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Abstract

Railway noise barriers are frequently subjected to train-induced aerodynamic loads during long-term service, which may lead to
fatigue problems at the welded base of steel posts. Conventional fatigue assessment methods often fail to account for the complex
operational and environmental conditions experienced by real structures. To address this issue, this study proposes a fatigue
evaluation framework that integrates long-term field monitoring data with machine learning (ML) and numerical simulation. Based
on a field test database, a data-driven calculation model was developed to predict the stress responses of barrier steel posts under
actual operational and environmental conditions. A finite element (FE) model validated by field data was further used to establish
a quantitative relationship between the monitored stress responses and the maximum stress at the steel post base. Fatigue life for
weld toe and weld root failure modes was evaluated using Palmgren-Miner linear damage rule and the nominal stress method in
the Eurocode. Results show that weld root failure governs the fatigue performance of the steel post base, with significantly shorter
fatigue lives than weld toe failure. Nose waves dominate fatigue damage, while tail waves still contribute about 14-23%. The
fatigue life is also strongly influenced by train operating speeds and train type distribution, highlighting the importance of
considering realistic train operating conditions in fatigue assessment and design. The proposed framework provides a practical and
scalable tool for fatigue assessment and lifecycle maintenance planning of railway noise barrier systems.
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1. Introduction

Railway noise barriers are widely installed along railway lines to mitigate the impact of train noise on nearby
residential areas (Ivanov et al., 2017). However, passing trains generate rapidly varying aerodynamic pressure loads
on the barrier surfaces, which may induce significant structural vibrations (Vittozzi et al., 2017). These loads are
transient in nature: during the passage of the train nose and tail, rapid load reversals occur, leading to pronounced
dynamic responses. Under long-term operation, the repeated train passages subject the supporting structures,
particularly the bases of steel posts, to cyclic stresses that may cause fatigue damage and reduce the service life of the
barrier system (Soper et al., 2019). Existing studies have mainly focused on the characterization of train-induced
aerodynamic loads and the development of simplified pressure models. In the Eurocode (CEN European Standard,
2024), the aerodynamic pressure is represented by a rectangular pulse with a width of 5 m, Sturt et al. (2022) proposed
a wider pulse of 12.5 m to better represent the effective influence range. Tokunaga et al., (2016) adopted triangular
pressure pulses and demonstrated their capability to reproduce structural dynamic responses. Although these
simplified models provide practical approximations for design, studies on the actual dynamic behavior of railway
noise barriers under train-induced loads remain limited, particularly field-based investigations on in-service structures.

In addition, previous fatigue studies have mainly investigated static damage at critical locations of noise barriers
under aerodynamic loads (Liang et al., 2024) or numerically analyzed the fatigue response of structural connections
(Wu et al., 2021). However, these studies largely rely on assumed loads and lack validation using field test data. For
structural systems subjected to similar train-induced aerodynamic effects, such as platform screen doors in metro
stations, systematic fatigue analysis frameworks have been developed. Nevertheless, the aerodynamic load
magnitudes and train operating speeds associated with these systems differ significantly from those of railway noise
barriers, and their conclusions cannot be directly extended. Moreover, train-induced aerodynamic loads and structural
stress responses are influenced by multiple coupled factors, making it difficult for conventional analytical approaches
to accurately characterize the long-term structural behavior of railway noise barriers. In this context, data-driven
methods provide an effective means to capture such complex relationships using long-term monitoring data. Recent
studies have also highlighted the potential of data-driven monitoring frameworks for improving the life-cycle
assessment of railway noise barriers (Granzner et al., 2023a, 2023b). However, their application to fatigue evaluation
based on long-term field monitoring data remains limited.

To address these limitations, this study proposes a fatigue assessment framework for railway noise barriers by
integrating long-term field monitoring, machine learning (ML), and numerical simulation, as shown in Fig. 1. An
interpretable ML model is developed to predict stress ranges at measurement locations, while a finite element (FE)
model is employed to establish the relationship between the monitored stresses and the sectional stresses at the base
of the steel posts. Combined with the Eurocode fatigue assessment procedure, an engineering-oriented fatigue
evaluation framework is established. The proposed method provides practical support for fatigue assessment and life-
cycle maintenance of railway noise barrier systems.
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Fig. 1. Simplified fatigue assessment framework for railway noise barriers.

2. Methodology
2.1. Dynamic field test

A long-term field monitoring program was conducted on an in-service railway noise barrier along the Arlanda
Express railway line in Stockholm, Sweden. The monitored barrier, approximately 1262 m long, consists of wooden
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panels supported by HEA160 steel posts, representing a typical Swedish railway noise barrier. The instrumented
section covers the middle three spans, where the barrier height is 3.37 m, the post spacing is 4.0 m, and the distance
to the nearest track centerline is 4.45 m. Strain gauges (KCW-5-120-G10-11) installed 0.30 m above the post base
measure the strain of the steel posts, while accelerometers (PCB Model 393B12) mounted about 0.05 m below the
post top record structural acceleration. Train-induced aerodynamic pressures on the barrier surface are also measured
and used as input loads for the FE model. Data were collected using QuantumX MX840B acquisition units at a
sampling frequency of 1200 Hz with a 100 Hz low-pass filter. The monitoring layout is shown in Fig. 2, while further
details can be found in Liu et al. (2026a and 2026b).
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Fig. 2. Field monitoring system of railway noise barriers in Sweden. Fig. 3. 3D FE model of railway noise barriers.

2.2. Numerical simulation

In parallel with field monitoring, a FE model of the noise barrier was developed to simulate its structural response
under train-induced aerodynamic loading. The model represents a 36 m segment consisting of nine spans, consistent
with the actual structural layout (Fig. 3). The first and ninth spans are connected to adjacent sections through short
corner barriers (about 1 m long and oriented at 90°), which are included to reproduce their lateral bracing effect. The
steel posts with HEA160 cross-sections are modeled using four-node shell elements (S4R). The wooden panels,
approximately 0.052 m thick, are modeled using orthotropic shell elements (S4R) to capture their anisotropic behavior.
Each panel is connected to the outer flange of the steel post through a wooden shim plate (150 mm % 52 mm) using
point-to-point connector elements representing bolted connections, while tie constraints are applied between the shim
plate and the panel. At the base, the posts are welded to base plates anchored to the concrete foundation. To account
for the flexibility of the base plate—foundation system, a rotational spring is assigned in the lateral bending direction,
while all other degrees of freedom are fixed. Additional stiffening posts connected to the main posts at approximately
1.2 m above the base are modeled using two-node beam elements (B31). Steel components are assumed to be linear
elastic, while the wooden panels are modeled as orthotropic materials. Structural damping is introduced through
Rayleigh damping with a damping ratio of 1%. The adopted material properties are summarized in Table 1.

Table 1. Material properties of noise barriers using numerical simulations.

Member Material Density (kg/m®)  Elastic modulus (GPa) Poisson’s ratio
HEA160 Steel posts  Carbon steel 7850 200 0.29
Barrier panels Finely sawn larch 550 10 (Longitudinal), 0.9 (Radial) 0.4

The train-induced aerodynamic load is applied to the windward surface of the wooden panels as pressure time
histories obtained from field measurements. The pressure record of an X3 train passing at 180 km/h is selected as a
representative input (Fig. 4). Field measurements show that the maximum pressure occurs near the rail-top level and
decreases with height along the barrier (Xiong et al., 2018). Accordingly, a height-dependent pressure distribution
consistent with the Eurocode model is adopted (CEN European Standard, 2024). To represent the spatial propagation
of the pressure field along the train travelling direction, time delays are introduced between loading zones based on
the train speed and segment width.

The simulations are performed using ABAQUS/Standard with an implicit dynamic analysis. The time step is
determined based on the train speed and the mesh size of the wooden panel shell elements, ensuring that the transient



4 Author name / Structural Integrity Procedia 00 (2026) 000—000

structural response induced by the aerodynamic loads is adequately captured while maintaining computational
stability. The total simulation time is set to 6 s, covering the entire train passage as well as the subsequent free-
vibration decay of the structure. The mesh size on the wooden panels is controlled at approximately 50 mm to ensure
sufficient spatial resolution of the applied aerodynamic pressure and the resulting structural response.
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Fig. 4. Aerodynamic loads input in dynamic FEA. Fig. 5. Comparison of measured and simulated stress time histories at location S2.

2.3. Model validation using field measurements

To validate the numerical model, the simulated stress responses were compared with the measured data during the
nose-wave stage. Fig. 5 shows the comparison of the stress time histories at location S2 obtained from field
measurements and FE simulations. As illustrated in this figure, the numerical model reproduces the overall trend of
the measured response well, including the main positive peak, the subsequent negative peak, and the general
oscillatory behavior. The dominant vibration frequency and phase of the response are also captured satisfactorily.
Slight discrepancies can be observed in the amplitude of the stress peak and in the tail oscillations, where the simulated
response shows somewhat larger fluctuations.

A quantitative comparison of the peak responses is summarized in Table 2. At location S2, the simulated maximum
tensile stress differs from the measured value by 3.69%, while the compressive peak shows a slightly larger deviation
of about 8.01%. Nevertheless, the relative error in the stress range (RS) is only 2.46%, indicating that the numerical
model can accurately capture the overall RS induced by the nose wave. In addition, the displacement responses at
locations A2 and A4 are also well reproduced. The relative errors of the displacement ranges are 1.78% and 0.56%,
respectively, further demonstrating the good predictive capability of the numerical model. Overall, the good agreement
between the simulated and measured results indicates that the developed FE model can reliably reproduce the key
dynamic characteristics of the noise barrier system under train-induced aerodynamic loading.

Table 2. Quantitative comparison between measured and simulated peak responses.

Response Stress at S2 (MPa) Displacement at A2 (mm) Displacement at A4 (mm)

Max. Min. Peak-to-peak  Max. Min. Peak-to-peak  Max. Min. Peak-to-peak
Test 13.16 -14.61  27.77 3.87 -2.98 6.85 2.51 -1.99 451
FEA 12.67 -15.78  28.45 3.61 -3.36 6.97 232 -2.17 4.48
Relative error  -3.69%  8.01%  2.46% -6.67% 12.75% 1.78% -7.84%  8.60% -0.56%

3. Results and discussion
3.1. Stress range prediction at monitoring locations

To perform fatigue assessment of noise barrier steel posts under complex operational and environmental conditions,
it is necessary to establish a stress prediction model that can reflect the influence of train operating and environmental



Author name / Structural Integrity Procedia 00 (2026) 000—-000 5

variations on structural stress. The train-induced aerodynamic loads and the corresponding structural responses are
jointly governed by multiple factors, including train speed, train type, wind speed, wind direction, and ambient
temperature, leading to significant variability and some nonlinear coupling among different operating scenarios.
Accordingly, this study introduces a simplified stress calculation model at the measurement point, developed based
on long-term field monitoring data and interpretable ML, to predict stress ranges from train operating parameters and
environmental variables. This model maps multiple sources of operational and environmental variability into
physically interpretable structural stress responses, thereby providing input for subsequent fatigue analysis.

Based on the long-term monitoring system described in Section 2.1, a database of nearly 20,000 train passages was
established in the authors’ previous work (Liu et al., 2026c), integrating train operational parameters (speed and type),
environmental variables (temperature, relative humidity, wind speed, wind direction, and air pressure), and the
measured stress responses (RS) of noise barrier steel posts. Using this dataset, a predictive model for the RS at the
measurement point was developed based on a Bayesian-optimized Explainable Boosting Machine (EBM) model.
Owing to the additive structure of the EBM model, the contribution of each physical factor could be explicitly
quantified. By fitting these contribution functions using analytical expressions such as power-law and logarithmic
functions, a closed-form stress prediction model suitable for engineering applications was derived. The final model
enables the RS to be directly estimated from variables such as train speed and environmental temperature, as shown
in Equations (1) and (2), while still maintaining high prediction accuracy, with R? values above 0.90, MAE below 2.0
MPa. Detailed model training and formulation process are provided in Liu et al. (2026¢) and are not repeated here.

PTP = Lﬁo.oz .W.TV2-(1—0.036~WScos)~km €]
(ag+0.25) 273.15+T
2
RS—29.08-(0.002PTP+0.210)~KZ) —73:+1} )

where PTP is the peak-to-peak aerodynamic pressure (Pa), a, is the distance between the barrier and the track
centerline (m), AP is the air pressure (mbar), T is the temperature (°C), TV is the train speed (m/s), WScos is the wind
speed component parallel to the track (m/s), kiin is the train shape coefficient, and RS is the stress range (MPa). In the
present study, this simplified stress calculation model is used as an established tool to generate stress histories at the
measurement point under different operating and environmental conditions, serving as the input for the subsequent
fatigue evaluation.

3.2. Stress mapping from monitoring point to steel post base

In railway noise barrier systems, welded joints at the base of steel posts are typically fatigue critical locations.
However, in the present field monitoring campaign, strain gauges were installed at a section above the base of the
steel post due to practical considerations related to sensor installation and long-term monitoring reliability. As a result,
the measured stress cannot be directly used to evaluate the fatigue behavior of the welded joint at the base of the steel
post, and a stress transfer relationship between the two locations must therefore be established.

To establish this relationship, the FE model described in Section 2 is used. The measured aecrodynamic pressure
time histories are applied as external loads, and the corresponding stress responses are extracted both at the
measurement point and at the flange of the base section of the steel post. The relationship between the stress ranges
at the two locations obtained from the FE simulations is presented in Fig. 6. The results show a clear linear correlation
between the two quantities. The stress transfer coefficient is essentially independent of train speed and remains close
to 1.43. This behavior is expected because the structural response of the steel post under train-induced aerodynamic
loading is governed by linear elastic bending, leading to a nearly proportional stress distribution along the post. For
the fatigue assessment, a slightly conservative constant value of £ = 1.45 is adopted. This proportional relationship is
then used to calculate the nominal normal stress at the fillet weld for fatigue life evaluation.
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3.3. Stress spectrum construction

The field monitoring data used in this study spans approximately one year. However, due to power outages and
instrument malfunctions, the dataset is incomplete and discontinuous. To construct a representative stress spectrum
for fatigue assessment, the environmental conditions and train operation scenarios throughout the entire year were
reconstructed based on the available measurements and auxiliary data sources.

First, the meteorological data at the monitoring location were supplemented using data from two nearby weather
stations, Arlanda Airport and Bromma Airport, located approximately 18.92 km and 11.63 km away, respectively.
Based on the overlapping records from 5 June 2024 to 4 June 2025, relationships between the meteorological variables
at the monitoring site and those measured at the stations were established. Air temperature and air pressure show
strong linear correlations between the monitoring site and the stations; therefore, linear regression models were used
to reconstruct the missing temperature and pressure data using station records. For wind speed and wind direction,
direct regression was not applied because the ground roughness at the monitoring site differs from that at the
meteorological stations. Instead, missing wind data were estimated based on the statistical distributions of wind
variables measured at the monitoring site and their relationships with the wind distributions observed at the two
stations. Regarding train operation conditions, representative traffic scenarios were defined based on statistics from
the full-year train passage records. It is assumed that: (a) trains operate between 05:00 and 01:00 the following day,
with eight trains per hour under full operation; four train types are considered (X3, ER1, SJX40, and Rc6) with an
occurrence ratio of 4:2:1:1; (b) train speeds are assumed equal to their maximum permitted speeds, i.e., 160 km/h for
Rc6 locomotive-hauled trains and 200 km/h for the other three train types; and (c) each train passage produces two
stress cycles corresponding to the nose and tail waves. Since the tail wave amplitude is typically smaller, ranging from
35% to 55% of the nose wave amplitude according to previous measurements, a representative value of 60% is adopted.

Based on the reconstructed environmental conditions and assumed train operation scenarios, the annual loading
cases are established. The peak-to-peak pressure range (PTP) and the corresponding RS at the measurement point are
calculated using Equations (1) and (2) in Section 3.1. The steel post is connected to the base plate by continuous fillet
welds around the full perimeter of the H-section, with a throat thickness of @ = 6 mm. Two potential fatigue failure
modes are considered: weld toe failure and weld root failure. For the weld toe, the nominal normal stress is taken as
the normal stress at the base section of the steel post based on the obtained stress mapping relationship. For the weld
root, the nominal stress is calculated from the bending moment at the post base and the effective moment of inertia of
the weld cross-section, treating the full-length fillet welds as a closed rectangular weld group resisting bending. The
resulting annual load distribution and stress ranges for the weld toe and weld root details are shown in Fig. 7. The load
PTP ranges from 180 to 720 Pa, producing a wide dispersion of RSs in the welded details. Clear differences are
observed among train types. The ER1 train generates the highest-pressure levels, with frequent values around 350 Pa
and 600 Pa, corresponding to relatively large stress responses. Due to its higher operational proportion, the X3 train
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shows the highest occurrence counts and therefore dominates the overall load spectrum. In contrast, although Rc6 has
a relatively high train shape coefficient, its lower operating speed results in lower pressures and stress responses,
mainly concentrated in the lower intervals. Overall, ER1 governs the higher stress range region, whereas X3
contributes most to the total number of fatigue cycles.

3.4. Fatigue assessment based on Eurocode

The fatigue assessment was performed using the nominal stress method, and the fatigue damage accumulation was
evaluated based on Palmgren-Miner linear damage rule. According to EN 1993-1-9 (CEN European Standard, 2025),
weld toe and weld root failures were classified as FAT 71 and FAT 40, respectively. Fig. 8 shows the fatigue life and
fatigue damage contribution under two load cases. In Case A, all train types are assumed to travel at the maximum
permitted speeds, whereas in Case B, the speeds of the four train types are taken as their respective 90th percentile
speeds (P90) obtained from the statistical analysis of the measured train speed data. For both weld toe and weld root
failures, including tail waves consistently reduces fatigue life. Although the nose wave dominates the fatigue damage
in all cases, the contribution of the tail wave cannot be neglected. As shown in Fig. 8(b), the tail wave-induced stress
contribute approximately 14% of the fatigue damage for weld toe failure, while the contribution slightly increases to
about 23% for weld root failure. In all cases, the fatigue life for weld root failure is significantly shorter than that for
weld toe failure, indicating that weld root failure governs the fatigue performance. Moreover, the fatigue lives in Case
B are considerably longer than those in Case A, demonstrating that assuming all trains operate at the maximum speed
leads to a much more severe fatigue assessment compared with the scenario based on the P90 train speeds. Fig. 8(b)
further illustrates the relative contributions of different train types to fatigue damage. ER1 and X3 are the two
dominant contributors. Although the assumed operating frequency of ER1 is only half that of X3, its contribution is
comparable to that of X3 in Case A and becomes significantly higher than that of X3 in Case B. The contribution of
SJX40 is moderate, ranging from approximately 13% to 20%, whereas Rc6 contributes the least fatigue damage in all
cases, remaining below 5%.
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Fig. 8. Fatigue life and fatigue damage under different load cases.

These results indicate that the fatigue life of the investigated noise barrier is strongly influenced by train operating
speeds and train-type distribution. The fatigue life obtained using the P90-based speed assumption (Case B) provides
a more realistic representation of operational conditions, while the maximum-speed assumption (Case A) leads to a
more conservative fatigue assessment. Regardless of the speed assumption, weld root failure remains the governing
fatigue mode, and nose waves are the primary source of fatigue damage, whereas tail waves, although secondary, still
play a non-negligible role by consistently shortening fatigue life.

4. Conclusions

This study proposed a fatigue assessment framework for railway noise barriers subjected to train-induced
aerodynamic loads by integrating long-term field monitoring, data-driven modelling, and numerical simulations. A
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stress response prediction model considering train operational and environmental factors was developed using an
interpretable ML model, while a dynamic FE model was employed to relate the monitored stresses to the critical stress
at the base of the steel posts.

The results show that weld root failure governs the fatigue performance of the steel post base, exhibiting
significantly shorter fatigue lives than weld toe failure. Nose waves dominate the fatigue damage, while tail waves
still contribute about 14-23% of the total fatigue damage and therefore should not be neglected. ER1 and X3 trains
contribute most to fatigue damage, whereas the contribution of the conventional Rc6 trains remains below 5%. In
addition, assuming all trains operate at the maximum speed results in overly conservative fatigue predictions, whereas
using the 90th percentile operating speeds significantly increases the predicted fatigue life. These findings highlight
the importance of considering realistic train operating conditions and train type distributions in fatigue assessment.

Some limitations of the present study should be noted. The fatigue assessment focuses on the welded details at the
base of the steel posts, while other potentially critical components, such as bolts connections, were not evaluated.
Furthermore, uncertainties may accumulate and propagate throughout the entire assessment framework, including
field monitoring, data-driven prediction, stress mapping, and stress spectrum construction, which may influence the
final fatigue life estimation. Future work should therefore consider uncertainty quantification and probabilistic fatigue
assessment approaches to further improve the robustness and reliability of the proposed framework.
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