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ARTICLE INFO ABSTRACT

Keywords: This paper evaluates the railway catenary’s wind deflection under crosswind based on wind
Electrified railway tunnel experiments and a nonlinear finite element model. A catenary model is constructed based
Catenary

on the absolute nodal coordinate formulation to describe the geometrical nonlinearity of the
system. The aerodynamic forces acting on the catenary are derived according to the quasi-steady
theory, and the aerodynamic coefficients are obtained by wind tunnel experiments. A procedure
to generate the three-dimensional fluctuating wind field along the catenary is presented. The
extreme value of the wind deflection is estimated based on a Poisson approximation of the
extreme value distribution. The numerical accuracy is validated by wind tunnel experimental
results of an aeroelastic catenary. The response, statistics, frequency characteristics and extreme
value of the contact wire’s wind deflection are investigated through numerical simulations. The
analysis results indicate that the maximum wind deflection will exceed the safety limit for the
analysed catenary with a turbulence intensity of more than 15%. The adjustment of some critical
parameters of the catenary system can reduce the maximum wind deflection.

Finite element
Wind deflection
Contact wire
Crosswind

1. Introduction

The railway catenary is constructed along the track to power the electric train, as shown in Fig. 1. The electric current transmits
from the contact wire to the engine through the pantograph mounted on the train roof. A safe and stable sliding contact between the
pantograph and catenary is of great importance for enabling fast trains without traffic interruptions [1]. The catenary is a long-span
and high-flexibility structure that is susceptible to wind loads. The wind load may cause a large deflection of the contact wire and affect
reliable contact with pantograph collectors.

1.1. Problem description

There are several forms of wind-induced vibration for long-span structures [2], including buffeting [3], galloping [4],
vortex-excited vibration [5] and flutter [6]. Amongst these, buffeting and galloping are two primary wind-induced vibrations for the
catenary. The former is a forced vibration caused by stochastic winds [3], while the latter is an aerodynamic instability induced by
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Fig. 1. Schematics of catenary system.

self-excited forces [7]. Although galloping may cause a large amplitude and destructive damage to the catenary [8], this only occurs in
extreme conditions and is rarely observed. By contrast, the buffeting of the catenary is a common phenomenon that often occurs in
daily operations and threatens the safety and reliability of the railway system. More specifically, the contact wire may deviate in the
lateral direction due to crosswinds, which further results in the dewirement and scraping of the pantograph collector. Dewirement may
bring about fatal accidents such as pantograph collapse and contact wire breakage, which cause traffic disorders and even threaten
passengers’ lives. Thus, to avoid these accidents, the maximum wind deflection of the contact wire must be strictly limited within the
safe working range of the pantograph collector.

1.2. Review of current research

The operating safety of railways is an important priority for all rail operators around the world and is of ever-increasing importance
for the improvement and maintenance of vehicles [9,10] and infrastructures [11]. The catenary has been widely recognised as the most
vulnerable part of a traction power system [12,13]. The interaction between the pantograph and catenary is one of three critical
coupling relationships in modern electrified railways: wheel-rail [14], fluid-structure [15] and pantograph-catenary [16]. Many
scholars have devoted their attention to a mathematical description of the catenary’s dynamic behaviour subject to the impact of
pantograph and environmental loads [17,18]. The dynamic response of the catenary subject to moving pantographs was evaluated by
means of the finite element method (FEM) [19], analytical solution [20] and experimental test [21]. Typical disturbances such as
defective droppers [22], irregularities [23,24] and wave propagation [25] were adequately described in the catenary model.

The catenary exhibits large deformation when it is subjected to a wind load. To describe the catenary’s geometrical nonlinearity, a
flexible cable element [26] and absolute nodal coordinate formulation (ANCF) [27,28] have been widely employed to model the
catenary. A 2D wind field was constructed along the catenary by Pombo et al. [29,30] and Song et al. [31] to investigate the
wind-induced vibration’s effect on the contact force. Then, a similar work was performed with a 3D wind field [32]. A catenary
aeroelastic model was first built by Xie et al. [33] to evaluate the wind-induced response with different tension classes.

The catenary’s wind deflection has also attracted much attention from the industry. The current technical specification [34,35]
specifies that the wind deflection of the contact wire must be restricted within the operating range of the pantograph collector. The
wind load acting on the contact wire can be calculated by

4 = 3G,GoVi M
in which Gy is the gust response factor. G is the terrain factor taking into account the protection of wires, e.g. in cuts, cities or forests.
VR is the reference wind velocity at a height of 10 m above ground. Most coefficients in this formula are defined by experience. The
drag and lift coefficients of a realistic contact wire cross-section essential to determine the aerodynamics are not included in the
formula. Eq. (1) does not fully account for the contribution of the fluctuating wind. Then, gk is substituted in the following empirical
equation [34] to estimate the maximum wind deviation en,x of the contact wire.
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Fig. 2. Catenary model and ANCF beam element.
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in which Lg; is the stagger value, T is the contact wire tension and Lj, is the span length. The empirical equation is derived based on the
uniformly distributed load acting on the tensioned cable. However, the catenary has a much more complex structure and strong
nonlinearity. A nonlinear finite element approach is desired to reproduce more realistic behaviours of a catenary with fluctuating
wind.

1.3. Contributions of this paper
Through the above literature review, some shortcomings in the current research are summarised as follows:

1) In [29,30], the contact-wire cross section is assumed to be a perfectly circular section that cannot accurately describe the aero-
dynamic property of an actual contact wire. Even though a realistic cross-sectional profile was considered in [8,31] to measure the
contact wire’s aerodynamic coefficients, the numerically obtained aerodynamic coefficients required further validation before they
can be used to calculate the wind loads.

2) Most previous works [30,32] focused on the vertical vibration caused by the wind load, which directly affects the contact force.
However, fatal accidents such as the dewirement and scarping of the pantograph collector are caused mainly by the lateral wind
deflection of the contact wire.

3) In current industry, the maximum wind deflection of the contact wire is estimated by an empirical equation [34], which should be
compared with FEM results. In particular, the fluctuating wind may cause a sizeable transient deviation of the contact wire, which
may exceed the working range of the pantograph head.

The above issues are addressed in this paper. A nonlinear finite element model of the catenary is built to study the contact wire’s
wind deflection. The aerodynamic forces acting on the catenary are derived from quasi-steady aerodynamic theory. Wind tunnel
experiments are conducted to obtain the aerodynamic coefficients of the contact wire. A 3D fluctuating wind field along the catenary is
constructed, and the equation of motion for the catenary is solved iteratively to obtain the catenary’s wind-induced response. Ac-
cording to the simulation results, the extreme value of the wind deflection is estimated based on Davenport’s empirical distribution.
The effect of the turbulence intensity on the contact wire wind deflection is evaluated through a series of numerical simulations. The
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sensitivity of the catenary’s key parameters to the wind deflection is also investigated.

2. Finite element model of catenary

The catenary is comprised of five main components: contact wire, messenger wire, dropper and steady arm. These are illustrated in
Fig. 2. The contact wire is responsible for transmitting the electric current to the pantograph. The messenger wire and droppers are
used to support the contact wire, keeping it at the design height. To adequately describe the catenary’s nonlinearity in wind-induced
vibration, an absolute nodal coordinate formulation (ANCF) beam element is utilised to model the contact wire and messenger wire.
The slackness of the dropper is modelled by a cable element with nonlinear axial stiffness. The steady arm is assumed to be a truss
element that can rotate around the support point in the contact wire. The claws on clamps are simplified as lumped masses in the
messenger/contact wires. The initial configuration of the catenary is calculated using the target configuration under dead loads
(TCUD) method. The present model was validated to have good accuracy in evaluating the dynamic response of pantograph-catenary
interactions [21].

2.1. ANCF beam element

In this work, an ANCF beam with 12 degrees of freedom (DOFs) is adopted to discretise the contact and messenger wires. The DOF
vector for each element can be written as follows:

T
d i Oz

o W 0
e:|:xi Vi u G e RN Yy g & & 3
in which y is the local coordinate from 0 to element length L,. The generalised elastic force vector Q. can be seen as the summation of
the contribution from the bending and axial strain deformations.

Q fl/LO EA252+E122 d “4)
c 72/ de ! g )X

in which E is Young’s modulus, A is the cross-sectional area, I is the moment inertia of the wire. The solution of Eq. (4) normally has
complex mathematical expressions. A necessary simplification is desired to be performed based on the continuum mechanics
assumption. The global position vector r of an arbitrary point can be calculated by the product of e and the shape function matrix S as

r=Se 5)

where S can be defined as follows:

S S S Sy
S = S] Sz Sq S4
S S S S4
=1-38+28 (6)

in which ¢ is the normalised coordinate, which can be calculated by ¢ = y/Lo. The longitudinal strain ¢ and the curvature x can be
expressed by

1

&=5 (rr,—1)
)
_ [r, X1y
K= 3
I |
in which
ds
r, = d—ge Ly
5 (8
ry, = Ee L(ZJ
Substituting Eq. (7) into Eq. (4) yields the secant stiffness matrix K, as follows:
Qe =K.e 9

The tangent stiffness matrices are primarily used in the shape-finding procedure. In the dynamic simulation, the tangent stiffness
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Table 1

Parameters of catenary.
Span length 60 m
Contact Wire Tension 13 kN
Messenger Wire Tension 13 kN
Contact Wire Area 120 mm?
Messenger Wire Area 120 mm?
Contact Wire Linear Density 1.07 kg/m
Messenger Wire Linear Density 1.06 kg/m

matrix is most commonly used in an explicit integration algorithm. Thus, the corresponding tangent stiffness matrices K; and K; can
be derived by taking part of Eq. (9) against e and L as follows:
0 0
AF = —QAe+—QAL0 = KrAe + K| AL, (10)
de aL()
A similar derivation can be used to obtain the tangent stiffness matrices of the cable element (used for droppers) and the truss
element (used for the steady arm). Note that the axial stiffness changes to zero when the dropper works in compression.

2.2. Catenary model

Using a classic FEM approach, the stiffness matrix of each element can be assembled to generate the global incremental equilibrium
equation for the entire catenary as follows:

AF® = K$AUC + KP AL 11

where AFC is the global unbalanced force vector. K§ and K{ are the global stiffness matrices related to the incremental nodal
displacement vector AU and the incremental unstrained length vector ALy, respectively. The initial configuration of the catenary can
be calculated by solving Eq. (11). However, Eq. (11) cannot be solved directly, as the number of equations is smaller than the number
of unknowns. The idea of TCUD is to introduce additional constraints equal to the total number of beam or cable elements [36].
According to [28], three types of additional constraint conditions are used here. These are usually determined by the design speci-
fications and the measurement geometry data. Thus, [K$ K] in Eq. (11) can be reduced to a square matrix, which ensures equality
between the number of equations and the number of unknowns. The steady arm points are fixed tentatively in the shape-finding
procedure to ensure that the support points are at their correct positions. Afterward, the inclination of each steady arm is calcu-
lated by the resistance forces in the fixed point. Then, the steady arm point constraints are removed and replaced by a rigid truss
element with the proper inclination to reproduce the realistic behaviour of a steady arm.

Table 1 presents the main parameters of a catenary used in a typical conventional-speed railway. The initial configuration of the
catenary can be calculated according to the previous procedure. As the catenary is a periodical structure, the behaviours of wind-
induced vibration are almost the same for each span (especially the lateral wind deflection). Catenaries with a few spans can be
used to study the wind-induced response to save computational effort. The central two spans are taken as the analysis object in the
subsequent sections to avoid the boundary effect.

After obtaining the initial configuration, the global stiffness matrix K$ can be obtained in the equilibrium state. In combination
with a consistent mass matrix MS and damping matrix CS, the equation of motion for the catenary subjected to an external force vector
F$(t) can be written as

MEUc (1) +CSUc () +KS (1) Uc (1)= FS (1) 12)

The Rayleigh damping coefficients identified from an existing railway catenary [37] are adopted in the numerical model. Eq. (12)
can be solved by the Newmark-$ scheme. The stiffness matrix K¢ is updated at each time step to adequately describe the geometrical
nonlinearity and dropper slackness.

3. Aerodynamic forces
In this section, the aerodynamic forces acting on the catenary are derived based on the quasi-steady aerodynamic theory proposed
by Novak [38] and Parkinson et al. [39]. In Section 3.1, the contact wire is taken as an example to illustrate the derivation procedure of

aerodynamic forces. The aerodynamic coefficients used to obtain the aerodynamic force are measured by the wind tunnel test
described in Section 3.2. In Section 3.3, a 3D fluctuating wind field is constructed for the catenary system.

3.1. Derivation of aerodynamic forces

Usually, the natural wind can be seen as the summation of the mean wind U and the fluctuating winds. The fluctuating wind is
divided into three components: along-wind component u, crosswind component v and vertical-wind component w. Considering a
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Fig. 3. Derivation of aerodynamic forces acting on contact wire: (a) Global reference system; (b) Local reference system for each element; (c)
Contact wire cross section.

catenary subjected to a crosswind, as shown in Fig. 3(a), the aerodynamic forces acting on the contact wire are derived according to the
following procedure. The aerodynamic forces on other components (namely, the messenger wire, dropper and steady arm) can be
obtained through a similar derivation procedure.

Due to the existence of stagger values and lateral vibrations, the contact wire is not always perpendicular to the mean wind di-
rection. The aerodynamic forces cannot be derived directly in the global reference system. As the stagger is usually several orders of
magnitude smaller than the span length, a feasible solution is to transform the wind speed vectors to the local reference system for each
element. The spatial transformation matrix T(e) is determined by the nodal coordinate vector e of each element as follows:

1 m n

Im \/ﬁ mn
——— F4+n
T(e)=| VE+n? VP A+ n? (13)

Im mn

7 0 T
VE+n? VE+n?

in which

L. L. L
14
L. = \/(6(7) —e(1))" + (e(8) — e(2))” + (e(9) — €(3))’
Ifl =n = 0, the transformation matrix has the following form:
0 m O
Te)=|-m 0 0 (15)
0 0 1

For each element, the mean wind U® and fluctuating wind components u°, v* and w* in the element local reference system can be
obtained by

Ve v Ve 0
w | =T)|u|,|U | =T()|U (16)
w® w we 0

in which V* and W* are the longitudinal and vertical components of the mean wind in the element local reference system. According to
(13) and (15), W* always equals zero when the catenary is subjected to a crosswind U. The longitudinal components V* and v* can be
neglected because they do not contribute to the wind-induced vibration. Considering a contact-wire cross section subjected to U®, u®
and w*, a sketch of the cross section is presented in Fig. 3(c). As U® is parallel to the y-axis, “y-0-z” is called the absolute wind-axis
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Fig. 4. Wind tunnel test for contact wire.

reference system. The drag Ff and lift F{ are the aerodynamic forces acting on the contact wire. According to the fluid-induced vi-
bration theory [40], a dynamic wind angle f is induced by the movement of the contact wire subjected to the wind load, which can be
estimated by

e __ Z~e

T az)

p = arctan
in which 2, and y;, are the vertical and lateral velocities of the contact wire in the reference system (called the relative wind-axis
reference system) defined by the dynamic wind angle g, lift F{, and drag F§,. Z;, and y;, can be obtained by transferring the vertical
and lateral velocities Z¢ and y in the absolute wind-axis reference system to the relative wind-axis reference system using the following
equation:

Ve, = Yecosp + Zisinf

18
25, = Zecosf — yisinf (18)
F;, and F;, can be expressed by
1
Flir = EpairUfLeDCL (ﬁ)
19

1
Py, = 3uUsLDCo ()

in which p,;, is the air density. D is the diameter of the contact-wire cross section. C.(f) and Cp(f) are the lift and drag coefficients at
the angle of attack g. Ut is the effective wind velocity, which can be expressed by

2 2
U = \/ (we - z'j,) + (Ue ue — y'g,) (20)

According to the geometrical relationship, the drag Fj) and lift F{ in the absolute wind-axis coordinate system can be obtained by

F]ej = FErCOS(ﬁ) - F]:.Sin(ﬂ)
F{ = Fp,sin(p) + Fy,cos(f)

(21)

The spatial coordinate transformation matrix T(e) is used again to transfer F, and F; to the global reference system, which can be
directly exerted on the finite element model.

The above derivation can also be used to obtain the aerodynamic forces on the messenger wire, dropper and steady arm. It is also
seen that the fluctuating components u, v, w and aerodynamic coefficients Cp and C, should be obtained to determine the aerodynamic
forces on the catenary.
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Fig. 5. Measurement results of aerodynamic coefficients for contact wire: (a) drag coefficient Cp and (b) lift coefficient Cj.

3.2. Aerodynamic coefficients

The aerodynamic coefficients are usually dependant on the cross-sectional profile and the Reynolds number. In this section, a wind
tunnel test is conducted to measure the aerodynamic coefficients of a realistic contact wire subjected to a crosswind. As shown in Fig. 4,
in the present experiment, the scaling ratio (between the model and prototype) of wind velocity is 1:5, while the scaling ratio of
geometric size is 5:1. The Reynolds numbers (Re = pUD/u, where p is the fluid mass density, U is the wind velocity, D is the diameter of
the cylinder and y is the fluid dynamic viscosity) for the model at 4 m/s and 6 m/s are the same as the Reynolds numbers for the
prototype at 20 m/s and 30 m/s, respectively. Hence, the experimentally measured Cp and Cj, can be used for the full-scale prototype
since these coefficients are dominated by Reynolds numbers [41]. The wind tunnel test was conducted in the Fluid Mechanics Lab-
oratory at the Department of Energy and Process Engineering, NTNU Glgshaugen. The details of the wind tunnel test can be seen in
[42].

The measurement results of Cp and Cy, are presented in Fig. 5. The test wind speeds in the wind tunnel are defined as 4 m/s and 6 m/
s, which correspond to 20 m/s and 30 m/s for the realistic size of a contact wire. According to the technical criteria [43], the wind
deflection must be checked with a maximum wind speed of 30 m/s in the serviceability limit state. Third-order polynomials are utilised
to fit the curves of the measurement parameters via the least-squares method. The explicit formulas are used in the numerical
simulation to update the aerodynamic coefficients at each time step.

The cross sections for other wires (including the messenger wire, dropper and steady arm) are assumed to be circular. Therefore, the
lift coefficient can be neglected. The drag coefficient Cp with different Reynolds numbers can be seen in [44].

3.3. Stochastic wind field

In this paper, the stochastic wind field is generated with the help of the open source code ‘wind field simulation’ [45]. The empirical
spectrum is a standard method to describe the stochastics of the fluctuating wind speed. In this work, the Von Karman spectra [46] in
the longitudinal, lateral and vertical directions are adopted to generate the wind speed time histories, which are presented as follows:
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4,82 (1 + 755f2) nL,
n)= ey = U
n(1+283f2)

(22)

4f,62 (1 + 755f2) nLy
n) = Do U T PYy)

n(142832)"° " U

in which S, (n), Sy (n) and S, (n) are the spectra for longitudinal, lateral and vertical winds, respectively. n is the frequency. Ly, Ly and Ly
denote the turbulence length scales in the longitudinal, lateral and vertical directions, respectively. These parameters can be chosen
according to the measurement results of the crosswind along the railroad [47]. &y, dw and &, are the standard deviations of wind
fluctuation in the longitudinal, lateral and vertical directions, respectively, which are determined by the turbulence intensity I;, I,, and
I, by

I, =8,/U
I, =6,/U (23)
I, =8,/U

According to the wind-resistant design specifications [48], I, = 0.88I, and I,, = 0.88I,. For two arbitrary spatial points M and P, the
cross-spectral density matrix for the wind components at the two points can be expressed as
gMP gMP  M.P
SE(@) = | Sy sursu @y

M,P M,P M,P
Swu Swv Sww

in which the cross-spectral density function SIS‘:’Y'P between two points M and P in the € and 5 (¢, = u,w,v) directions can be expressed by
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Fig. 7. Wind speed along contact wire in (a) longitudinal, (b) lateral and (c) vertical wind directions.
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SMF =\ /S S cont P e, = u, W, v; (25)

where cohg‘P represents the correlation function between two points M and P in the ¢ and 7 (¢, = u,w,v) directions. S denotes the
spectrum at point M in the ¢ direction. The long-term field measurement [49] indicates that the lateral (w) component is weakly
correlated to the longitudinal (u) and vertical (v) components. Therefore, it is often assumed that cohﬁ”v‘vp = 0and cohcvl‘f = 0. For other
cases, when ¢ =,

CLAX + CoAY? + CLAZ

MP _
coh,,” = exp (UM n UI’)/Z

2

(26)

where UM and UP are the mean wind velocities in the longitudinal direction at points M and P, respectively. Cx., Cy. and C,, are the
coherent decay coefficients for the ¢ component, and they are chosen from the work in [45]. When ¢ # 7,

cohﬂf]"’ = 1/c0hZ'P coh%’P 27)

After determining an appropriate spatial grid, the global power spectral density matrix S(n) can be obtained by assembling Eq. (24).
For the analysed catenary, the spatial grid depicted in Fig. 6 is adopted to generate the spatial wind field. The spatial grid has three
layers in the vertical direction. The top one is for the messenger wire, the second is for dropper wires, and the last is for the contact
wire. Then, a classical procedure employing Cholesky’s decomposition and inverse Fourier transform is utilised to generate the time
history of fluctuating wind speed from the spectral density matrix. Considering that the catenary is constructed on flat terrain, the
turbulence intensity and the mean wind are defined as 15% and 30 m/s in the simulation [47]. One example of the wind field along the
contact wire is presented in Fig. 7. The wind speed exhibits substantial variability and stochastics in each direction. The wind speed in
the longitudinal direction is much higher than that in the other directions. Fig. 8 presents a comparison of the simulated and empirical
spectra. The simulated spectrum exhibits good agreement with the target spectrum, verifying the acceptance of the generated wind
field.

4. Maximum value estimation

Due to the stochastic nature of the buffeting response, the maximum wind deflection from a single simulation is insufficient to
describe the extreme condition. It is the extreme value of the wind deflection that matters most when assessing the structural reliability
due to stochastic loads. In other industrial backgrounds, e.g. bridges [50] and robotic manipulators [51], extreme value estimation is
critical in safety assessments to avoid fatal accidents in extreme conditions. Therefore, the extreme value of the contact wire wind
deflection should be considered in the design phase of a catenary considering its great importance for safe operation. If the response
follows a Gaussian distribution, then the most widely used probability distribution P(;,) for extreme value 7, is the Poisson approx-
imation of the extreme value distribution [52] as in the following formula. This is a classic method and has been well recognised in the
industry [53,54].

P(n,) = exp [ — vTexp (_112;)} (28)
in which v is the mean frequency of occurrence of zero crossings with a positive slope, which can be evaluated by
in which

m= [ rsw 30)

in which S, (f) is the power spectrum of the wind-induced vibration of the contact wire at frequency f. The mean extreme value can be
derived from Eq. (28) by the approximate relation [52]

7, = 2wr)? 4 —L 1)
T = ) (2InwT)"?
where y is Euler’s constant, equal to 0.5772, and the standard deviation of the extreme value is given by
1
LA — (32)

6 (2IwT)'?

11
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Fig. 9. Validation of numerical results against wind tunnel test: (a) scaled mean displacement with 3.1% turbulence intensity; (b) scaled mean
displacement with 20% turbulence intensity; (c) scaled RMS of displacement with 3.1% turbulence intensity; (d) scaled RMS of displacement with
20% turbulence intensity.

5. Validation of numerical model

Currently, no field measurement data of the catenary’s wind deflection have been reported. It is infeasible to validate the numerical
model through a comparison with field data. Only Xie et al. [33] performed a wind tunnel test on an aeroelastic model of a catenary,
which can be used to preliminarily validate the numerical results. In Xie et al.’s work [33], a scaled aeroelastic model of the
Beijing-Shanghai high-speed railway catenary was built. The wind speed ratio was 1:2.12, and the geometry ratio was 1:4.5. Two
turbulence intensities (3.1% and 20%) were used in the wind tunnel. The tests were conducted at wind speeds of 4 m/s, 6 m/s, 8 m/s,
10 m/s, 12 m/s and 14 m/s, which corresponded to realistic wind speeds of 8.48 m/s, 12.72 m/s, 16.96 m/s, 21.2 m/s, 25.44 m/s and
29.68 m/s. In this paper, a full-scale model of the same catenary is built using the method described in section 0. The wind field is
simulated using the empirical spectra described in Section 3.3. Applying the aerodynamic forces derived in section 0, the wind-induced
responses are simulated with the same conditions as the wind tunnel test in [33]. The simulated mean and RMS of the wind-induced
response in the along-wind direction are scaled according to the geometry ratio (1:4.5). Taking the response at the midspan point as the
analysis object, comparisons with the wind tunnel test results are presented in Fig. 9. Generally, the simulation results show good
agreement with the wind tunnel test results. Both results show a similar trend with increasing wind speed. A larger error can be seen at
a higher wind speed and higher turbulence intensity. This may be caused by the inappropriate assumption of boundary conditions and
unexpected random disturbances.

6. Numerical analysis of wind-induced response
In this section, the catenary model presented in Table 1. The crosswind load derived in Section O is utilised to study the wind-
induced response of the contact wire. The average wind speeds are chosen as 20 m/s and 30 m/s, and a typical turbulence in-

tensity of 15% is adopted in the simulation. The central two spans are chosen as the analysis object. The total length of the simulation is
800 s, and the response of the last 600 s is analysed.
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Fig. 10. Time history of midspan point displacement in (a) lateral direction and (b) vertical direction.
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Fig. 11. Mean displacement of contact wire along two central spans in (a) lateral direction and (b) vertical direction.
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6.1. Response analysis
The time histories of the midspan point displacement in the lateral and vertical directions are presented in Fig. 10(a) and (b),

respectively. Considering that the initial position of the contact wire in the midspan point is zero, the crosswind leads to a significant
lateral deviation. The mean lateral displacement reaches 0.113 m and 0.216 m with mean wind speeds of 20 m/s and 30 m/s,
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Fig. 14. Spectra of contact wire displacement in (a) lateral direction and (b) vertical direction.

respectively. The corresponding maximum displacement reaches 0.245 m and 0.475 m with mean wind speeds of 20 m/s and 30 m/s,
respectively. In the vertical direction, the wind deflection is much smaller than in the lateral direction. The maximum deviation

reaches only 0.15 m against the initial position.

6.2. Statistical analysis

Some critical statistical indices (including the mean, standard deviation and maximum value) of the contact wire displacement are
analysed in this section. Fig. 11 shows the mean displacement of the contact wire along two central spans in the lateral and vertical
directions. The mean wind U mainly causes the mean wind deflection. The maximum mean deflection does not exceed the stagger
value (0.3 m) in the lateral direction when U = 20 m/s. When U = 30 m/s, the maximum mean deflection reaches 0.32 m at the
positions of 111 m and 131 m. The mean deflection is much smaller in the vertical direction than in the lateral direction because the lift
coefficient is significantly smaller than the drag coefficient, as shown in Fig. 5. Mainly when U = 20 m/s, the mean deflection is almost
the same as the initial configuration.

The contribution of the fluctuating wind can be estimated by the standard deviation of the contact wire vibration. Fig. 12 presents
the standard deviation of the contact wire displacement along two central spans. Unlike the mean deflection, the maximum standard
deviation appears in the midspan for both the lateral and vertical vibrations. The minimum standard deviation occurs around the
steady arm due to the constraint in the lateral direction. Fig. 13 presents the maximum value of the contact wire displacement. In the
vertical direction, the maximum wind deflection appears at the midspan, and the minimum wind deflection occurs around the steady
arm. The distribution of the maximum vertical deflection is not as smooth as that in the lateral direction due to the uneven distribution
of the stiffness caused by droppers. Due to the existence of the stagger value in the lateral direction, the maximum displacement does
not appear at the midspan. When U = 20 m/s, the maximum displacement occurs at approximately 9 m from the steady arm (located at
120 m). When U increases to 30 m/s, the maximum displacement moves closer to the midspan point, which appears at approximately
21.5 m from the steady arm. According to the technical specification [43], the wind deflection safety of the contact wire should be
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Fig. 16. Standard deviation of extreme value of lateral contact wire displacement.

evaluated at a wind speed of 30 m/s. The maximum wind deflection in the lateral direction reaches 0.513 m at 98.5 m and 141.5 m,
which is smaller than the maximum permissible lateral deviation of 0.55 m specified in En 50,367 [55]. However, note that the
maximum wind deflection estimated by Eq. (2) is only 0.405 m, which is smaller than the present FEM result and may result in
dangerous consequences. The shortcoming of the empirical equation is that fluctuating wind is not sufficiently taken into account
when estimating the wind deflection.

6.3. Frequency analysis

Fig. 14(a) and (b) present the contact wire displacement spectra in the lateral and vertical directions, respectively. The spectrum
has three significant peaks at approximately 0.9 Hz, 2.8 Hz and 4.7 Hz, which correspond to the first three groups of the natural
frequency of the catenary. This finding is consistent with the work in [56], which indicates that the buffeting behaviour of the catenary
is dominated by the first three groups of intrinsic modes. The resulting spectrum can be substituted into Eq. (30) to estimate the
extreme value of the wind deflection in Section 0.

6.4. Extreme value estimation

Using the standard deviation and spectrum obtained in the above sections, the mean and standard deviation of the extreme value
can be estimated using Eqgs. (31) and (32). Only the lateral extreme value is estimated in this section, as it has the potential to cause
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fatal accidents. Considering a 10-minute gust wind, the mean extreme value of the lateral contact wire displacement along the central
two spans is presented in Fig. 15. The maximum mean extreme value appears at the same positions as the maximum mean
displacement shown in Fig. 11(a). The maximum mean extreme value with U = 30 m/s reaches 0.505 m at positions of approximately
111 m and 131 m. The corresponding standard deviation of the extreme value is presented in Fig. 16. The extreme value of lateral
displacement has a large fluctuation at the midspan. The maximum standard deviation can reach 0.0235 m when U = 30 m/s. Using
the probability distribution function in Eq. (28), the fractile level with a 95% probability of extreme value (which can represent the
maximum extreme value with a 95% confidence level [57]) is presented in Fig. 17. The largest wind deflection appears at 98.5 m and
141.5 m, which are consistent with the actual maximum wind deflection shown in Fig. 13(a). However, due to the stochastic nature of
the fluctuating wind, the maximum wind deflection can reach 0.54 m with a 95% confidence level, which is 5.26% higher than the
actual maximum wind deflection of 0.513 in Fig. 13(a).

To perform a probabilistic analysis of the extreme value of wind deflection, the cumulative distribution functions of the extreme
value with different fluctuating wind durations are presented in Fig. 18. Considering a safety threshold of 0.55 m [55], 97.8% of the
extreme values are lower than the safety limit when the catenary is subjected to a 10-minute fluctuating wind. However, this per-
centage drops to 92.5%, 84.2% and 73.1% when the fluctuating wind duration increases to 0.5 h, 1 hour and 2 h, respectively.
Therefore, a long-duration gust of wind can significantly increase the possibility of the contact wire’s wind deflection, thus exceeding
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the safety limit. Currently, the safety of the contact wire’s wind deflection is only assessed with a gust wind duration of no more than
10 min [34]. The risk caused by the long-duration gust wind deserves special attention when designing railways that cross specific
wind zones.

7. Effects of turbulence intensity

The turbulence intensity is mainly determined by the terrain categories. For open terrain, the turbulence intensity is usually lower
than 20%. However, for some complex terrains such as mountainous area, a significant turbulence intensity may appear. According to
the field measurement result [58], the turbulence intensity can reach over 20% for some complex terrains. In this section, the contact
wire’s wind deflection safety is assessed with different I, ranging from 9% to 25% with a 2% interval. The mean wind speed U is chosen
as 30 m/s in the simulation according to the design specification [34].

Fig. 19 presents the fractile level with a 95% probability of extreme value (which represents the maximum extreme value at a 95%
confidence) with different turbulence intensities. When the turbulence intensity is no more than 15%, the maximum extreme value of
the lateral contact wire displacement cannot exceed the safety threshold of 0.55 m at a 95% confidence level. At turbulence intensities
of 17%, 19%, 21%, 23% and 25%, the maximum extreme values can reach 0.57 m, 0.60 m, 0.63 m, 0.67 m and 0.71 m, respectively,
which exceed the safety threshold and may result in dewirement accidents. The maximum wind deflection estimated by Eq. (2) is
almost the same as the FEM result at a 9% turbulence intensity. When the turbulence intensity is higher than 9%, the empirical
equation may underestimate the wind deflection and lead to risky results. Note that the position of the maximum wind deflection
varies with the change in turbulence intensity. The lower the turbulence intensity, the closer the position of the maximum wind
deflection to the steady arm. By contrast, the maximum wind deflection is closer to the midspan at a higher turbulence intensity. The
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cumulative distribution function of the extreme value at the position where maximum wind deflection occurs for each case is presented
in Fig. 20. Through a comparison with the safety threshold, it is seen that almost 100% of extreme values are within the safety limit ata
turbulence intensity smaller than 15%. However, this percentage drops to 85% and 45% at turbulence intensities of 17% and 19%,
respectively. When the turbulence intensity is higher than 20%, the most extreme values are no longer within the safety limit for the
analysed catenary. More attention should be given when designing the catenary in complex terrains to avoid fatal accidents caused by
unsteady wind with a significant turbulence intensity.
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8. Effects of structural parameters

In this section, the effects of key structural parameters (including the tension, span length and stagger value) of the catenary on the
contact wire’s wind deflection are analysed. The even wind speed is chosen as 30 m/s as above. The turbulence intensity is defined as
15%, representing the most common case. The fractile level with a 95% probability of the extreme value of the lateral contact wire
displacement is adopted as the primary assessment index for each parameter to represent the potential maximum extreme value.
Tension is the most important parameter for a catenary, as it directly determines the maximum operating speed of the train. Seven
tension classes are adopted in the numerical simulation: 0.8, 1, 1.2, 1.4, 1.6, 1.8 and 2 times the original tension TO. Fig. 21(a) shows
the fractile level with a 95% probability of the extreme value of the lateral contact wire displacement with different tension classes. It
can be clearly observed that an increase in the tension class can effectively reduce the wind deflection of the contact wire. The
maximum wind deflections are smaller than the safety threshold except for the deflection with 0.8 times the original tension. This
occurs because the dewirement and scraping of pantograph collectors mostly occur in old railways, which potentially causes tension
loss in the catenary. It is also seen that the position of the maximum wind deflection varies with a change in tension. The higher the
tension, the closer the position of the maximum wind deflection to the steady arm.

According to the design specification [43], the span length of a catenary typically ranges from 45 m to 70 m. This specification is
adopted in the simulation. The results are presented in Fig. 21(b). The contact wire’s wind deflection undergoes a significant increase
with increasing span length. The maximum wind deflections exceed the safety threshold when the span length is over 65 m.

At the ends of each span, the contact wire is mounted at a fixed lateral displacement with respect to the track centreline. This is
called a stagger value. The stagger value changes from 0.1 m to 0.35 m in the simulation, and the results are presented in Fig. 21(c). The
change in stagger value does not primarily affect the maximum wind deflection occurring around the midspan point. Generally, an
increase in the stagger value causes a slight rise in wind deflection. However, the catenary with a minimal stagger value (0.1 m) has the
largest maximum wind deflection. When a minimal stagger value is set, the steady arm has more space to rotate, which releases the
constraint in the lateral direction and results in a large wind deflection. When the stagger value is greater than 0.15 m, an increase in
the stagger value leads to a monotonous increase in the maximum wind deflection. For the sake of wind deflection safety, a relatively
small stagger value is preferred. However, the stagger value cannot be too small to restrict the lateral displacement of the support
point.

9. Conclusions

This paper presented an assessment of the catenary’s wind deflection based on wind tunnel experiments and nonlinear finite
element models. The aerodynamic forces acting on the catenary were derived according to quasi-steady aerodynamic theory. The
aerodynamic coefficients were obtained through a wind tunnel test. The extreme value of the contact wire’s wind deflection was
estimated based on an empirical probability distribution. The main conclusions are drawn as follows:

1) The maximum wind deflection estimated by the empirical equation was generally the same as the FEM result when the turbulence
intensity was 9%. However, when the turbulence intensity 9%, the empirical equation could produce a risky result.

2) Along-duration gust wind can significantly reduce the reliability of the catenary system. Currently, the safety of the contact wire’s
wind deflection was only assessed with a gust wind duration of no longer than 10 min. The risk caused by the long-duration gust
wind deserves special attention when designing railways crossing specific wind zones.

3) When the turbulence intensity is greater than 20%, most extreme values of the wind deflection are no longer within the safety limit
for the analysed catenary. More attention should be given when designing the catenary in complex terrains to avoid fatal accidents
caused by unsteady wind with a significant turbulence intensity.

4) An increase in tension and decrease in span length can effectively reduce the maximum wind deflection. A reduction in the stagger
value can slightly reduce the maximum wind deflection. However, the stagger value cannot be too small to restrict the lateral
displacement of the support point.

Note that the change in structural parameters may also influence the interaction performance of the pantograph-catenary.
Generally, an increase in tension has a positive effect on contact quality. However, the effect of span length on the interaction per-
formance is complex and deserves further investigation. Note also that the numerical model is only partially validated due to the
missing alignment between the wind tunnel test and simulation assumptions. Field data should be collected in the future to fully
validate the numerical model.
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