heat wave events (Chagnon, 2006). In fact, the 

complexities of climate predictions and the particular conditions across every area 

covered by a railway network affect how these strategies are devised, especially 

regarding the magnitude and frequency of these extreme heat conditions and how they 

affect track stability. 

 

This paper proposes a reliability assessment on the buckling phenomenon across Spain’s 

high-speed rail network. Therefore, the question addressed in this study is to what 

extent could these buckling events increase through to the end of the century. In order 

to address that concern, Monte Carlo simulations could contribute to determine buckle 

events expected per year in the study area by integrating probability distributions for 

climate variables and track parameters. Given a particular critical threshold, these 

impact distributions can be used to estimate the likelihood of threshold exceedances, 

and subsequently, provide guidance on the need for risk treatment actions in order to 

adopt standards for new and existing infrastructure to the effects of climate change. 

 

2. Climate change impact on rail networks 

As mentioned, planning, design, construction and operation of rail infrastructures is 

essential to maintain an efficient and reliable transport system, even under adverse or 

emergency conditions. To provide a better service and satisfy users, railway companies 

try to achieve a more regular and reliable train service. However, adapting the transport 

system to the impact of climate change presents some difficulties. In fact, rail transport 



can be vulnerable to many different climate impacts and their effects vary between 

geographical locations, which results in severe consequences for rail infrastructure and 

operations.  

 

In the latest years, only a few research projects have been developed to determine the 

influence of climate change on rail infrastructure. In order to investigate relationships 

between climate change and railway operations, Rossetti (2002) examined statistics for 

the period 1993-2002 from the Federal Railroad Accident (FRA) database. Factors such 

extreme winds, high temperatures and track obstructions (snow, ice, mud, rock) are the 

most common cause of service disruptions. Thornes and Davis (2002) suggested that 

unfavourable weather conditions might be responsible for up to 20% of unplanned 

delays in United Kingdom. Duinmeijer and Bouwknegt (2004) showed that these climatic 

factors cause between 5% and 10% of all rail infrastructure failures in the Netherlands. 

Koetse and Rietveld (2009) presented a survey of the empirical literature in which 

several patterns can be observed, but the net impact of climate change is uncertain and 

ambiguous. 

 

Recently, Dobney et al. (2009, 2010) quantified the effects of heat-related delays and 

buckles due to climate change on the United Kingdom’s railway network, if the track is 

maintained to current standards. The results obtained demonstrate that the annual 

average cost for predicted climate change scenarios reach up to £9.2 million. Baker et 

al. (2010) considered the issues surrounding climate change through two different 

perspectives. In 2012, a track buckle derailment on the Queensland rail network costs 

up to $1.2million in superstructure repairs and rolling stock recovery (Simpson, 2012). 



On the one hand, they analyse the potential of railways to reduce greenhouse gas 

emissions as a support for the effort to mitigate global temperature increase. On the 

other hand, they consider the effect of climate change to improve their resilience. 

 

Françoise and Hande (2012) analysed trends about weather-induced degradation and 

damages costs, considering that the climate dimension must be included in cost-benefit 

analysis. An approach based on Monte Carlo method was taken by Nguyen et al. (2012) 

to assess track buckling, but this study was developed to describe and interpret past 

buckling incidents. Palin et al. (2013) developed novel procedures to combine regional 

climate data with railway industry knowledge, assessing the changes in climate-related 

hazards for decision-making.  

 

In recent years, Ferranti et al. (2016) used database failure information to examine heat-

related incidents in Southeast England. The results showed a strong correlation between 

high temperatures and the number of buckling events. Saadin et al. (2016a, 2016b) 

conducted some studies on extreme weather events that can lead to asset system 

failure, degraded operation and delays with respect to the Singapore-Malaysia high-

speed rail system, which is still in its planning stage. Considering the economic costs of 

delays, Chinowsky et al. (2017) pointed out that delays due to fluctuations in 

temperature could cost between $25 and $45 billion cumulatively through year 2100, 

considering a low greenhouse gas scenario. However, these costs could be reduced if 

modern technologies and maintenance strategies are integrated for optimised track 

management. Recently, using logistic regression, Fu and Easton (2018) develops a 

logistic regression analysis, addressing the underlying causes of weather-related 



incidents on the on the Great Britain railway’s Anglia Route. Finally, Chapman and Bell 

(2018) highlighted the opportunities that the Internet of things can bring to improve the 

resilience of rail infrastructure and minimize climate impacts. 

 

As pointed out above, previous studies in the research area focus on techniques and 

procedures that mainly evaluate climate impacts in terms of train delays and track 

maintenance costs, but rarely on the likelihood of occurrence. There are very few studies 

that identify the means to understand vulnerabilities at a local level nor is there any 

evidence of region-wide or strategic analyses for the Spanish rail network, despite being 

the second largest high-speed rail network in the world. In addition, little data is found 

isolating the effect of temperature increase. The objective of this work is to predict the 

number of buckling events in different climate regions across the entire Spanish territory 

and for different climate models.  

 

3. Methodology 

Maximum temperatures trends, as projected for the proposed scenarios and climate 

models until the year 2100, represent the most important climate data for rail track 

buckling analysis. Thus, quantifying the potential for track buckling includes two aspects: 

determining increases in maximum temperatures and estimating its respective buckling 

failure probabilities. To accomplish this task, this study provides a methodology to 

estimate the number of buckling events in Spain as a function of different climate 

projections.  

 

3.1.  Study area 



The study area is continental Spain, located in the south west of Europe at 36°–44° N 

and between 10° W and 3°, which spreads over 490,000 km2. Its geographical position 

and complex orography causes high variability in the spatial distribution of temperature. 

In fact, there is a difference of about 4°C between northern and southern areas and of 

about 2°C between the two central plateaus (Font Tullot, 2000). 

 

Spatial heterogeneity of climate conditions provide significant differences in frequency 

and magnitude of extreme heat conditions in Spain. On the other hand, temperature 

projections on a daily and local scale are required to investigate the phenomenon of 

buckling. To address this challenge different global and regional climate change 

projections have been produced over the last decades. Nowadays, Earth System Models 

(ESMs) are one of the best methods for obtaining future projections of atmospheric 

variables, but they are unable to project the extreme temperature behaviour of local 

daily series (Brands et al., 2013, Keellings and Waylen, 2015, Yue et al., 2015). In 

addition, Regional Circulation Models (RCMs) neither guarantee an adequate 

reproduction of extreme temperatures. For instance, Vautard et al. (2013) analysed the 

RCM projections driven by ERA-Interim to simulate heat waves at the regional scale of 

Europe, concluding that the climate models have overestimated temperature extremes 

in Mediterranean regions. 

 

Specifically in Spain, the continental region was divided into different areas 

characterized by solar radiation atlas, provided by the EUMETSAT Satellite Application 

Facility on Climate Monitoring (Climate Monitoring-SAF; CM-SAF). Therefore, the first 

one represents the zone situated in the south-eastern part of the country (zone 1), with 



a semi-arid climate. The inland areas of the Iberian Peninsula, on the Central Meseta 

(zone 2) are characterized by cold winters and warm summers. The Mediterranean coast 

(zone 3) covers coastal areas located in the eastern part of Spain, with very mild winters 

and long warm to hot summers. Finally, zones 4 and 5 are located in the northern half 

of Spain and Atlantic slopes, both located in the northern part of the country (Fig. 2). 

 

 

 

Fig. 2. Main high-speed lines in Spain in 2019 (with maximum speed above 200 km/h) 

and climate zones. 

 

The five zones include key sections of the Spanish high-speed railway network, servicing 

the major cities of Madrid, Barcelona, Valencia and Sevilla, among others. The 

interdependent nature of the Spanish railway network and their radial scheme means 

that one incident can quickly propagate throughout the entire rail network causing 

delays, reducing passenger satisfaction and important cost considerations compared to 

that of the original fault itself.  

3.2.  Assumptions 



In order to investigate relationships between climate change and track buckling, certain 

track characteristics were considered. The Spanish high-speed network, in which high-

speed trains can circulate at commercial speeds up to 350 km/h, is built as a typical 

ballasted track composed of ballast layer, sleepers, fasteners and rails (Fig. 3). The 

minimum thickness of the ballast layer is 30 cm. The monoblock pre-stressed concrete 

sleepers are AI-04 type and the distance between these elements is equal to 60 cm. 

Further, rails are continuously welded UIC 60-type with a mass of 60 kg/m3 and thermal 

expansion coefficient α = 12x10-6 m/m°C, fixed to the sleepers via SLK-1 Vossloh clips.  

 

Fig. 3. Ballast track superstructure in Spain. 

 

Finally, the lateral resistance, defined as the reaction offered by the ballast layer against 

lateral displacement, is one of the most important parameters to prevent track buckling. 

Its behaviour is determined for any given combination of rail, fasteners, sleepers and 

ballast layer (Samavedam et al. 1991, Emdal, 2007). From this perspective, the lateral 

resistance is influenced by the frictional resistance of the sleeper-ballast interface and 

can be measured most conveniently by a single-tie-push-test (STPT) method, which 

mobilizes a single sleeper in the ballast layer, recording the load-deflection response 

(Bakhtiary et al. 2015, Esmaeili et al. 2015). Thus, the shape of the load-deflection 

response obtained from a STPT test is linear until a maximum value is reached, after 



which the track structure becomes unstable and buckles (Fig. 4). Recently, Estaire et al. 

(2018) experimentally studied the resistance of ballast layer in the CEDEX Track Box 

testing facility developing a series of STPT tests for the Spanish case. Based on the results 

of the STPT tests, the maximum lateral resistance was 12.5 KN/sleeper, considering the 

characteristics of high-speed rail track in Spain. 

 

Fig. 4. STPT test response. 

 

3.3.  Buckling model 

It should be noted that the resolution of the thermal instability problem of a railway 

tracks is quite difficult due to the uncertainty associated with mechanical and 

geometrical properties along the line. Moreover, there is no established or standardized 

method to determine the compressive stress that exceeds track resistance. 

 

Taking these considerations into account, the compressive force in rails due to the rise 

in temperature has long been a concern. In fact, a number of theoretical mathematical 

models have been developed over the last decades, but these generally suffer from the 

lack of physical verification and quantification of some key parameters.  



Firstly, compressive forces in rails due to constrained thermal expansion can be 

calculated using the well-known formula defined in Eq.(1): 

 

𝐹𝐹𝑇𝑇 = 𝛼𝛼𝛼𝛼𝛼𝛼(∆𝑇𝑇) = 𝛼𝛼𝛼𝛼𝛼𝛼(𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 − 𝑇𝑇𝑆𝑆𝑆𝑆𝑇𝑇)  (1) 

 

where 𝐹𝐹𝑇𝑇= compressive load due to temperature change, 𝛼𝛼= steel thermal expansion 

coefficient, E = Young modulus, A= area of steel rails, 𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟= rail temperature, 𝑇𝑇𝑆𝑆𝑆𝑆𝑇𝑇= 

stress free temperature. 

 

In order to predict the rail temperature at which the track may buckle, Bartlett (1960) 

developed a model based on experimental data. It quantifies the relative importance of 

rail, fastenings and ballast, providing a reasonable predictive tool for assessing the 

likelihood of the track becoming unstable. The formula gives an estimated longitudinal 

force in the rail that would be required to overcome the track resistance, as expressed 

in Eq.(2). 

𝐹𝐹𝑚𝑚𝑟𝑟𝑚𝑚 = (
𝜋𝜋2𝛼𝛼𝐸𝐸
𝐿𝐿2

+
𝜋𝜋2𝑐𝑐
16𝐷𝐷

�
𝜋𝜋𝐿𝐿
𝑞𝑞

+
𝑊𝑊𝑚𝑚𝑟𝑟𝑚𝑚𝐿𝐿2

𝜋𝜋2𝑞𝑞
) 

(2) 

 

where, 𝐹𝐹𝐵𝐵= longitudinal force required to buckle the track (kN), E = Young modulus 

(MPa),  I = moment of inertia of the two rails put together in the horizontal plane (mm4), 

L = distance between the points of contraflexure of the buckled track, c = torsional 

coefficient for the given type of fastening, D = sleeper spacing, q = misalignment of the 

track over length, 𝑊𝑊𝑚𝑚𝑟𝑟𝑚𝑚 = maximum lateral ballast resistance (kN/m). 



Therefore, buckling temperature represents the temperature rise over stress free 

temperature that initiates track buckling on a given track structure. For a given track 

conditions, buckling temperature can be determined by using Eq.(3). 

 

 ∆𝑇𝑇𝑚𝑚𝑟𝑟𝑚𝑚 = 𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑟𝑟𝑏𝑏 − 𝑇𝑇𝑆𝑆𝑆𝑆𝑇𝑇 = 𝐹𝐹𝑚𝑚𝑟𝑟𝑚𝑚
𝛼𝛼𝛼𝛼𝛼𝛼�  (3) 

 

where 𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑟𝑟𝑏𝑏 is the maximum allowable temperature. 

 

In accordance with structural stability, if rail temperature exceeds the maximum 

allowable temperature, the energy required to buckle the track will be zero and the track 

will buckle spontaneously. 

 

3.4. Climate projections 

The concept of railway vulnerability to climate change is approached under the 

perspective of identifying foreseeable extreme climate trends. To simulate the seasonal 

and longer-term behaviour of the climate system, in 1995 the Working Group on 

Coupled Models (WGCM) established the Coupled Model Intercomparison Project 

(CMIP), providing a community-based infrastructure in support of climate model 

projections under standardized boundary conditions. In 2008, 20 climate-modelling 

groups developed a new set of climate models under the fifth phase of the CMIP 

(CMIP5), providing a set of global climate models (GCMs) in a medium to long-term 

horizon. 

 



While GCMs provide the latest and most accurate version of future climate trends, it is 

also important to keep in mind that they are limited when it comes to describing regional 

and local details. This becomes particularly important on the Iberian Peninsula, whose 

particular topography produces different meteorological patterns. To resolve the scale 

discrepancy between GCMs and the resolution required for impact assessment for 

Spain, the data from GCMs are downscaled by the Spanish State Meteorological Agency 

(AEMET) within the framework of the National Plan of Adaptation to Climate Change 

(PNACC). 

 

The outputs from the PNACC plan are used to determine temperature projections at a 

daily and local scale that influences the high-speed rail network. However, to be able to 

apply future climate projections to regional impact studies, the appropriate GCMs 

should be selected based on several approaches. For this study, five different GCMs for 

each Representative Concentration Pathways (RCP) were chosen (Table 1), ensuring that 

the subset captures a large range of the variability in climate outcomes (Chinowsky et 

al. 2017, Khan et al., 2018).  

 

Those models are based on new reference scenarios for the change in radiative forcing, 

referred to as Representative Concentration Pathways (RCP) of the changes in the 

concentration of greenhouse gases, ozone and aerosol precursor gases. The four RCPs, 

namely RCP2.6, RCP4.5, RCP6.0, and RCP8.5 provide a quantitative illustration of 

concentrations of the pollutants and gases in the atmosphere over time, as well as their 

radiative forcing until the year 2100. However, RCP2.6 seems a rather unfeasible 

scenario that will be exceeded over the next few years. Therefore, it seems reasonable 



to use RCP4.5, RCP6.0 and RCP8.5. Thus, the novelty of the study is to use of various 

RCPs to cover a wide range of potential outcomes. The years analysed were 2025, 2050, 

2075 and 2100 and were chosen as representatives. 

RCP Model 2025 2050 2075 2100 

RCP 4.5 

MPI,ESM,LR 0.2 0.5 5.1 1 
MRI,CGCM3 0.4 2.4 2.3 2 

MIROC5 2.1 3.5 3.7 4.6 
ACCESS1,0 1 2.5 5.3 4.8 
bcc,csm1,1 2.7 1.4 4.5 4.9 

RCP 6.0 

bcc,csm1,1 2.4 1.4 2.7 3.4 
MRI,CGCM3 0.2 0.9 1.6 4.1 
bcc,csm1,1 2.6 3.4 3.3 4.7 

MIROC5 3 2.7 4.1 4.8 
IPSL,CM5A,MR 2.5 2.2 3.8 4.9 

RCP 8.5 

inmcm4 1.8 2.5 2 4.7 
MRI,CGCM3 2.2 2 3.9 5 

BNU,ESM 1 2.6 4.5 8.8 
HadGEM2,CC 2.8 5.4 8.6 9.2 

CMCC,CM 0.4 3.2 6 9.5 

Table 1. Change in average maximum summer temperature (°C) for the Iberian 

Peninsula. 

3.5.  Reliability assessment 

According with UIC code 720 (UIC, 2005) a risk-based safety assessment is performed 

for all relevant buckling parameters. To accomplish this task, the Monte Carlo simulation 

method was used to produce a comprehensive quantification of buckling events due to 

increases in temperatures. This method was implemented using Matlab for 

programming an algorithm with different probability distribution for some of the 

variables involved. By combining the distributions and randomly selecting values from 

them, it calculates the model bringing out the probability of the output with long 

simulation runs. 

 



As applied to a track buckling, Monte Carlo simulations generate inputs from random 

variables represented by their corresponding probability distribution functions. From a 

practical point of view, it is desirable to minimize the number of parameters needed for 

their description. These principal parameters have a significant influence on buckling 

temperatures and are also the parameters to control buckling safety. Thus, focusing on 

the formulation proposed previously, the most important parameters/conditions 

influencing CWR track buckling analysis could be drawn: 

 

• The first requirement relates to the segmentation of the track network. 

Numerical models (Lim et al., 2003; Yang and Bradford, 2016) and rail accident 

investigations have shown that the mean rail length subject to single-buckling 

mode, which corresponds to the total length of the track misalignment after the 

occurrence of buckling, has a length of around 10 meters (Allen and Fry, 2016, 

Yang and Bradford, 2016). As a result, and considering that the Spain's high-

speed network covers over 3,000 kilometres of track, the division generates 

300,000 segments, with an average segment length of 10 meters. 

 

• The relationship between air and rail temperature is conditioned by a variety of 

factors, including track orientation, sunny weather, wind, air humidity, rain, etc. 

The rail temperature is higher than the air temperature due to the high thermal 

conductivity and diffusivity of rail steel. Thus, an empirical approach proposed 

by Hunt (1994), which considers that rail temperature is 1.5 times air 

temperature, provides a simple approach. While the best practice is to measure 

track temperature at multiple locations under different climate conditions, the 



amount of track is substantial, which has made the widespread use of 

temperature sensors difficult from a cost-benefit perspective. However, a track 

section was instrumented during 12 months by using a rail and a handheld digital 

thermometer (Fig. 5). 

 
Fig. 5. Rail thermometer at the site. 

 

With the data obtained, the factor provided by Hunt’s equation was adjusted 

according to the field observations, as shown in Eq. (3). 

𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 =  1,65 𝑇𝑇𝑟𝑟𝑚𝑚𝑏𝑏𝑟𝑟𝑏𝑏𝑎𝑎𝑎𝑎 (3) 

where 𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 and 𝑇𝑇𝑟𝑟𝑚𝑚𝑏𝑏𝑟𝑟𝑏𝑏𝑎𝑎𝑎𝑎 are the rail and air temperature. 

 

• It is therefore assumed that the maximum air temperature follows a normal 

distribution, obtained from a subset of GCMs models selected for RCP4.5, RCP6.0 

and RCP8.5 scenarios downscaled by AEMET for the Spanish continental region. 

• The appropriate rail neutral temperature is usually determined by the 

administrator of railway infrastructures above the midpoint between the highest 

and lowest temperature of the rail temperature range in that specific region. 

However, while the actual neutral temperature of the rail for each zone or track 

segment would be the best value, it is generally not available, unless taken by 



field measurements through cutting the rail and measuring its expansion or 

other complex techniques that cannot be applied for the entire network. 

Therefore, for each zone the SFT was calculated by taking the difference 

between maximum and minimum air temperatures, according to ADIF normative 

NAV 7-1-4.1 and expressed as follows: 

 

𝑇𝑇𝑆𝑆𝑆𝑆𝑇𝑇 =
𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟.𝑚𝑚𝑟𝑟𝑚𝑚 − 𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟.𝑚𝑚𝑟𝑟𝑎𝑎

2
+ 5 (4) 

 

where 𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟.𝑚𝑚𝑟𝑟𝑚𝑚 and 𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟.𝑚𝑚𝑟𝑟𝑎𝑎 are the maximum and minimum air temperatures 

recorded for the past 5 years.  

• Track misalignments play an important role in triggering track buckling. For high-

speed traffic, the allowed misalignment is approximately 1 to 4 mm. Taking this 

into account, it is assumed that track misalignments follows a normal distribution 

with a mean value of 2 mm and a standard deviation of 0.5 mm. 

• Finally, the misalignment wavelength is the total length of the track after the 

occurrence of buckling. Experiments and field observations have shown that the 

magnitude of the buckling wavelength is typically large, approximately 8 to 20 

m. In this analysis, it is assumed that the distance between the points of 

contraflexure of the buckled track follows a normal distribution with a mean 

value of 10 m and a standard deviation of 2.5 m. 

 

Variable Distribution Descriptive statistics 

Rail temperature Normal distribution Modified Hunt’s equation 



Maximum air 

temperature 
Normal distribution 

Obtained from a subset of GCMs models for 

RCP4.5, RCP6.0 and RCP8.5 scenarios 

Stress free 

temperature (SFT) 
Deterministic 

Obtained from maximum and minimum air 

temperatures in each zone 

Track misalignment Normal distribution 
Mean: 2 (mm) 

Standard deviation: 0.5 (mm) 

Misalignment 

wavelength 
Normal distribution 

Mean: 10 (m) 

Standard deviation: 2.5 (m) 

Table 2. Parameters for the Monte Carlo simulation. 

 

With the previous assumptions, the buckling load is a function of the difference between 

the rail temperature and the neutral temperature. Furthermore, the buckling strength 

is determined by track components and misalignments. Accordingly, for each iteration, 

Monte Carlo simulation randomly selects the input values for the maximum air 

temperature, track misalignment and wavelength to evaluate track stability for each 

segment in which the entire network is divided (Fig. 6). In order to make the 

quantification comprehensible, the number of buckle events are presented in yearly 

average for the three emissions scenarios considered. 

 



Fig. 6. Flowchart of calculation process. 

 

In order to progressively adjust the proposed methodology, further work can be 

performed by comparing the expected number of buckling events from the proposed 

assessment to the effective number of incidents reported with the aim to understand 

better the impact of temperature in terms of both understanding as well as prediction 

of buckling incident occurrence. 

 

4. Results and discussion 

This analysis provides several new and potentially important insights into the analysis of 

rail buckling under future climate change on the Spanish high-speed network. First, the 

assessment of rail track buckling in the Spanish railway network for the next century 

requires a set of climate models. The main tracks are used to provide a case study 

analysis of the potential impacts of climate change on track buckling and to indicate the 

needs for policy changes in terms of track asset maintenance programs under different 

climate change scenarios. However, it should be noted that results were obtained for 

the current high-speed network in Spain. Hence, the extent of the current transportation 

network and the other second or third order effect were not considered. 



Considering that the accuracy of a Monte Carlo simulation is a function of the number 

of realizations, a sensitivity analysis can be used to deal with the number of runs. Thus, 

the results of the Monte Carlo simulation in terms of number of buckled segments and 

their variance for a confidence level of 95% and error bound of 5% shows that the 

number of iterations needed is around 10,000. Therefore, the computer time for 

simulating a sample size of ten thousand runs was less than 90 seconds. Because of the 

large amount of data, bar plots represent the expected number of buckled segments for 

each GCM subset, as a result of the Monte Carlo simulations. Thus, values are reported 

as the average number of buckled segments and grouped together for each zone in 

order to estimate the certainty or uncertainty in climate projection impacts. 

Fig. 7. The average annual buckled segments on the rail system per era in zone 1. 

Fig. 7 represents the expected total number of buckling events in the south of Spain 

(zone 1) from the five climate models and three RCPs scenarios in the years 2025, 2050, 

2075 and 2100. The data in Fig. 7 shows that there is considerable uncertainty in the 

range of predicted effects from temperature change. In the short-term projection, such 



as 2025, the average annual numbers of potential buckling events are similar for the 

three types of scenarios and are kept within reasonable levels. In the long-term 

projection, such as 2100, the annual number of potential buckling events would be from 

35 to 42 in RCP4.5 scenarios, from 62 to 70 in RCP6.0 and from 100 to 135 in RCP8.5. 

Between 2025 and 2100, the projected changes in temperature under the CMCC, CM in 

the RCP8.5 scenario were the most extensive, obtaining the greatest number of buckles. 

This variability is indicative of the uncertainty associated with the different climate 

scenarios and reflects the importance of viewing the data over the ensemble of 

scenarios to determine an appropriate adaptation scenario. 

Fig. 8. The average annual buckled segments on the rail system per era in zone 2. 

 

 

Fig. 8 shows the trends of the average annual buckled segments for the Central Meseta 

(zone 2).  As shown, buckled segments range from 7 to 35 in 2025, but the greatest 

impacts from climate change in terms of expected number of buckled events are 

projected for all the RCP8.5 models. This will have a significant effect on the number of 

failures as well, which suggests that extreme temperature events tend to have a 

significant disruption on rail transport. Thus, the overall trend is similar to the previous 

area, but the effects are really more pronounced. In the case of RCP4.5 models, 

maximum values are generally achieved during the 2050s, which is consistent with the 

assessment of projected emissions for this emission scenario (Meinshausen et al., 2011). 



 

 

Fig. 9. The average annual buckled segments on the rail system per era in zone 3. 

 

Fig. 9 shows the evolution of the expected buckled events per year in the Mediterranean 

coast (zone 3). For RCP 4.5 buckled events increases approximately linearly until the end 

of the century, while RCP8.5 models strongly increases in the last period (2075-2100). 

By 2100, results obtained shows an average of 45 to 52 buckle events per year are 



expected in the study area under RCP4.5 scenario and between 181 to 204 under RCP8.5 

scenario.  

Fig. 10. The average annual buckled segments on the rail system per era in zone 4. 

 

Fig. 11. The average annual buckled segments on the rail system per era in zone 5. 

 



Fig. 10 and Fig.11 show the estimated number of buckled events for areas located in the 

northern slope sector. These areas are anticipated to experience the smallest 

temperature increases due to climate change in Spain (Castro et al. 2005) and, 

accordingly, the number of future buckle events are quite limited when comparing them 

with those of previous geographical areas. It can also be seen from Fig. 11 that future 

projections reveal that under the lower emission scenario (RCP 4.5) the number of 

expected buckled segments will increase only slightly from 5 to 25 events by 2025 and 

2100 respectively. However, under the higher emission scenario (RCP 8.5), buckled 

events will undergo a large increase from 10 to 80 in the year 2100. 

 

The foregoing results illustrate that the proposed approach can be useful in dealing with 

statistical variability in the track parameters and climate scenarios to evaluate the 

anticipated annual number of buckles in a given territory. Results obtained represent 

how temperature affects the rail track in each region for different climate models. 

Analysing results in a temporal context, it is clear that expected impact grows 

throughout the study period, especially under the higher emission scenario (RCP 8.5). In 

addition, differences between the three RCPs increase over time, which is an indicative 

value of the uncertainty associated with climate scenarios. In the spatial context, specific 

regions including the Central Meseta and the South are anticipated to experience the 

greatest impacts for all climate models considered. 

4.1 Limitations 

This study is designed as a high-level assessment of the vulnerability—in terms of 

number of buckle events—of the existing high-speed rail network in Spain from the 

impacts of climate change through 2100. A main source of variability comes from the 



climate data used for analysis. Indeed, future climate modelling is uncertain, but authors 

seek to reduce this inconvenient as much as possible by employing a wide variety of 

available models that are approved by the IPCC and AEMET to provide a range of analysis 

for future climate changes. However, depending on the climate scenario selected, the 

projected impacts can range from a few to several hundred of buckled segments, which 

represents the uncertainty related to selecting different GCM models. The potential to 

use existing scenarios from alternative sources should not be discounted. 

 

A key limitation of the modelling approach used in this study is the assumption of actual 

maintenance procedures for projecting the expected number of buckles. It is highly 

unlikely that the actual maintenance and safety practices remains unchanged for a 

prolonged period of time. 

 

Another limitation is related to the lack of information about the rail accidents and incidents 

in Spain. Further analysis and discussions are intended to take place in order to perform 

better reporting of the precursor’s events. Accordingly, more predictor variables can be 

included so as to result in a more realistic rail track model. 

 

A final limitation of this study is that analysis was limited to looking at incremental 

changes in climate (maximum temperatures) on existing rail infrastructure. It therefore 

does not account for other weather impacts sea level rise, flooding or storm surge. 

5. Conclusions 

Adapting effectively and efficiently to the inevitable consequences of climate change 

should be part of modern rail management. The current study gives a general overview 



about potential vulnerability of the Spanish high-speed rail system to projected 

temperature increases. The aim of this work is to provide to managers and infrastructure 

planners tools that support adaptation-planning strategies to reinforce the resilience of 

their infrastructures and networks to increasing temperatures. 

 

Thus, extreme high temperatures are associated with increased incidences of rail 

buckles. In particular, the impact of high temperatures on rails differs between 

geographical locations and the appropriate assessment requires a more detailed 

analysis of the particular rail network. To accomplish this task, Monte Carlo simulations 

are used to estimate the number of future buckling events by using results from 15 GCM 

models under three RCP scenarios (RCP 4.5, RCP 6 and RCP8.5) until 2100. The use of 

data from multiple models allows some of the uncertainty in the analogue locations to 

be included. Uncertainties of the effective buckling lengths, rail temperature and track 

misalignments have also been taken into account. 

 

Overall, higher temperatures due to climate change are set to have a significant impact 

on the high-speed network in Spain. In fact, buckle events were projected to increase in 

frequency under all climate change scenarios compared to the present day. However, 

results from the proposed methodology have shown that buckle events in Spain vary 

substantially both spatially and temporally. The two medium scenarios (RCP 4.5 and 

RCP6.0) reveal that effective strategies for mitigating anthropogenic carbon emissions 

could significantly reduce the negative impacts of high temperatures on rails. 

 



Considering impacts on a geographic, the northern sections as well as the coastal areas 

have lower average temperatures and thus have a lower vulnerability to temperature 

increases. By contrast, central and southern regions are forecasted to incur the greatest 

absolute increases in summer temperatures also incur the largest increases in buckling 

events. This variability represents an important challenge in achieving effective 

mitigation or adaption strategies for addressing climate change. However, maintenance 

operations can be prioritized to minimize the annual buckling probability on the basis of 

track conditions and the anticipated rail temperatures. Procedures like ensuring the 

track is thoroughly maintained greatly reduce the vulnerability of the rail during high 

temperatures. 

 

Finally, there is significant capacity to improve the modelling and methodologies used 

in the proposed approach. The relationships between temperatures and disruption on 

the Spanish railway network have not been validated due to the quality or consistency 

of the reporting of these events. Thus, verifying relationships between temperatures 

and buckling events would increase the confidence in making projections of quantities 

dependent on these relationships. Moreover, an on-going calibration of the model with 

more precise climate scenarios would enable a more detailed estimation of future 

performance and hopefully increase confidence in the results. 
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