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ABSTRACT

Noise barriers play a crucial role in mitigating railway noise, with the aerodynamic pressure exerted
by passing trains being a key factor in their structural design, particularly for those installed along
high-speed railways. While previous studies have focused on the effects of train speed, geometry,
and distance from the track centre, and have developed models incorporating these factors, limited
attention has been given to the impact of bilateral layouts and barrier height on this pressure. Quan-
titative assessments of these two factors remain scarce, and existing pressure calculation models
inadequately address their influence. This study addressed these gaps by employing computational
fluid dynamics (CFD) simulations, validated by field test data, to qualitatively and quantitatively ana-
lyze the effects of barrier layout and height on the aerodynamic pressure acting on vertical noise
barriers. The results demonstrate that two distinct transient pressure fluctuations over time are gen-
erated by the train’s nose and tail, in agreement with the findings of the field tests. A bilateral layout
increases peak pressure by up to 8.5%, particularly as the distance to the train centreline decreases.
Moreover, increasing barrier height from 2 to 4 m resulted in a maximum pressure amplification of
13.23%, though the amplification rate diminished with further height increases. To address the limi-
tations of existing pressure calculation models, an exponential model was developed to account for
the amplification effect of bilateral layouts, while a logarithmic correction factor was introduced to
account for barrier height. These models were integrated into a comprehensive aerodynamic pres-
sure calculation framework, effectively capturing the combined impacts of barrier layout and height.
Validated through simulations, the proposed model offers a more accurate and practical approach
for predicting train-induced aerodynamic pressure on noise barriers, providing valuable insights to
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inform their structural design.

1. Introduction

As development of high-speed railways has advanced,
train speeds have progressively increased. However, this
increase in speed has also led to a rise in aerodynamic
noise, which becomes the predominant component of
railway noise when train speeds exceed 240 km/h (Mori-
toh et al., 1996). Notably, the power of aerodynamic
noise increases approximately with the sixth power of
the speed of train (Thompson et al., 2015). To mitigate
the adverse e ects of railway noise on residential areas
along high-speed rail lines, the installation of railway
noise barriers is essential. The most common type of
noise barrier currently in use is the vertical noise bar-
rier, positioned 2.5 to 5.0 m away from the centre of the
track (Liu et al., 2023). These barriers are primarily con-
structed from steel columns and alloy panels, although
concrete, glass, or wooden panels are sometimes used as

alternatives. While these noise barriers e ectively block
the propagation of railway noise, they are also subjected
to aerodynamic pressure generated by high-speed trains
(Baker, 2010; Zbiec, 2021).

Aerodynamic loads on noise barriers are in uenced
by several factors. Previous research results have clearly
demonstrated that the aerodynamic load induced by
passing trains on the surface of the noise barrier is pro-
portional to the square of the train speed and inversely
proportional to the square of the distance from the track
centre (Meng et al., 2022; Qiu et al., 2023; Xiong et al.,
2020; Yang et al., 2022a). Design speci cations for noise
barriers, such as the EN 14067-4 (CEN European Stan-
dard, 2013), are based on this relationship and provide
a model for calculating the peak aerodynamic load on
vertical noise barriers. Furthermore, the aerodynamic
load induced by trains is in uenced by the type of train,
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particularly its geometric dimensions (Meng et al., 2022).
Research has shown that increases in train height and
width, as well as a decrease in nose length, can raise
the aerodynamic load on the noise barrier to varying
degrees. Of these factors, train width has the most sig-
ni cantimpact, and amodi ed aerodynamic load model
tailored to di erent train types has also been developed
(Liu et al., 2024).

The con guration of noise barriers, including their
height and layout, also exhibits signi cant variability to
meet the noise protection requirements for residential
areas. A review of the literature revealed that the height
of vertical noise barriers typically ranges between 2.0 and
5.0m (Liu et al., 2023), indicating a broad distribution.
It has been shown that increasing the height of a noise
barrier enhances the constraint on air ow between the
barrier and a moving train, which consequently increases
the aerodynamic load exerted on the barrier’s surface by
the train (Du et al., 2020; Luo et al., 2020). Despite this,
existing design standards and aerodynamic load mod-
els rarely account for the impact of barrier height on the
loads experienced by the barriers themselves. In terms
of layout, noise barriers are commonly con gured as
either unilateral or bilateral (Yang et al., 2022b). Bilateral
barriers, installed on both sides of the track, can fur-
ther restrictair ow and potentially increase aerodynamic
pressures on the barriers. However, the aerodynamic
implications of such con gurations remain insu ciently
studied.

Signi cant research has been devoted to wind bar-
riers and porous barriers (Deng et al., 2021; Mohebbi
& Rezvani, 2018c; Mohebbi and Safaee, 2022), which
sometimes also serve as noise barriers, and their e ects
on train aerodynamics under crosswinds or wind-sand

ow (Deng et al.,, 2023b; Gu et al., 2021), particularly
the in uence of barrier height, porosity, and layout.
Mohebbi and Rezvani (2018a; 2018b) demonstrated that
optimizing barrier geometry e ectively reduces aerody-
namic lift, side forces, and rolling moments on high-
speed trains. Similarly, studies highlight porous barriers
with porosity below 15% (Mohebbi & Rezvani, 2019) in
mitigating aerodynamic loads. On double-track railways,
inclined barrier signi cantly weaken air ow above trains,

enhancing stability under crosswinds (Mohebbi et al.,
2023). Additionally, Deng et al. (2023a) proposed prac-
tical bu er schemes to address the aerodynamic perfor-
mance issues encountered when trains pass through the
ends of bilateral vertical barriers under crosswinds. These

ndings underscore the critical role of barrier geometry
and con guration in minimizing aerodynamic e ects on
trains in crosswind conditions. However, a critical limi-
tation of these studies is their predominant focus on the
aerodynamice ectsexperienced by trains rather than the
aerodynamic loads exerted on the barriers themselves.
The aerodynamic forces acting on noise barriers due to
passing trains, particularly under varying barrier heights
and layouts, remain underexplored. These forces directly
a ect the structural stability, durability, and safety of the
barriers under operating conditions. Investigating how
di erent con gurations and heights in uence aerody-
namic loads on noise barriers is essential for improving
their design and ensuring their performance.

As indicated in Table 1, the existing literature on train-
induced aerodynamic loads on vertical noise barriers
encompasses both unilateral and bilateral con gurations.
However, despite the widespread application of these
con gurations, there is a lack of research investigating
whether the arrangement of noise barriers — unilateral or
bilateral —a ects the aerodynamic loads exerted on their
surfaces by passing trains. Theoretically, bilateral con g-
urations might amplify aerodynamic pressures by further
restricting air ow, but the extent of this e ect has not
been thoroughly quanti ed. Understanding these inter-
actions is critical for accurately estimating aerodynamic
pressures on noise barriers and for re ning their struc-
tural design standards to ensure optimal performance
and safety under diverse operating conditions.

In this study, the e ects of vertical noise barrier
con gurations, including barrier height and layout, on
train-induced aerodynamic pressure acting on the bar-
rier surface, were investigated using computational uid
dynamics (CFD) simulations. The simulation methodol-
ogy, including the turbulence model, meshing strategies,
and calculation parameters, was validated through com-
parison with eld measurement data. The train-induced
aerodynamic pressures on the surfaces of unilateral and

Table 1. Literature on aerodynamic pressure on railway vertical noise barriers.

References Type Layout Height (m) Distance to track centre (m) Research method
Lietal. (2013) Vertical Bilateral 2.95,3.95 4.65 + 4.65 CFD simulation
Xiong et al. (2018) Vertical Bilateral 2.15 34+84 Field test

Rocchi et al. (2018) Vertical Unilateral 4.2 315 Field test
Zouetal. (2019) Vertical Bilateral 3.0 344 + 344 Field test

Soper et al. (2019) Vertical Unilateral > 35 3.72,4.19,4.68,5.04,5.17 Field test

Luo et al. (2020) Vertical Bilateral 1.92.2.88,3.84 3.0+80and35+85 CFD simulation

Du et al. (2020) Vertical Unilateral 25,50 5.7 Moving model test
Qiuetal. (2024) Vertical Bilateral 45 35+85 CFD simulation




bilateral noise barriers were compared, and an ampli -
cation coe cient model was developed to quantify the
impact of the bilateral con guration based on the simula-
tion results. Additionally, the pressure calculation model
was re ned to account for the variation in aerodynamic
pressure with changes in the height of the noise bar-
rier. The ndings of this study potentially o er valuable
insights for more accurate calculation of aerodynamic
pressures on noise barrier surfaces under complex con-

guration conditions, while also expanding the applica-
bility of existing pressure calculation methods.

2. Numerical simulation
2.1. Train noise barrier modelling

Figure 1 shows the CFD model representing the train-
noise barrier system used in this study. The Swedish
SJX2000 train served as the prototype and was appro-
priately simpli ed while maintaining its original height,
width, and nose length. Some details, including wheels,
antennas, handles, pantographs, and bogies, were omit-
ted. These simpli cations had a negligible impact on
the aerodynamic e ects of the train on the noise bar-
rier surface whilst complying with European standards
for train modelling (CEN European Standard, 2013). The
connections and gaps between train carriages were not
included in the model. Despite the potential for these
gaps to induce uctuations in aerodynamic pressure, pre-
vious studies have demonstrated that the amplitude of
these pressure uctuations is signi cantly smaller than
the pressure amplitude of the nose wave (Xiong et al.,
2018). Additionally, the train length was shortened, as
the in uence of train length on the maximum aerody-
namic pressure from the train nose can be considered
negligible (Meng et al., 2022; Zhou et al., 2018). These
simpli cations resulted in a notable reduction in compu-
tational demand whilst maintaining the accuracy of the
aerodynamic interaction between the train and the noise
barrier, a practice commonly described in relevant liter-
ature (Qiu et al., 2024). The SJ X2000 train has a height
of 3.814 m, a width of 3.08 m, and a nose length of 3.3 m.
The total length of the train model employed in this study
was 56.6 m.

The noise barrier model was represented as a common
vertical structural type. Although the aerodynamic pres-
sure generated by the train can induce deformation in the
noise barrier, this deformation is of a negligible magni-
tude in comparison to the space between the noise barrier
and the train (PEC + S, 2006). Thus, the material prop-
erties and sti ness of the noise barrier are considered
insigni cant in terms of the aerodynamic interaction
with the train. In this model, the noise barrier was treated
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(b) Train — noise barrier model

Figure 1. Simulation model.

asarigid at plate of 0.2 m thickness, which was assumed
to remain undeformed.

As depicted in the Figure 1, the total height of the noise
barrier was de ned as Hy, the height above the top of the
rail was denoted as hy, and the distance between the noise
barrier and the centre of the train (rail) was represented as
ag. To meet the research objectives, di erent noise barrier
con gurations were achieved by adjusting the distance
(ag1 and agp) between the noise barrier on both sides of
the train and the centre of the track, while variations in
the barrier height were achieved by modifying its height
above the rail top (hp).

2.2. CFD simulation

2.2.1. Computational domain

A full-scale computational uid domain was established,
as illustrated in Figure 2. The domain had a length of
400 m, a width of 50 m, and a height of 40 m. The block-
age ratio, de ned as the ratio of the projected area of
the train model to the cross-sectional area of the com-
putational domain, was less than 0.01, thus meeting the
speci ed requirements to ensure that the domain did not
in uence the aerodynamic behaviour of the train (CEN
European Standard, 2013).

The computational model employed a stationary train,
designed to replicate wind tunnel tests with the objec-
tive of assessing the aerodynamic e ects of the train
on the noise barrier (Cheli et al., 2010). This approach
is consistent with the recommendations of the Euro-
pean norm EN 14067-4 (CEN European Standard, 2013),
which recognizes static train models as suitable for evalu-
ating undisturbed pressure elds away from the ground.
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Figure 2. Computational domain.

As illustrated in Figure 2, air ow with the same velocity
as the train, but in the opposite direction, was intro-
duced through the velocity inlet, with a pressure outlet
located on the opposite side. The train and noise bar-
rier models were placed in a stationary position on the
ground, with symmetric boundary conditions applied
to the remaining three sides. Although the stationary
train model di ers from actual operational conditions
and introduces signi cant di erences in the ow eld
structure beneath the train in comparison to a mov-
ing train model (Niu et al., 2018), it has been demon-
strated to provide adequate accuracy for modelling the
aerodynamic pressure around the train (Dorigatti et al.,
2015; Niu et al., 2021). In particular, the stationary train
model generated a pressure evolution on the noise bar-
rier surface that closely resembled that of the moving
train model (Liu et al., 2024). This method signi cantly
reduces computational costs while maintaining su cient
accuracy for evaluating aerodynamic pressure on noise
barriers. Its accuracy is further validated through com-
parisons with eld test results, as detailed in Section 3.
It is important to note that, in this model, the aerody-
namic pressure measured at di erent longitudinal posi-
tions along the noise barrier corresponded to the pres-
sure uctuations that would occur at xed points over
time as the train passes by in a moving model sim-
ulation or during eld measurements (CEN European
Standard, 2013). The spatial variation can be trans-
lated into temporal variation through the application of
Equation (1):

At= — 1

o €y

where t is the time interval between two measuring
points (s), | is the distance between these two measur-

ing points on the noise barrier (m), corresponding to the
distance between two element nodes, speci ed as 0.05m
in this study, as shown in Figure 2 and vy is the train speed
(m/s).

2.2.2. Turbulence model and calculation

The CFD simulations in this study were carried out
using Ansys Fluent software®. The complex turbulence
surrounding the train was modelled using the Reynolds-
averaged Navier-Stokes (RANS) approach, paired with
the Shear Stress Transport (SST) k- turbulence model,
drawing on previous studies (Ampunant et al., 2014; Xia
et al., 2020). Recognized as one of the most commonly
used methods in turbulence modelling (Cheng et al.,
2003), the RANS approach was chosen for its robustness.
The SST k-w model, atwo-equation eddy viscosity model
(Menter, 1993), combines the advantages of both k-w and
k- models, o ering an e ective balance between com-
putational accuracy and e ciency. The uid dynamics
partial di erential equations were solved using a cou-
pled algorithm, with numerical discretization conducted
through the Least Squares Cell-Based method for gra-
dient, the Second-Order Scheme for pressure, and the
Second-Order Upwind Scheme for momentum, turbu-
lent Kinetic energy, and speci c dissipation rate, striking
a balance between accuracy and computational stability.
Convergence was deemed achieved when the pressure
values at the speci ed point stabilized or the residuals of
the turbulence equations fell below 1072,

2.2.3. Meshing strategy

The entire computational uid domain was discretized
using the polyhedral meshing technique, as illustrated
in Figure 3. In comparison to hexahedral meshes, poly-
hedral meshes are more e cient in terms of generation
time when dealing with complex geometries and are bet-
ter able to adapt to irregular shapes, such as the curved

10 boundary
layers with
Iy =20 mm

10 boundary layers

with /1, =10 mm

(®)

Figure 3. Model meshing (a) Side view (at Y = 0 profile, as
shown in Figure 2) (b) Front view.
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Figure 4. Comparison of the aerodynamic pressure of nose wave
on the noise barrier using di erent mesh sizes.

surfaces of trains, while maintaining high-quality mesh-
ing (Sosnowski et al., 2018). To capture the train-induced
aerodynamic pressure on the surface of the noise bar-
rier accurately, the mesh sizes of both the noise barrier
and the train surfaces were re ned. On the surface of the
train model, a total of 10 boundary layers were imple-
mented, beginning with an initial thickness of 0.01 m and
following a growth rate of 1.2. A comparable approach
was applied to the surface of the noise barrier, with the
initial boundary layer thickness set at 0.02 m.

Figure 4 illustrates the impact of varying mesh sizes
i.e. the minimum surface mesh size, on the aerodynamic
pressure on the noise barrier surface, speci cally compar-
ing a coarse mesh with a surface size of 0.1 m, a medium

ENGINEERING APPLICATIONS OF COMPUTATIONAL FLUID MECHANICS e 5

mesh with a surface size of 0.05m, anda ne mesh with
a surface size of 0.03 m. As the mesh size decreases, the
total number of elements increases signi cantly. Never-
theless, the simulation results exhibited minimal varia-
tion between the di erent meshes, as show in Table 2.
Regarding the maximum positive aerodynamic pressure
of the nose wave, the relative di erences between the
coarse mesh/medium meshand ne mesh were all within
0.05%. Regarding the maximum negative aerodynamic
pressure of the nose wave, the relative di erence between
the medium and ne meshes was negligible, with a value
of only 0.02%, while the relative di erence between the
coarse and ne meshes was 0.53%. Additionally, the uid
domain near the nose and tail of the train, as well as
the entire train-noise barrier system, was re ned to some
extent. As shown in the grid re nement area in Figure 3,
the mesh sizes in this region ranged from 0.1 to 0.2 m. In
conclusion, considering both the accuracy of the results
and computational cost, the medium mesh with a surface
size of 0.05 mwas deemed su cientand was thus selected
for subsequent simulations.

2.3. Parametric study

To investigate the impact of the layout and height of verti-
cal noise barriers on the aerodynamic loads generated by
passing trains, various con gurations were considered.
These included unilateral and bilateral barrier layouts,
with di erent distances from the track centre and varying
barrier heights. The speci ¢ groupings and con gura-
tions used in this study are presented in Table 3. In all
models, the train speed was set to 300 km/h, equivalent
to approximately 83.33m/s. To eliminate the in uence

Table 2. Comparison of the peak pressures of nose wave using di erent mesh sizes.

Pressure (Pa) Deviation from fine mesh
Mesh type Min. size Total element Max. Min. Max. Pressure Min. Pressure
Coarse 010m 101 M 498.8 —476.9 0.03% —0.53%
Medium 0.05m 20.8M 498.9 —479.3 0.05% —0.02%
Fine 0.03m 394 M 498.7 —479.4 0.00% 0.00%
Table 3. Grouping of parametric study.
Layout Set Ht (M) hp (m) agy (M) agz (M)
Unilateral | 3814 30 3.0,35,40,45,50,55,6.0 -
I 3.814 2.0,25,35,4.0 3.0,4.0,5.0 -

40 20,3040 3.0,40,5.0 -

42 20,3040 3.0,4.0,5.0 -
Bilateral Il 3814 30 3.0 3.0,35,40,455.0,55,6.0

3814 30 35 35,4.0,45,50,55,6.0

3814 30 40 40,45,5.0,55,6.0

3814 30 45 45,50,55,6.0

3814 30 5.0 5.0,55,6.0

3814 30 55 55,6.0

3814 30 6.0 6.0

v 3814 4.0 40 45,50,55,6.0
3814 5.0 4.0 45,5.0,5.5,6.0
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(¢) Arlanda Express X3 train (d) Pressure transducer

Figure 5. Field test of railway noise barrier. (Arlanda Express
X3 train. Image source: Pixabay (https://pixabay.com/photos/
arlanda-express-fast-connection-2496362/), free for use)

of train speed, the pressure values were normalized to
obtain the pressure coe cient, making it independent of
speed, as shown in Equation (2):

2p

C
pvi

p

)

where Cp is the aerodynamic pressure coe  cient, p is the
aerodynamic pressure (Pa), and p is the air density, set to
1.225 kg/md.

3. Validation of simulation

The numerical simulation method, including the mesh-
ing strategy and calculation parameters, was validated
using a eld test carried out in June 2024 at a test site
on the Arlanda Express line in Stockholm, as shown in
Figure 5. The primary train operating on this line is the
X3 train, which reaches a maximum speed of 200 km/h.
A vertical noise barrier, with a total height of 3.37 m, was
constructed 4.45 m from the centre of the track. During

the eld test, an ENDEVO Model 8515C-15 piezoresis-
tive pressure transducer was installed on the surface of
the barrier panel, with the measurement point for vali-
dating the numerical simulations positioned at a height
aligned with the top of the rails, as shown in Figure 6.
The previously described CFD simulation methods,
including the computational domain, turbulence model,
meshing strategy, and calculation parameters, were used
to simulate the real test scenario and obtain aerody-
namic pressure at the same measurement points. How-
ever, to reduce computational costs, the total train length
was reduced from 93.4m (original length) to 53.6 m
in this model. Figure 7 presents a comparison of the
aerodynamic pressure variation over time between the
eld measurements on the Arlanda Express line and
the CFD simulations. The time-history curve of aero-
dynamic pressure variation demonstrates that the CFD
simulation results are in close alignment with the eld test
data, particularly in terms of capturing the transient pres-
sure changes in the nose wave region. As shown in Table
4 a comparison of the characteristic points in the nose
wave indicates that the relative errors in the maximum
positive and negative pressure amplitudes between the
numerical simulation and the test data were both below
4%, with the di erence in peak-to-peak pressure ampli-
tude being only 0.34%. Furthermore, the timing of the
transient conversion between positive and negative pres-
sures in the nose wave was also largely consistent between
the two results. To reduce the number of grids and asso-
ciated computational costs in the CFD simulation, the
detailed connections between the train carriages were not
modelled. Therefore, the pressure uctuations observed
between the nose and tail waves in the eld data caused by
the gaps between carriages were not captured in the sim-
ulation results. Furthermore, the shortened train length
in the CFD model resulted in a higher peak pressure for
the tail wave in the simulation compared to the eld test,
a nding consistent with observations reported in other

B=4m=6x0.67m a,=4.45m J
< 1
W,=3.063 m
hy=0.85m
h,=0.1m
hy=0.1m 1.67 m
7y 4 g
< 3
£ I
E % x
o ~
- 1
I <
= Rail top
EI_ il i i i I it \Iv:lsur;vmvnl point
r - L= g i
< E R

Figure 6. Schematic diagram of field test on the Arlanda Express line in Stockholm.
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Figure 7. Comparison of aerodynamic pressure between field measurement test and CFD simulation.

studies (Qiu et al., 2023; 2024). This is due to the fact that,
as the length of the train increases, the thickness of the
boundary layer on the train surface gradually increases,
resulting in greater turbulent energy dissipation and, ulti-
mately, a reduction in the surface pressure acting on
the noise barrier (Ampunant et al., 2014; Kikuchi et al.,
1998). However, the pressure amplitude of the nose wave
is greater than that of the tail wave, which plays a criti-
cal role in the structural design of the noise barrier (Qiu
et al., 2023). Therefore, the comparison of the CFD sim-
ulation and eld test results con rms that the simulation
strategies employed in this study are reliable for pre-
dicting train-induced aerodynamic pressure on the noise
barrier surface.

4. Results and discussion

4.1. Aerodynamic pressure of a unilateral noise
barrier

Figure 8(a) shows the temporal evolution of the aerody-
namic pressure coe cient generated by the train on the

Table 4. Comparison of the nose wave pressure results between
field test and CFD simulation.

CFD
simulation

Indicators Field test data results Di erence
+Py, (Pa) 2155 209.8 —2.66%
-Pn (Pa) —209.5 —216.7 3.44%
PTP (Pa) 425.0 4265 0.34%

t(s)? 0.1175 0.113 —3.83%
@Here, tdenotes the time interval between pressure peak and suction peak.

surface of a unilateral noise barrier (Set I). As with the

ndings of previous studies (Soper et al., 2019; Vittozzi
et al., 2017), the pressure coe cient curve exhibits two
distinct transient pressure uctuations. The rst, caused
by the nose of the train, transitions from positive to neg-
ative pressure, while the second, generated by the tail
of the train, transitions from negative to positive pres-
sure. The change between positive and negative pressures
occurs rapidly for both uctuations. As a result, these
transient pressure uctuations induce alternating stresses
on the noise barrier structure, potentially a ecting its
fatigue performance. Typically, due to the accumulation

e . .024
O 0.2+ Nose wave Tail wave &) @ CFD simulation data
£ = ——0.708:C,, R*=0.9878
5 Inter-car -% 0.201 ——0.6:C, in Eurocode model
£ 0.1 e & ———0.85°C, in Eurocode model
o A o : Fo-—--—c---—--= .
(5] i inE s
o 2\ ; 0.16 - :C,, equation in EN 14067-4 :
B 00—\ - 2 | +0.02 |
o 1) 1
& / Bl 012 NCING N PR RS Rs s R ns
2 v 2
E o] :
5 £, 0.08
) )
g 2
0.2 - g
< SRS 7/ A —" <ot
02 04 06 08 10 12 14 16 18 3.0 35 4.0 4.5 5.0 5.5 6.0
Time ¢ (s) Distance from noise barrier to track center a, (m)
(@) (b)

Figure 8. Aerodynamic pressure coe cients under di erent distances for unilateral noise barriers (a) Time-varying pressure coe cient

(b) Peak pressure coe cient.
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of the boundary layer along the longitudinal surface of
the train (Kikuchi et al., 1998), the pressure uctuation
amplitude at the train tail is smaller than that at the nose.
Therefore, it is important to note that the pressure coef-

cients discussed in this study refer to the peak pressure
coe cient of the nose wave.

As the distance between the noise barrier and the
track centre decreases, the pressure coe cient on the
noise barrier surface increases signi cantly, as shown in
Figure 8(b). The European standard describes a relation-
ship between the pressure coe cient and the distance
from the track centre, as expressed in Equation (3) (CEN
European Standard, 2013). A tting of the data from this
study demonstrates the wide suitability of the model, with
the ampli cation factor obtained from the t represent-
ing the shape coe cient of the train. The geometric shape
of the train has a signi cant impact on the magnitude
of the pressure coe cient acting on the noise barrier
surface. Previous studies have shown that the pressure
coe cient increases with train length and width and
decreases with nose length (Liu et al., 2024). The shape
coe cient of the SJ X2000 train, derived in this study,
is 0.708, which falls between the values recommended
by European standards for conventional trains (0.85) and
streamlined trains (0.6).

2.5
p= —— +002 3)
(ag +0.25)
where Cp is the basic aerodynamic pressure coe cient
related to the distance to track centre, and ag is the
distance from the noise barrier to the track centre.

4.2. Aerodynamic pressure of a bilateral noise
barrier

4.2.1. Pressure variations for different distance
combinations
To compare the di erences in train-induced aerody-
namic pressure on noise barriers between unilateral and
bilateral layouts, a pressure monitoring point was placed
on the noise barrier located on one side of the train, posi-
tioned at a distance of ag; from the centreline of the train.
The height of the measuring point was aligned with the
top of the rail. On the opposite side of the train, noise bar-
riers were arranged at varying distances from the centre-
line (ag2), creating bilateral noise barrier con gurations
with di erent layouts (Set I11). It can be hypothesized that
when the distance between the noise barrier on one side
and the centreline of the train approaches in nity, it can
be considered as a unilateral noise barrier con guration.
Figure 9 illustrates the temporal variation of the pres-
surecoe cientat the monitoring point located on the left

0.15

0.10 4
0.05 1

000 -~

-0.05
0.10 +

Meas |en’ | | |
-0.15 2= ‘ ;

0.5 0.6 0.7 0.8 0.9
Time 7 (s)

Aerodynamic pressure coefficient C,

a,,= 6.0 m—— Unilateral

Figure 9. Aerodynamic pressure coe cients of the noise barrier
at ag from the track centre with di erentagy,

side of the train, 4 m from the centreline (agy), as the dis-
tance between the noise barrier on the right side of the
train and the centreline increases from 3 to 6 m (ag).
Additionally, the pressure coe cient curve for a unilat-
eral noise barrier layout is provided for comparison. The
con guration of bilateral noise barrierswith di erent lay-
outs has no impact on the uctuation trend of the nose
wave pressure curve over time. However, as the distance
between the opposite noise barrier and the centreline of
the train decreases, the peak pressure coe cient at the
measurement point increases. It can be de ned as the
ampli cation e ect of the bilateral con guration relative
to the unilateral one. This is attributed to the restricted
air ow caused by the bilateral barrier setup: as the train
approaches the measurement point, the air in front of
the train is forced to ow to both sides. Compared to a
unilateral noise barrier, a bilateral noise barrier further
restricts the space available for the air ow, especially near
the base of the barriers, thereby increasing the pressure
exerted on the noise barrier. As shown in Figure 10, com-
pared to the unilateral noise barrier, when ag; is 3m,
reducing ag, from 6 to 3 m results in an increase in the
peak pressure coe cient at the measurement point by
0.8% to 4.7%. As ag1 increases, the bilateral noise barrier
results in @ more pronounced rise in the pressure coef-

cient. For instance, when ag; is 6 m, reducing ag, from
6 to 3m leads to an increase in the peak pressure coef-

cient by 3.3% to 8.5%. It is important to note that, for
a bilateral noise barrier positioned at ag; from the cen-
tre of the train, as ag, increases, the degree of increase
inthe pressure coe cient progressively diminishes, while
the rate of this reduction gradually slows. Theoretically,
as agy approaches in nity, the pressure coe cient will
gradually converge to the value observed for the uni-
lateral noise barrier con guration. These results empha-
size the need for careful consideration of bilateral noise
barrier spacing in the design phase to balance aerody-
namic performance with noise mitigation. Reducing the
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spacing between barriers increases aerodynamic load-
ing, which could in uence the structural integrity of
the barriers and the dynamic stability of high-speed
trains.

4.2.2. Modified model of aerodynamic load for a
bilateral noise barrier

To evaluate the impact of bilateral noise barriers on
the aerodynamic pressure exerted on their surfaces by
trains further, a quantitative investigation was carried out
into the ampli cation e ect of di erent bilateral barrier
con gurations on the pressure coe cient, based on the
existing aerodynamic pressure calculation model (CEN
European Standard, 2013; Liu et al., 2024). The pro-
posed model is shown in Equations (4) and (5), with
Equation (5) introducing the modi ed coe cient Cp,
which accounts for the in uence of bilateral noise bar-
riers.

2
_ PVt
p_T'Cp (4)

where k; is the shape coe cient of the train to account for
the di erent train geometries, Cy is the modi ed coef-
cient for a bilateral noise barrier, Cp is the measured

e
[}

a,=30m
a,=3.5m
a,=40m
—a,=45m
u;l =5.0m

e
!

a, =55m
ay,; =6.0m

Aerodynamic pressure coefficient C,

0.0 1
L T " . M | ap=d4m
-0.14¢
|
§
> %
0.2 - . — : ;
0.4 0.5 0.6 0.7 0.8 0.9
Time 7 (s)

Figure 11. Aerodynamic pressure coe cients of the noise barri-
ers at di erent distances from the track centre ag; when ag is
fixed.

aerodynamic pressure coe cient and k is a coe cient,
which is the product of coe cients k; and C,.

Figure 11 shows the time evolution curves of the aero-
dynamic pressure coe cienton the left-side noise barrier
at varying ag; distances for a given bilateral noise barrier
con guration, where the distance ag, from the right-side
noise barrier to the centreline of the train remains con-
stant. As with a unilateral noise barrier, the peak value of
the aerodynamic pressure coe cient on the noise barrier
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increases signi cantly as the distance from the centre-
line of the train decreases. As with the unilateral noise
barrier, based on Equation (5), the coe cient k can be
deduced by tting the aerodynamic pressure coe cient
data Cp of di erent groups to the basic Cp equation
shown in Equation (3). It should be noted that the t-
ted pressure coe cient of each group consists of seven
datasets, representing the maximum pressure coe cients
measured on the noise barrier at distances of 3.0, 3.5, 4.0,
4.5,5.0,5.5,and 6.0 m from the track centre ag; . Figure 12
and Table 5 show the coe cients k for di erent bilateral
noise barrier con gurations, corresponding to varying
distances agy. In all cases, the curves exhibited an excel-
lent t, with the coe cient of determination exceeding
0.9800, con rming that the relationship between distance
and Cp, as shown in Equation (3), remains applicable
to bilateral noise barriers. The results indicate that, as
the distance ag, increases, the coe cient k gradually
decreases.

To characterize the aerodynamic pressure of bilat-
eral noise barriers for di erent distance combinations,
a modi cation coe cient Cp was suggested. The coef-

cient k encompasses the e ects of bilateral noise bar-
riers and train geometry on train-induced aerodynamic

pressure on a noise barrier. For the unilateral noise bar-
riers, the modi cation coe cient Cy was equal to 1.0.
Based on the train shape coe cient k; of unilateral noise
barriers i.e. 0.708 as shown in Figure 8(b), the modi -
cation coe cients Cy, for di erent bilateral noise barri-
ers were obtained, and are shown in Table 5. Similarly,
the modi cation coe cients Cp gradually decrease with
increased distance agp. When this distance agp is in -
nite, the noise barrier layout becomes a unilateral noise
barrier. To represent the variation trend of the modi ed
coe cient Cp with distance agp accurately, an exponen-
tial model was used, as shown in Figure 13. It can be
seen that the proposed model e ectively expresses the
quantitative relationship between the two, with coe -
cients of determination exceeding 0.9900, as given in
Equation (6).

Co =1+045.¢ 00" (6)

Therefore, by combining Equation (6) with Equation
(3) and the train shape coe cient model from litera-
ture (Liu et al., 2024), the train-induced aerodynamic
pressure coe cient on a bilateral noise barrier can be cal-
culated. To validate this model, a comparison was made
between the predicted values from the proposed pressure
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Table 5. Pressure coe cient fitting equation and modification coe cients Cb of noise barriers.

ag1 (M) agz (M) Fitting equation R? Co
3.0,35,4.0,45,50,55,6.0 30 0.750 % Cp(ag1) 09861 1.059
3.0,35,4.0,45,50,55,6.0 35 0.738 % Cp(ag1) 0.9856 1.042
3.0,35,4.0,45,50,55,6.0 40 0.730 % Cp(ag1) 09878 1.031
3.0,35,4.0,45,50,55,6.0 45 0.724 % Cp(ag1) 09897 1.023
3.0,35,4.0,45,50,55,6.0 50 0.719 x Cp(ag1) 0.9906 1016
3.0,35,4.0,45,50,55,6.0 55 0.715 % Cp(ag1) 09916 1.010
3.0,35,4.0,45,50,55,6.0 6.0 0.712 % Cp(ag1) 09924 1.006
30,35,4.0,45,50,55,6.0 Unilateral 0.708 x Cp(ag1) 09878 1.000
- . . .
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The comparison reveals that the di erences between the
simulation data and the predicted values are all lower
than 5.0%, and the coe cient of determination exceeds
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of di erent heights above the rail top (hy) for various
train heights (H), for three scenarios where the distance
from the centre of the track is 3.0, 4.0, and 5.0 m, respec-
tively (Set Il). It should be noted that the noise barriers
described in this section are in unilateral con gurations.
In all con gurations, as the height of the noise barrier
increases from 2.0 to 4.0 m above the rail top, the aero-
dynamic pressure exerted on the barrier also increases.
This trend holds across all tested train heights and dis-
tances from the centre of the track. For instance, when
the train height is 3.81 m and distance to track centre is
3.0m, the pressure coe cient rises from approximately
0.16 to 0.18 as the barrier height increases from 2m to
4 m, with the peak value increasing by 11.45% at the high-
est height. Similar conclusions were reached by Du et al.
(2020) using moving model tests, where they found that
the maximum pressure increased by approximately 14%
when the barrier height was doubled.

In addition, consistent with previous ndings, the
train-induced aerodynamic pressure increases as the dis-
tance from the track centre decreases and the train
height increases. Interestingly, the increase in aerody-
namic pressure with barrier height becomes slightly more
pronounced when the train is taller or positioned closer
to the track centre. These ndings have signi cant prac-
tical implications for the design and placement of noise
barriers. While increasing barrier height enhances sound
insulation, it also increases aerodynamic pressure, par-
ticularly for taller trains or barriers positioned close to
the track. This rise in aerodynamic pressures must be
carefully addressed in barrier design to ensure struc-
tural integrity under train-induced aerodynamic loads.
For instance, taller barriers may require additional struc-
tural reinforcement, especially in con gurations involv-
ing high-speed trains or close track distances. Further-
more, from a structural dynamic perspective — though
not examined in this study — greater barrier heights typ-
ically result in reduced sti ness and intensi ed dynamic
responses to aerodynamic loads, potentially compromis-
ing structural safety. Recent advancements in noise bar-
rier technologies, such as those providing e ective sound
insulation at reduced heights (Lazaro et al., 2022), o er
promising solutions for enhancing structural durability
while minimizing aerodynamic noises.

4.3.2. Modified model accounting for height of a
noise barrier

The model for calculating train-induced aerodynamic
loads on noise barriers in the European standard pri-
marily considers the e ects of train speed and the dis-
tance from the track centreline (CEN European Standard,
2013). Liu et al. (2024) improved this by studying the
in uence of train geometry and re ning the expression

for the train shape coe cient. However, these models do
not account for the in uence of noise barrier height, and
the modi ed calculation model proposed in Liu et al.
(2024) is based on a barrier height of 3m above the
rail top.

Figure 16 compares the peak aerodynamic pressure
coe cientsatdi erentnoise barrier heights with the pre-
diction from the model proposed by Liu et al. (2024),
which does not consider barrier height. When the barrier
height changes from 2 to 4 m, the model results in a pre-
diction error of approximately 10%. This demonstrates
that the model is not fully applicable for noise barriers of
varying heights. Therefore, it is necessary to quantify the
in uence of noise barrier height on aerodynamic pres-
sure and further improve the accuracy of the prediction
model by introducing a height in uence factor, Cy, as
shown in Equation (7).

where Cy, is the modi ed coe cient accounting for the
noise barrier heights, and k is a coe cient, which is the
product of coe cients k¢ and Cy,.

Figure 17 shows the normalized pressure coe cients
for di erent noise barrier heights, using the peak aerody-
namic pressure coe cient for a barrier height of 3masa
reference. It is evident that, at the same barrier height, the
pressure height coe cients calculated for varying train
heights and distances from the track centreline are nearly
identical. The height in uence factor increases progres-
sively with the noise barrier height, although the rate
of increase diminishes over time. To capture this trend,
three mathematical models — exponential, power law,
and logarithmic —were employed for characterization. Of
these models, the logarithmic model demonstrated the
best tting performance across the entire height range,
with a determination coe cient of 0.9879, outperform-
ing both the power law and exponential models, as shown
in Equation (8).

Ch = 0.82 + 0.165 x In(h) ()

Accordingly, by combining Equation (8) with the
modi ed load model proposed by Liu et al. (2024), it is
possible to obtain the train-induced aerodynamic pres-
surecoe cient, which takes into account the height of the
noise barrier. It should be noted that the height coe cient
model Cy, established in this section is based on data from
unilateral noise barriers. The model validation, which
considers both the arrangement of bilateral noise barriers
and barrier height, is discussed in detail in Section 4.4. To
validate the proposed model, a comparison between the
predicted values and simulation results was carried out,
as illustrated in Figure 18. The comparison showed that
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the discrepancies between the simulation data and the
predicted values were all below 5.0%, with a determina-
tion coe cient of approximately 0.9893. These ndings
validate the precision and dependability of the proposed
aerodynamic pressure calculation model accounting for
noise barrier height.
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Figure 18. Comparison of original data with predicted values
from the proposed model Cy,

4.4. Acomprehensive aerodynamic load calculation
model

In the previous sections, two ampli cation coe cient
models were proposed: Cp, which accounts for the
e ect of bilateral layout, and Cy, which considers the
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Figure 19. Comparison of original data with predicted values
from the comprehensive load model.

height of the noise barrier. Since these two ampli ca-
tion coe cients were developed independently, without
considering the in uence of the other factor, we explored
whether the product of these two coe cients could accu-
rately represent the combined e ect of both bilateral lay-
outand barrier height, as shown in Equation (9). To verify
the accuracy of the comprehensive train-induced aero-
dynamic load model described by Equation (9), which
incorporates both factors, simulated data from Set IV in
Table 3 were used for validation.

C, =k Cp=kCpChCp 9)

Figure 19 shows a comparison between the predicted
values of the aerodynamic pressure coe cient from the
proposed model and the original data values from the
CFD simulation for Set IV. The scatter plot of data points
demonstrates a robust correlation between the predicted
and original data, with the ideal curve representing per-
fect agreement between the two. The deviation lines,
marked at +5% and —5%, indicate the range within
which all the data points fall. The determination coef-

cient of 0.9879 further con rms the reliability of the
model in predicting the aerodynamic load. These results
validate the accuracy of the proposed model in captur-
ing the e ects of both bilateral layout and barrier height,
thus providing a reliable tool for assessing train-induced
aerodynamic pressures on noise barriers.

5. Conclusions

In this study, a CFD simulation method, which was vali-
dated witha eld test, was employed to analyze thee ects
of the layout and height of railway vertical noise bar-
rier on train-induced aerodynamic pressure acting on
the noise barriers. Based on the simulation results, the

e ects of these two factors on the aerodynamic pressure
were considered qualitatively and quantitatively, and two
coe cient models characterizing the e ects of layout and
barrier height were proposed. The main conclusions can
be drawn as follows:

(1) The train-induced aerodynamic pressure on the noi-
se barrier exhibits two distinct transient uctuations:
the rst, from the nose, transitions from positive to
negative pressure, while the second, from the tail,
transitions from negative to positive pressure, con-
sistentwith eld test ndings. The relative di erence
between the peak nose wave pressure in the CFD
validation model and the eld test results is within
4%. However, due to model simpli cations — such
as shortening the train length and removing carriage
gaps — the simulation gives a larger tail wave ampli-
tude and does not capture the pressure uctuations
caused by the carriage gaps.

(2) Compared to a unilateral noise barrier, the bilat-
eral layout increases the peak pressure acting on the
noise barriers, with a maximum increase of 8.5%. As
the distance between the opposing noise barrier and
the train centre decreases, the peak pressure coe -
cient at the measured noise barrier increases. Con-
versely, as the distance between the measured noise
barrier and the train centre increases, the ampli -
cation e ect of the bilateral layout becomes more
pronounced. Therefore, optimizing the spacing and
positioning of bilateral noise barriers is essential for
balancing train-induced aerodynamic e ects, bar-
rier structural integrity, and noise mitigation e ec-
tiveness.

(3) The height of the vertical noise barrier also in u-
ences the pressure amplitude, exhibiting a nonlin-
ear increasing trend. As the barrier height increases
from 2m to 4 m, the maximum pressure ampli ca-
tion rises by up to 13.23%, albeit at a progressively
decreasing rate. Additionally, the pressure coe cient
increases caused by the rising barrier height become
slightly more pronounced as both the distance from
the track centre and train height increase. While
increasing the barrier height improves sound insula-
tion, it also leads to asigni cant rise in aerodynamic
pressure, particularly for taller trains.

(4) An exponential mathematical model was proposed,
based on the peak pressure coe cient of a unilateral
noise barrier, to characterize the ampli catione ect
of a bilateral layout on the peak pressure acting on
the noise barrier surface. The existing pressure cal-
culation models in the literature are not fully appli-
cable to noise barriers of varying heights. To address
this limitation, a correction coe cient in the form of



a logarithmic mathematical model was proposed to
quantify the in uence of barrier height.

(5) Thetwocoe cient modelscharacterizingthee ects
of bilateral layout and barrier height were incorpo-
rated into the existing pressure calculation frame-
work, resulting in a new comprehensive aero-
dynamic pressure calculation model. Validation
against simulation data showed a di erence of less
than 5%, with a determination coe cient of 0.9879,
demonstrating the model’s e ectiveness in accu-
rately capturing the combined in uence of bilateral
layout and barrier height on aerodynamic pressure.

This research provides critical insights into the e ects
of the layout and height of railway vertical noise barrier
on train-induced aerodynamic pressure acting on the
noise barriers, and the proposed models extend the appli-
cability of existing pressure calculation methods and pro-
vide a more reliable basis for the structural design of
railway vertical noise barriers. However, the scope of
this study, including the proposed pressure calculation
models, is limited to vertical noise barriers, excluding
other types such as semi-covered, semi-enclosed, and
fully enclosed designs. Additionally, the study does not
account for variations in noise barrier materials or the
potential e ects of surface porosity, which could in u-
ence aerodynamic pressure distributions. Future work
should incorporate more eld measurements and studies
for diverse noise barrier types, material properties, high-
speed train con gurations, and climate conditions to
re ne numerical models and develop broadly applicable
pressure load models.
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