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Abstract The wind-induced vibration of cables has
been widely studied over the past decades because
of cables’ many applications in cable-stayed, suspen-
sion, and tied-arched bridges, and power transmis-
sion lines. They have been mostly investigated through
research conducted on rigid model cables with a finite
length and circular cross-sectional geometry that rep-
resents a section model of a long cable. These models
have been considered accurate because the behavior
of flow over a cable and circular cylinder is similar,
although there are structural differences between them.
Cables usually experience small- to large-amplitude
vibration due to wind loads that causes fatigue fail-
ure and poses a significant threat to the safety and
serviceability of these structures. Although this paper
mainly focuses on reviewing the past studies about
different types of wind-induced cable vibration, some
general information related to circular cylinders has
been briefly reported for better understanding of the
flow over cables. This paper incorporates an exten-
sive review based on the existing papers about different
sources of wind-induced cable vibration consisting of
vortex-induced vibration, rain-wind-induced vibration,
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dry galloping, ice galloping, and wake galloping. Fur-
thermore, this paper explains the mechanism, vibration
source, and amitigation solution for each type based on
the past studies using wind tunnel experiments, com-
putational fluid dynamics, field measurements, or ana-
lytical approaches. This review helps to better under-
stand the aerodynamics and fluid–structure interactions
of cables with or without ice/rain on the surface, while
static and dynamic wind loads act on the structure.

Keywords Vortex-induced vibration (VIV) · Rain-
wind-induced vibration (RWIV) · Ice galloping (IG) ·
Dry galloping (DG) · Wake galloping (WG)

1 Introduction

Over the past decades, horizontally or vertically span-
ned cables have been studied using different methods,
such as wind tunnel experiments, flied measurements,
numerical simulations, and analytical approaches. Such
extensive research has been conducted on cables
because of their various engineering applications
including cable-stayed and suspension bridges, power
transmission lines, and suspension roofs. Long cables
that have smooth or grooved surfaces are prone to
large-amplitude wind-induced vibration due to their
low inherent structural damping. Wind-induced vibra-
tion can cause catastrophic failure for not only cables,
but for the structures supported by them as well.
These mechanisms involve complex aeroelastic inter-
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Fig. 1 Wind-induced cable
response due to wind loads

actions that dependon the spatial orientation, geometry,
surface-characteristics, and dynamic/structural prop-
erties of cables. In general, static and dynamic wind
loads that act on cables or other structures are classi-
fied into three types: vortex shedding, buffeting, and
self-excited loads. Furthermore, other factors such as
arrangement, rain fall, and ice accretion on the cable
surface change the aerodynamic and aeroelastic loads.
As a result, various aeroelastic phenomena arise includ-
ing vortex-induced vibration (VIV), rain-wind-induced
vibration (RWIV), dry galloping (DG), ice galloping
(IG), and wake galloping (WG). The past literature has
been reviewed in this paper in order to determine the
mechanisms and effective parameters, and to obtain
results of these vibration sources for smooth cables and
power transmission lines. Apart from all other signif-
icant factors, variation in aerodynamic damping is the
common source between all vibration types that makes
cables vulnerable towind loads. Figure 1 schematically
shows the cable response for different vibration sources
andwind loads versuswind speed changes.As shown in
Fig. 1, VIV and RWIV have limited-amplitude vibra-
tion, while DG and IG can cause divergent motion.
However, all vibration sources need to be considered
in the design procedure of cable-supported structures
to prevent any type of motion-induced vibration.

Different vibration sources that may happen for
cables are briefly explained as follows:

Vortex-induced vibration (VIV) This type of vibra-
tion is caused by the vortices that alternatively sepa-

rate from each side of a cylinder. The Strouhal num-
ber determines the frequency of vortex shedding, and it
indicates that there is a range ofwind speed inwhich the
vortex shedding frequency is near the natural frequency
of structures; a large-amplitude vibration could occur.
VIV is supposed to take place at the reduced veloc-
ity that is the reciprocal of the Strouhal number. How-
ever, field measurements showed that VIV of cables on
cable-stayed bridges occurs at higher reduced veloci-
ties than the reciprocal of the Strouhal number. In addi-
tion, the amplitude of VIV at higher reduced velocity
is usually larger than that of the conventional Karman
vortex-induced vibration. According to the definition
of Strouhal number, the cables on cable-stayed bridges
could experience different modes of VIV simultane-
ously, since the wind speed varies along the height of
the model. This phenomenon has been verified both
from wind tunnel test and field measurement.

Rain-wind-induced vibration (RWIV) This type of
vibration usually happens on windy and rainy days,
which is why it is called rain-wind-induced vibration.
RWIV is characterized by a large amplitude and low
frequency in addition to a restricted velocity. It poses a
significant threat to cable-stayed bridges and has been
observed on many bridges across the world. Although
the underlying mechanism of RWIV has not yet been
discovered, there is a consensus among research com-
munities that the upper rivulet formed on a cable’s sur-
face on windy and rainy days plays an important role
in the occurrence of RWIV. As a result, the majority
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of experimental studies on RWIV have been focused
on the upper rivulet on cables, either using artificial
rivulets or a spraying water system. Numerical mod-
els of RWIV usually adopt a two-degree-of-freedom
(DOF) or a three-DOF model, depending on whether
the motion of the cable in the horizontal direction
is considered or not. Quasi-steady theory is usually
employed to express the aerodynamic loads, of which
the aerodynamic properties such as lift and drag coef-
ficient are identified from experiments.

Dry galloping (DG)This instability is themost chal-
lenging vibration source because it normally happens
at high wind speed and special conditions that makes
it more difficult to capture with the wind tunnel test or
numerical simulations. During the past years, two dif-
ferent mechanisms have been found to explain the dry-
cable galloping. The first explanation is the unsteady
galloping, which can be studied using dynamic loads
and occurs when there is an axial flow behind the yaw
and/or inclined cable mitigating the Karman vortex
shedding [1]. As a result, the cable shows the unsteady
response with non-stationary amplitude. The second
explanation is conventional galloping or divergent-type
galloping and can be explained by quasi-steady theory.
Classical galloping is another name for this type since it
is described by classical quasi-steady theory. The aero-
dynamic static forces are calculated, and aerodynamic
damping is calculated to capture this type of galloping
based on developed 3DOF quasisteady equations.

Ice galloping (IG) This type of galloping occurs
when there is an ice accretion on the cable surface
(windward) that creates the aerodynamic instability due
to the asymmetric cross-sectional geometry. The shape
of accumulated ice, which is dependent on weather
condition, temperature, and wind speed, is either cres-
cent or triangular shaped. Ice galloping that is a low-
frequency vibration can cause large-amplitude vibra-
tion and has been widely reported for power transmis-
sion lines, but it can happen for smooth cables with ice
accretion as well. This phenomenon has been mostly
studied with an analytical approach to determine the
instability conditions of ice-induced galloping. There
are difficulties when simulating ice for dynamic test-
ing in an icing wind tunnel. Therefore, ice galloping
has been investigated by conducting dynamic tests with
artificial ice or performing static tests in an icing wind
tunnel.

Wake galloping (WG) This phenomenon for cables
has been seen less than other types because it occurs
when the cables are very close to each other, as in bun-
dled power transmission lines. When two cables are
placed parallel and close to each other, vortex shedding
generated by the upstream cable can induce the second
one due to the interaction between them. Wake gallop-
ing can be seen for cables with different arrangements,
such as tandem (more common), staggered, and side
by side. The critical range of space ratios L∗ = L/D,
where L is the distance between the center of two par-
allel cables and D is the cable diameter, for tandem
smooth cables and conductors is typically 4–6 [2], and
10–20 [3], respectively. Although wake galloping and
wake-induced vibration of circular cylinders have been
widely observed, they have been investigated for cables
specially conductor types in only a few studies due to
its low occurrence chance for structural cables.

Some of the past reported cases that observed the
cable vibration for bridges due to wind loads are sum-
marized in Table 1. It should be noted that no specific
damage has been reported for dry-cable galloping of
bridges, based on the existing literature. In this paper,
the wind-induced vibration of cables with smooth or
grooved surfaces (power transmission line or conduc-
tor) has been reviewed. The focus of the review is
cables, although necessary information related to cir-
cular cylinders is mentioned due to the similarity of
the flow behavior around both structures. The paper
presents existing knowledge from basic explanations
to advanced achievements on cable vibration. The past
studies use different approaches, which then help other
scholars design mitigation devices with the purpose of
suppressing cable vibration.

2 Properties of yawed/inclined cable or circular
cylinder

Velocity of incoming flow can be divided into a mean
velocity (U ) in direction of X , and three fluctuating
components of u′, v′, and w′ associated with direc-
tions of X , Y , and Z , respectively. For a circular cylin-
der, yaw and inclination angles can be defined based
on the direction of incoming flow, as shown in Fig. 2.
The past studies [1,25] have indicated that the aerody-
namic behavior of a non-inclined (α = 0◦) cable (cir-
cular cylinder) is equivalent to an inclined cable, based
on the definition of equivalent yaw angle (β*). There-
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Table 1 Observed different types of wind-induced cable vibration for bridges

Bridge Country Year References

VIV

Evripos Greece – Virlogeux [4]

Fred Hartman Texas, USA – Zuo et al. [5]

Gjemnessund Bridge Norway – Hjorth-Hansen and Strømmen [6]

Ikuchi Bridge Japan 1991 Fujino et al. [7]

Kurushima Bridge Japan 1999 Fujino et al. [7]

Akinada Bridge Japan 2000 Fujino et al. [7]

Haneda Sky Arch Japan 1993 Fujino et al. [7]

RWIV

Kohlbrand Germany 1974 Ruscheweyh and Hirsch [8]

Brotonne France 1977 Wianecki [9]

Meiko-Nishi Japan 1984 Hikami [10], Hikami and Shiraishi [11]

Farø Denmark 1985 Langsø and Larsen [12]

Tempozan Japan 1986 Miyasaka et al. [13], Oshima and Nanjo [14]

Aratsu Japan 1988 Yoshimura et al. [15]

Ben Ahin Belgium 1988 Lilien et al. [16], Cremer et al. [17]

Burlington Vermont, USA 1990s Virlogeux [4]

Glebe Island Australia 1990s Virlogeux [4]

Nanpu China 1992 Fujino et al. [7]

Yangpu China 1995 Gu [18]

Erasmus Holland 1996 Geurts et al. [19]

Øresund Denmark/Sweden 2001 Larsen and Lafreniere [20]

Cochrane Alabama, USA 2002–2004 Irwin [21], Irwin et al. [22]

IG

Øresund Denmark/Sweden 2004 Larsen and Lafreniere [20]

WG

Yobuko Japan 1989 Narita and Yokoyama [23], Yoshimura et al. [15]

Akashi Japan 1998 Toriumi et al. [24]

Ikara Bridge Japan 1996 Fujino et al. [7]

Chichibu Park Bridge Japan 1994 Fujino et al. [7]

fore, aerodynamic properties of inclined cables can
be approximately calculated from the zero-inclination
yawed case. The definitions of inclination angle (α),
actual yaw angle (β), and equivalent yaw angle (β*)
are shown in Fig. 2b and (c). Equation (1) relates actual
yaw angle and inclination angle to the equivalent yaw
angle.

β∗ = sin−1(sin β cos α) (1)

Some of the most important non-dimensional num-
bers that will be discussed later are mentioned in
Table 2. These parameters describe the behavior of fluid
flow over a structure in static conditions and themotion

of a bluff body in dynamic conditions. The length of a
cable is usually considered enough to neglect the edge
effect when the aspect ratio (L/D) ismore than 10 [27].
The Reynolds number (Re), the ratio of inertial force to
the viscous force, is a dimensionless number to describe
the state of flow, e.g., laminar/uniform and turbulent
flow. The reduced velocity (RV) and reduced frequency
(K ), which are related to each other, are usually used
to define the unsteadiness of the problem or motion of
model. The Scruton number (Sc) is a non-dimensional
parameter to describe the flow-induced vibration of
structures. The Strouhal number (St) is a dimensionless
number to define the oscillating flow mechanisms and
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Fig. 2 Definition of actual yaw angle and equivalent yaw angle [26]

Table 2 Common dimensionless numbers in wind-induced cable vibration

Non-dimensional number Definition Variable Description

Reynolds number Re = ρUD
μ

D Diameter (m)

L Length (m)

Reduced velocity RV = U
nD U Mean wind speed (m/s)

ρ Fluid density (kg/m3)

Reduced frequency K = ωD
U = 2π

RV μ Dynamic viscosity of fluid (kg/ms)

m Mass per unit length (kg/m)

Scruton number Sc = mζ

ρD2 ζ Mechanical damping ratio

n Natural frequency (Hz)

Strouhal number St = fs D
U ω Angular/circular frequency (rad/s)

Fx Drag force (N)

Drag coefficient CD = Fx
0.5ρU2DL

Fy Lift force (N)

P Pressure (Pa)

Lift coefficient CL = Fy
0.5ρU2DL

Pst Static pressure (Pa)

M Mass (kg)

Pressure coefficient CP = P−Pst
0.5ρU2

the “lock-in” velocity. Two main aerodynamic forces
of drag and lift are the projected components of total
force acting on a structure due to incoming flow. The
direction of the drag force is defined as parallel to the
relative velocity (Urel), and the direction of the lift force
is perpendicular to the drag force. Two original sources
of drag force applying to a structure are skin friction and
pressure distribution. The contribution of skin friction
is the more significant source of drag for streamline
bodies, whereas pressure is the main source of drag
for bluff bodies due to the large separation area. Pres-
sure coefficient (CP) is another dimensionless number

describing the pressure distribution around a structure.
The normalized drag and lift (CD andCL) forces can be
extracted from the pressure coefficient by integrating
force around the structure and projecting them in drag
and lift directions.

3 Aerodynamic characteristics of circular
cylinders

Aerodynamics of streamline bodies, e.g., airfoils, and
bluff bodies, e.g., circular cylinders, have been stud-
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Fig. 3 Main regions to
describe the flow over a
circular cylinder [38]

ied by many researchers as a fundamental subject of
fluid mechanics in aerospace, mechanical, and civil
engineering. Studying the flow behavior over a cir-
cular cylinder has received remarkable attention by
researchers in the past due to many applications for this
structure, e.g., offshore risers, bridge piers, periscopes,
chimneys, towers, masts, stays, cables, antennae, and
wires [28]. Flow over a circular cylinder has been stud-
ied from low to high Reynolds numbers with different
techniques such as experimentalwind tunnel tests using
a particle image velocimetry (PIV) system [29–32]
and point measurement, or numerical methods using
computational fluid dynamics [33–36]. Aerodynamic
and aeroelastic characteristics of a circular cylinder
or cable are mainly a function of Reynolds number
and reduced velocity in static and dynamic conditions,
respectively. Furthermore, the aerodynamic properties
of this structure depend on some other effective param-
eters, such as surface roughness (smooth or rough),
upstream flow condition (uniform or turbulent), and
position of the cylinder with respect to incoming flow
(normal or yawed). Flow over circular cylinders has
been widely studied in the past, and the following sec-
tions briefly review some of the most effective parame-
ters on the aerodynamics of this structure. Flow regime
around a circular cylinder can be generally described in
four regions (see Fig. 3). These regions are summarized
as follows [37]:

(I) One narrow region of retarded flow.
(II) Two boundary layers attached to the surface of

the cylinder.

(III) Two sidewise regions of displaced and accelerat-
ing flow.

(IV) One wide region downstream of the separated
flow called “wake.”

Drag and lift coefficients includingmean and fluctu-
ation components are primarily a function of Reynolds
number, as illustrated in Fig. 4. This figure shows that
the mean drag coefficient generally reduces by increas-
ing the Reynolds number except in the critical region,
while the mean lift coefficient is mostly zero due to
symmetric geometry. Flow regime classifications and
their effects on aerodynamic coefficients are displayed
in Fig. 3 and are briefly summarized in Table 3.

Thefluctuating lift coefficient,which is usuallymea-
sured from recording the surface pressure, is plotted for
different Reynolds numbers in Fig. 5. This fluctuating
load component is used in design of specific applica-
tions [27].

Another important parameter is the pressure coef-
ficient. This characteristic describes the pressure dis-
tribution around a structure and is calculated by mea-
suring the surface pressure of a model. Figure 6a dis-
plays themean pressure coefficient of a smooth circular
cylinder in uniformflowat differentReynolds numbers;
and Fig. 6b shows the fluctuating pressure coefficient
from θ = 0◦ to 180◦ at different Reynolds numbers.
As shown in Fig. 6a, the variation of Reynolds number
changes the location of the minimum pressure coeffi-
cient, base pressure, and reverse pressure. Figure 6b
indicates the reduction of fluctuating pressure as the
Reynolds number increases.
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Fig. 4 Aerodynamic
coefficients (mean and
fluctuating) of a circular
cylinder [39]

Table 3 Description of
flow regime over a circular
cylinder explained in Fig. 4
[37]

State Name Regime Reynolds number

Laminar L1 No separation 0 < Re < 4−5

L2 Closed wake 4−5 < Re < 30−48

L3 Periodic wake 30−48 < Re < 180−200

Transition in wake TrW1 Far-wake 180−200 < Re < 220−250

TrW2 Near-wake 220−250 < Re < 350−400

Transition in shear layers TrSL1 Lower 350−400 < Re < 1−2k

TrSL2 Intermediate 1−2k < Re < 20−40k

TrSL3 Upper 20−40k < Re < 100−200k

Transition in boundary layers TrBL0 Precritical 100−200k < Re < 300−340k

TrBL1 Single bubble 300−340k < Re < 380−400k

TrBL2 Two-bubble 380−400k < Re < 500k − 1M

TrBL3 Supercritical 500k − 1M < Re < 3.5−6M

TrBL4 Post-critical 3.5−6M < Re < ?(not known)

Fully turbulent T Invariable (Not known)? < Re < ∞
Ultimate

Strouhal number is another important non-dimensio-
nal characteristic defining the “lock-in” velocity, and
the frequency of vortex shedding is the same as the
natural frequency of the structure. Figure 7 displays
the Strouhal number of a circular cylinder at different
Reynolds numbers. This figure highlights a huge jump
for smooth surfaces at the critical range of Reynolds
numbers [28]. In Table 4, the useful empirical equa-
tions are mentioned to calculate the Strouhal number
and fluctuating lift coefficient (C ′

L) at different ranges
of Reynolds numbers.Moreover, in Table 5, a summary

of the aerodynamic coefficients of circular cylinders at
different regimes is shown.

3.1 Effect of roughness

The past studies showed that the surface roughness
shifts the critical range of Reynolds numbers to lower
values for a circular cylinder, which means a drag
reduction or an increase in Strouhal number at the
critical range occurs in lower Reynolds numbers. Fig-
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Fig. 5 Fluctuating lift coefficient of a circular cylinder at dif-
ferent Reynolds number; open square, Keefe [40]; plus sign,
Leehey and Hanson [41]; filled triangle, Sonneville [42], open
triangle, Mohr [43]; inverted open triangle, Moeller and Leehey
[44]; shaded square,Gartshore [45]; opendiamond, Szepessy and
Bearman [46]; open circle, West and Apelt [47]; filled diamond,
Sakamoto and Haniu [48]; multiplication sign, filled circle, and
half-filled circle Norberg [49]

ure 8 indicates the Strouhal number for specific surface
roughness (k/D), which confirms shifting the critical
Reynolds number to lower value. Moreover, it shows
that the critical range of Reynolds numbers becomes
shorter as surface roughness increases, and the maxi-
mumpeakof theStrouhal number reduceswith increas-
ing roughness. Consequently, the surface roughness is
an effective parameter to change the frequency of vor-
tex shedding, especially in the critical range for miti-
gation or postponing the vortex-induced vibration.

Figure 9 shows the effect of roughness on the
mean drag coefficient of a circular cylinder and proves
that critical Reynolds number happens at lower values
for surfaces with greater roughness. According to the
results, changing the surface roughness has the most
effects on critical range, but the lowest effect on the
subcritical regime due to high boundary layer thick-
ness [38]. Furthermore, the drag reduction is less for
surfaces with more roughness, and this feature can be
used to reduce the drag at high Reynolds numbers by
polishing the surface.

3.2 Effect of turbulence

Although most of the past experimental wind tunnel
tests have been performed in uniform flow, few exper-
imental and numerical studies have demonstrated the
effect of turbulent intensity on the aerodynamics of cir-
cular cylinders. According to the literature, the mean
drag coefficient reduces in the subcritical region by
increasing the turbulent intensity, while the drag coef-
ficient increases in the critical region by increasing the
turbulent intensity. To display the influence of turbu-
lent intensity on the pressure distribution over a circu-
lar cylinder, the mean pressure coefficient is plotted in
Fig. 10 for a uniform flow and turbulent flow at simi-
lar Reynolds numbers. This figure indicates that turbu-
lent flow increases three important values of the mean
pressure coefficient, namely base pressure, maximum
pressure coefficient, and location of adverse pressure.
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Fig. 6 Pressure coefficient distribution of a circular cylinder (a) Mean pressure coefficient, replotted from [50]. (b) Fluctuating pressure
coefficient [51]
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Fig. 7 Strouhal number as
a function of the Reynolds
number for a circular
cylinder [52]

Table 4 Summary of empirical equations to predict the Strouhal number and fluctuating lift coefficient [49]

Re St ∼= Re C ′
L

∼=
47–190 0.2663–1.019/

√
Re 47–190 [((Re − 47)/47)/30 +

((Re − 47)/47)2/90]0.5
165–260 −0.089 + 22.9/Re + 7.8 ×

10−4 × Re
165–230 0.43 × (Re/230)

260–325 0.2016 230–260 0.78 × (Re/260) − 0.26

325–1.6 × 103 0.2139–4.0/Re 260–1.6 × 103 0.045 + 1.05 × (1 −
Re/1.6 × 103)4.5

1.6 × 103–1.5 × 105 0.1853+.0261×exp(−0.9×
(log(Re/1.6 × 103))2.3)

1.6 × 103 − 5.4 × 103 0.045 + 3.0 ×
(log(Re/1.6 × 103))4.6

1.5 × 105–3.4 × 105 0.1848 + 8.6 × 10−4 ×
(Re/1.5 × 105)4.6

5.4 × 103–2.2 × 105 0.52–0.06 × (log(Re/1.6 ×
103))−2.6

2.2 × 105–3.4 × 105 0.09 + 0.43 × exp[−105 ×
(Re/106)10]

3.3 Effect of yaw angle

Since circular cylinders are usually normal to the
incoming flow, the aerodynamics of a yawed and/or an
inclined cylinder have not been sufficiently explored in
the past. Studies showed that an axial flow is generated
along the spanwise direction behind the yawed cylin-
der, which interferes with vortex shedding in the wake
of the cylinder. Hence, the yaw and/or inclination angle
has significant effects on the circular cylinder that can
change the aerodynamics of this structure. For instance,
Fig. 11 indicates that the mean drag coefficient of a
yawed circular cylinder is reduced as the yaw angle
increases and it reveals the independency of the nor-
mal drag coefficient to the yaw angle at low Reynolds
numbers (independence principle). Therefore, study-
ing yawed and/or inclined circular cylinders or cables

can be an interesting topic to discover the objects’ aero-
dynamic features as the wind direction changes.

4 Wind loads

Wind loads that act on a structure can be generally
classified as static and dynamic loads for the purpose
of analysis. Dynamic loads are important because they
can cause structural fatigue or failure over long or short
periods. The dynamic loads are defined either in fre-
quency or time domain. While equations of motion of
a structure under wind loads can be written for all three
degrees of freedom of a structure, two lateral and one
torsional directions, only along-wind and across-wind
motions are considered important for a cable without
ice or rain because the torsional motion is negligible
compared to the others. External wind loads on a cable
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Table 5 Summary of aerodynamic coefficient of circular cylinder at different regimes [38] original data from [49,53–57]

Regime No separation Pair of stationary vortex Laminar vortex shedding Turbulent vortex shedding

Re range 0 < Re < 5 5 < Re < 40 40 < Re < 200 200 < Re < 300

CD 4 < CD < +∞ 2.1 < CD < 4 1.5 < CD < 2.1 1.3 < CD < 1.5

CL 0 0 0 0

St – – 0.1 < St < 0.2 St ∼= 0.2

CD,rms – – 0 < CD,rms < 0.04 0.04 < CD,rms < 0.05

CL,rms – – 0 < CD,rms < 0.4 0.4 < CD,rms < 0.5

Spectrum of CL – – Single narrow peak Single narrow peak

Streamline view

Regime Subcritical Critical Upper transition Post-critical

Re range 3 < Re < 3 × 105 3 × 105 < Re < 3.5 × 105 3.5 × 105 < Re < 4.5 × 105 4.5 × 105 < Re < 4.5 × 105 < ∞
CD 1.2 < CD < 1.3 0.3 < CD < 1.2 0.3 < CD < 0.5 0.5 < CD

CL 0 ∼= 1.3 0 0

St St ∼= 0.2 0.2 < St < 0.45 0.25 < St < 0.45 St < 0.25

CD,rms 0.05 < CD,rms < 0.07 0.07 < CD,rms < 0.03 0.03 < CD,rms < 0.04 CD,rms < 0.04

CL,rms 0.09 < CL,rms < 0.5 0.04 < CL,rms < 0.09 0.02 < CL,rms < 0.04 CL,rms < 0.02

Spectrum of CL Single narrow peak Random with 1 peak Random with 2/1 peaks Single narrow peak

Streamline view

Fig. 8 Effect of surface
roughness on the Strouhal
number of a circular
cylinder [58]
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Fig. 9 Effect of surface
roughness on mean drag
coefficient of a circular
cylinder [58]

Fig. 10 Effect of turbulent
flow on the mean pressure
coefficient of a circular
cylinder; open circle,
Re = 1.21 × 105, smooth
(Kwok [59]); open triangle,
Re = 1.24 × 105, σu/U =
0.088 (Kwok [59]); dashed
line with single dot,
Re = 1.20 × 105, smooth
(Wong [60]); dashed line,
Re = 1.11 × 105, σu/U =
0.129 (Batham [61]);
dashed line with double
dots, Re =
1.25 × 105, σu/U = 0.036
(Sadeh and Saharon [62])

can be divided into vortex shedding, buffeting, and self-
excited loads, as presented in Fig. 12.

Figure 13 shows the dynamic wind loads and veloc-
ity components for a circular section of a cable. The
equations of motion for across-wind, or vertical (h),
and along-wind, or lateral (p), motions can be written
as follows:

m(ḧ + 2ωhζh ḣ+ω2
hh)=Fh

ae=Fh
se+Fh

b +Fh
vs (2)

m( p̈ + 2ωpζp ṗ + ω2
p p) = F p

ae = F p
se + F p

b (3)

where m is the mass per unit length, h and p denote the
vertical and lateral displacements,ωh andωp represent

the natural frequencies, ζh and ζp are the total damping
ratios, and Fse, Fb, and Fvs are self-excited, buffeting,
and vortex shedding-induced loads per unit length of a
cable; U represents the mean wind speed, while u(t)
and w(t) are along-wind and across-wind turbulence
components, normal to the cable axis. Different sys-
tem identification methods can be applied to extract
the parameters of each of the above wind load compo-
nents using a section model of a yawed cable. These
wind loads and the extraction methods are described in
“Appendix”.

123



362 M. Jafari et al.

Fig. 11 Effect of yaw angle
on the Strouhal number of a
circular cylinder [63]

Fig. 12 Flowchart of wind loads and extraction methods
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Fig. 13 Schematic view of dynamic wind loads and velocity
components over a smooth cable

5 Wind-induced vibration

5.1 Vortex-induced vibration (VIV)

Vortices can be generated and then separated from
either side of a bluff body in a periodic way when air
flows past it, resulting in an oscillating force that is
perpendicular to both the flow and the structure. The
vibration of structures caused by such kind of oscil-
lating force is called vortex-induced vibration (VIV).
The frequency of the oscillating force is characterized
by a non-dimensional number, namely Strouhal num-
ber, which is defined as St = f D

U , where f is the fre-
quency of the oscillating force, D is the dimension of
the structure which for cables is normally taken as the
diameter, andU is the wind speed. It has been revealed
by Lienhard [52] that the Strouhal number of cylinders
remains as a constant value approximately equal to 0.2
over a large range of Reynolds numbers. The effect
of Reynolds number on Strouhal number is given in
Sect. 2. The amplitude of vortex-induced vibration on
structures is associated with the force that is generated
due to vortex shedding. A comprehensive study of VIV
on cylinders carried out by Feng [64] analyzed both
amplitude and frequency responses in the cross-flow
direction. It can be seen from Fig. 14 that initially, the
frequency of the vortex shedding ( f ) follows a straight
line relationship with reduced velocity. The slope of
this line is 0.198, which is approximately equal to the
Strouhal number of the cylinder. After reaching the nat-
ural frequency of the structure, there is a range of wind
speeds in which the frequency of the oscillating force is
equal to the natural frequency of the cable, and, hence
a large-amplitude vibration can be observed because of
the resonance. This range is defined as the lock-in or
synchronization region, of which the wind speed can
be calculated using the definition of Strouhal number.

Fig. 14 Response of a cylinder oscillating in cross-wind direc-
tion [64]

Since vortex shedding is capable of producing a
large-amplitude vibration and therefore imposing a sig-
nificant threat to cables, numerous investigations have
been carried out using either numerical simulations,
experimental tests, or field measurements for the pur-
pose of unveiling the underlying mechanism of vortex-
induced vibration on cables. Among all the proper-
ties of vortex-induced vibration, amplitude serves as
the major concern because large-amplitude vibration
could lead to structure failure. An experimental study
by Wootton [65] showed the dependence of amplitude
upon the structure damping ratio. It was observed that
the amplitude decreases with the increase in the Scru-
ton number in the lock-in region. A nonlinear empirical
model proposedbySimiu andScanlan [66] to formulate
the vortex shedding force acting on cylinders relates the
damping ratio of the structure to the steady-state ampli-
tude. The equation that can be employed to predict the
steady-state amplitude of VIV on cylinders is given by:

y0 = 2

[
2mξK − ρD2Y1

−ρεY1

]1/2
(4)
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where y0 denotes the steady-state amplitude, m is the
mass per unit length, ξ represents the damping ratio,
K is the reduced frequency, ρ is the air density, D
denotes the diameter of the structure, and ε and Y1 are
the parameters of the nonlinear model which can be
identified from the wind tunnel test. A detailed deriva-
tion for the nonlinear empirical model of vortex shed-
ding force is given in Sect. 7.1.1.

In addition to the damping ratio, the yaw angle also
plays an important role in the vortex-induced vibra-
tion on cylinders. Among all the methodologies related
to VIV on yawed cylinders, the independence princi-
ple (IP), which is the application of the component of
velocity normal to the cylinder axis, is the most widely
used. However, studies related to the vortex shedding
on inclined cylinders yielded conflicting results, partic-
ularly corresponding to the critical yaw angle beyond
which the IP is not valid. Surrt and Surry [67] per-
formed awind tunnel test of an inclined cylinder whose
yaw angle ranged from 0◦ to 55◦. It was found that the
Strouhal number obtained from the IP remained as a
constant up to the yaw angles of 40◦ to 50◦. Van Atta
[68]measured theStrouhal number of an inclined cylin-
der and validated that IP is effectivewhen the yaw angle
is smaller than 35◦. Willden and Guerbi [69] proved
that the Strouhal number of a yawed cylinder follows
the IP until the yaw angle reaches 40◦, therefore, the
critical range of yaw angle in which the Independence
Principle fails is between 40◦ and 60◦. However, an
experiment related to the formation of a vortex on a
stationary inclined cylinder concluded that the appli-
cation of the IP is not valid as the results showed that
the frequency of vortex shedding of yawed cylinders
is larger than the one predicted from IP. Moreover, the
angle and length of the vortex as well as the base pres-
sure are all smaller than those of a vertical cylinder
that has the same velocity component normal to the
axis [70]. Lucor and Karniadakis [71] investigated the
drag coefficient of an inclined cylinder by using direct
numerical simulation (DNS) and demonstrated that the
IP is invalid when the yaw angle falls into the region
between −70◦ and −60◦. A similar numerical simula-
tion using DNS method carried out by Zhao et al. [72]
found that both the Strouhal number and drag coeffi-
cient agree very well with IP when the yaw angle is
α ≤ 30◦, though the RMS of the lift coefficient is
smaller than the value calculated from IP.

Another important factor that has a significant effect
on theVIV of cylinders is surface roughness. Imperfec-

tion of cables caused by ice accretion or water rivulets,
which is usually the case for stayed cables of bridge,
can result in a notable change on the aerodynamics of
cables and hence influence the vortex-induced vibra-
tion. Buresti [73] carried out a research to explore the
influence of surface roughness on flow regimes of a
cylinder. The effect of surface roughness on VIV has
been confirmed, for example, critical regime, which is
characterized by the absence of regular vortex shed-
ding, could be significantly reduced or even disappear
for the highly roughed cylinders. Besides, the bound-
aries between different flow regimes were found to be a
function of the surface roughness. Furthermore, Diana
et al. [74] increased the surface roughness of a cylin-
der to reproduce post-critical flow conditions, where
the correlation of vortex shedding along the cable can
be controlled. Górski et al. [75] performed an experi-
mental test to examine the effect of accretion of ice on
an inclined cable. It was observed that an asymmetric
and irregularly iced cross section with rounded edges
of the ice ribs on the bottom and a quasi-circular shape
on its upper side of the cable model was generated dur-
ing the test. The Strouhal number was changed, and its
dependence upon the Reynolds number can be deter-
mined by the angle of inclination. Trush et al. [76] con-
ducted a wind tunnel test on the VIV of rough cables
and observed that the peak amplitude may increase or
decrease depending on the location where the ice is
formed. In particular, the amplitude may be amplified
if the ice is accreted on the leeward (backside) surface
of the cable. Besides, they have found that VIV on ice
accreted bridge cables can be weakened by increas-
ing the turbulence intensity of the incoming flow. The
aforementioned studies are summarized in Table 6.

Apart from numerical simulation or experimental
tests, field measurement serves as another important
way to study vortex-induced vibration on cables. Mat-
sumoto et al. [78] found from field observation that
wind-induced vibration on stayed cables usually occurs
at reduced velocities U/ f D = 20, 40, 60, 80 and so
on, instead of the reciprocal of Strouhal number. In
order to explain the mechanism of this phenomenon,
a series of experiments was conducted and it was
concluded that such a mechanism can be attributed
to the fluid interaction between Karman vortex and
axial vortex traveling along the axis of the cable. In
addition, 3D characteristics of vortex shedding have
been observed, which are extensively dependent on the
end conditions as well as the yaw angle of the cable.
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Table 6 Numerical and experimental tests of VIV on cables

References Re α◦ β◦ D (mm) L (m) Test type

Surrt and Surry [67] 4.5k–63k 0 0–55 23.11 – WT

Van Atta [68] < 80 0 0–90 3.175 – WT

Buresti [73] 26k–280k 0 0 33–118 0.78 WT

Diana et al. [74] > 100k 0 0 720 3.3 WT

Górski et al. [75] 24k–165k 30 60 160 – WT

Trush et al. [76] 65k–120k 0 0 200 0.8 WT

Evangelinos et al. [77] 1k 0 −60 and −70 D 22D NS

Zhao et al. [72] 1k 0 0–60 D 9.6D NS

WT wind tunnel test, NS numerical simulation

Moreover, Matsumoto et al. [79] performed a field
test using a full-scale cable, and they have observed
that vortex-induced vibrations at higher reduced veloc-
ities are able to keep their amplitude constant for a
long time when compared to the conventional Kar-
man vortex-induced vibration, which only occur for a
short time period. Therefore, it was suggested that the
vortex-induced vibration can be divided into two dif-
ferent types, namely Karman vortex-induced vibration
and vortex-induced vibration occurring at high reduced
velocities. Further field observations conducted by Zuo
and Jones [80] led to a similar conclusion, that is, the
large-amplitude vibration of cables results from a type
of vortex sheddingmechanism that is different from tra-
ditional Karman vortex shedding. Besides, they found
one of the characteristics for classical Karman vortex-
induced vibration to be that the amplitude of such vibra-
tion is usually less than 20%of the cable’s diameter and
typically occurs in smooth flow at low wind speed. To
gain more insights into the mechanism of such unclas-
sical vortex shedding, Zuo and Jones [81] continued
their research by testing a yawed and inclined cylinder
in a wind tunnel. They proposed that this type of vor-
tex shedding is due to the inherent nature of a stayed
cable’s inclination, which enables the formation of a
three-dimensional vortex and makes it distinct from
Karmanvortex.Additionally, amechanismof the trans-
lation from classical Karman vortex-induced vibration
to vortex-induced vibration at high reduced velocities
was discovered, which was believed to be related to a
type of low-amplitude cable vibration observed in the
field. Matsumoto et al. [79] examined the parameters
that control these two types of vortex-induced vibration
using wind tunnel tests. They found that parameters

such as water rivulets, wind turbulence intensity, and
pressure field are able to influence the characteristics of
vortex-induced vibration and control the occurrence of
twodifferent types of vortices. It has also been observed
that the formation of vortices on the upstream side and
downstream side is different due to the existence of yaw
angle.

According to the definition of Strouhal number, it
can be concluded that non-uniform flow is capable of
exciting more than one vibration mode of the struc-
ture. Since stay-cable bridges are normally built in
boundary layer wind conditions, where wind speed
increases with the height, it is possible that stayed
cables would exhibit multi-mode vibrations. This phe-
nomenon has been detected by field measurement. For
example, Matsumoto et al. [78] analyzed the acceler-
ation data from the field measurement and found 7th
and 8thmodes dominatewind-induced vibration on dry
cables, whereas Zuo and Jones [80] have observed that
the wind-induced vibration has notable components of
6th and 7th vibration modes, which can be attributed to
the boundary layer wind profile where the wind speed
varies along the height.

In order to study the behavior of vortex-induced
vibration on cables, Chen et al. [82] adopted a k−ω tur-
bulent model based on the Reynolds-averaged Navier–
Stokes (RANS) method to simulate the response of
cables under differentwindprofiles. The results showed
that the cable displayed twodifferent types of vibration:
single-mode vibration when it is immersed in uniform
flow and multi-mode vibration when it is subject to
boundary layer flow. In addition to numerical simu-
lations, Chen et al. [83] carried out some VIV tests
of cables in the wind tunnel and the results indicated

123



366 M. Jafari et al.

that the cable could vibrate either in a single-mode or
multi-modemethod, depending on the conditions of the
incoming flow. Additionally, they have discovered that
the amplitude of single-mode VIV is larger than that of
multi-mode VIV and the amplitude in cross-flow direc-
tion is larger than in-line direction for both single-mode
and multi-mode VIVs. Gao et al. [84] also reproduced
the multi-mode VIVs of cables from wind tunnel tests,
in which the cable was exposed to uniform flow and by
gradually increasing the wind speed, the first, second,
and third mode of the vibration can be obtained. Since
VIV of cables is a nonlinear phenomenon, it can be
studied analytically by carrying out a nonlinear anal-
ysis. Zeinoddini et al. [85] studied the possibility of
chaos of the VIV response of cylinders. The zero-one
tests, Hilbert transforms, and Poincaré maps were used
for the analysis, and the chaotic region is determined.
Plaschko et al. [86]modeled the flow-induced vibration
of cylinders as a fourth-order autonomous system, and
they found that the mass ratio is the governing parame-
ter can lead to a chaotic vibration. Huang et al. [87] pro-
posed nonlinear partial differential equations (PDEs) to
model the vibration of suspended cable-stayed beam.
The solution for the PDEs was obtained using Galerkin
method. ThroughHopf bifurcation analysis, they found
that the deformation of stay cables has remarkable
effect on the aeroelastic instability.

Since the amplitude of vortex-induced vibration is
dependent on the damping ratio of the structure, as
derived from Eq. (4), viscous damper devices can
be utilized to control the VIV on cables. Due to the
intrinsic low damping ratio of stayed cables, which is
inadequate to suppress vortex-induced vibrations, an
external damper is usually required to be installed on
stayed cables. Persoon and Noorlander [88] studied
the dampers placed on the stay cables of the Eras-
mus Bridge, which is located in Rotterdam, Nether-
lands. They found that the dampers, originally designed
to suppress vibrations by vortex shedding, were suffi-
cient to absorb the vibration caused by vortex shed-
ding. However, the damping ratio of such dampers is
insufficient to control the resonance by the rain-wind-
induced vibration.Main and Jones [89] derived an opti-
mal damping ratio of the dampers for stayed cables,
and then, they analyzed the performance of optimized
dampers installed on Fred Hartman Bridge in Houston.
The results showed that the dampers are very effective
in suppressing all types of high-amplitude oscillations,
including the vibration induced by the vortex shedding.

The aerodynamic load control, which can be divided
into passive control method and active control method,
is an alternative way to control the vortex-induced
vibration on cables. The mechanism of this method
lies in the interruption of vortex generation around
the cable and hence minimize the wind load acting
on cables. Passive control of vortex-induced vibration
can be achieved by manipulating the aerodynamics of
cables. Zdravkovich [90] classified the means of sup-
pressing vortex shedding into three categories, namely
surface protrusions, shrouds, and near-wake stabiliz-
ers. An assessment of those approaches was carried
out in order to compare their effectiveness of reducing
vortex shedding on cables. Nebres and Batill [91] and
Igarashi [92] conducted an experimental test to study
the Strouhal number of a cylinder with a single trip-
ping wire attached in parallel to the cylinder’s axis. In
contrast, Hover et al. [93] investigated a cylinder with
two tripping wires attached in parallel to the axis and
symmetric to the stagnation point. The results of these
experiments showed that the Strouhal number of such
cylinders is a function of angular position and size of
the wire, as well as the Reynolds number. Therefore,
the vortex-induced vibration on a cylinder can be sup-
pressed by deliberately changing the configuration of
the cylinder’s surface. Active vibration control method
can be attained bymanaging the flow around a cylinder,
which can be accomplished by using either flow blow-
ingmethod or flow suctionmethod. Fransson et al. [94]
documented variations of vortex shedding by chang-
ing both flow blowing and suction rates on a smooth,
porous cylinder. It is found that the Strouhal number
decreases when the air blows out of the surface, while
suction of air into the surface has the opposite effect.
In addition, the vortex formation length is affected by
whether the air blowing or suction is applied on the
surface of a cylinder. Patil and Ng [95] studied the flow
control of a cylinder with periodic porosity on its sur-
face. It has been revealed that the suction of the flow
on the surface of a cylinder can significantly suppress
the formation of spanwise vortices and thereby reduce
the oscillating force. Li et al. [96] used numerical sim-
ulations to investigate the control of vortex shedding
through air blowing or suction on the surface of a cylin-
der. The results indicate that a robust control can be
fulfilled if the time window is larger than the vortex
shedding period. In addition, the absolute suppression
of vortex shedding is still feasible even if the control
time is only half of the period of vortex shedding. Chen
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et al. [97] performed a wind tunnel test to explore the
effectiveness of the air suctionmethod in themitigation
of vortex-induced vibration on cylinders. Themeasure-
ment of vibration response, along with pressure coeffi-
cients and aerodynamic load, showed the effectiveness
of the air suction method in suppression of VIV. Addi-
tionally, an optimal flow rate for VIV control has been
discovered.

The mitigation of VIV for cylinders can be achieved
with the modification of system parameters, such as
mass, damping, and stiffness.Gattulli andGhanem [98]
implemented an active control method to mitigate VIV
of structures by attaching a tuned mass damper to the
structure. By moving the mass along a particular path,
the vibration of the structure can be controlled. Non-
linear energy sink (NES), which is secondary system
consisting of nonlinear damping or stiffness, can be
used to suppress VIV of cylinders. The application of
NES on the suppression of VIV for cylinders has been
investigated in [99–103]. Dai et al. [104] proposed a
time-delay feedback control system to control the VIV
of an elastically mounted circular cylinder. They con-
cluded that by carefully tuning the parameters of the
time-delay system, the amplitude of VIV can be sig-
nificantly reduced. Figure 15 shows few scenarios to
control VIV on cylinders. In addition, Table 7 lists the
methodologies to control VIV on cylinders.

Energy harvesting is a process by which the kinetic
energy, such as vibration, can be converted into a form
of energy to power, sensors, actuators, and other elec-
tronic devices. Owing to its ability to convert vibration
into energy and hence reduce the amplitude of vibra-
tion, it can be deemed as a way for vibration mitiga-
tion. Themostwidely used configuration for harvesting
energy fromVIV is a cylinder that is attached to the end
of a piezoelectric cantilever beam. Such configuration
has been extensively studied, as can be found in [105–
108]. However, studies regarding the control of VIV
for cylinders using energy harvesting are still limited.

5.2 Rain-wind-induced vibration (RWIV)

The cables on cable-stayed bridges could exhibit vibra-
tions that are characterized by low frequency and large
amplitude on rainy and windy days. This type of vibra-
tion, which is defined as rain-wind-induced vibrations
(RWIVs), poses a significant threat to cables because
the large amplitude may lead to a fatigue failure to the

cables’ supports. As a result, RWIVs have attracted a
lot of attention in the research community since it was
firstly observed by Hikami and Shiraishi [11] during a
construction of a cable-stayed bridge. By conducting a
wind tunnel test, Hikami and Shiraishi [11] concluded
that water rivulets formed in rainy days on the upper
windward surface of a cable are able to change the
cable’s aerodynamic properties and hence accountable
for RWIVs. Since then, RWIVs have been observed
on numerous stayed-cable bridges around the world. A
research community organized by the Japan Institute
of Construction Engineering conducted field measure-
ments on several cable-stayed bridges and then summa-
rized the characteristics of the rain-wind-inducedvibra-
tions, such as low turbulence intensity, large-amplitude
vibration, and a limited range of wind speeds at which
the RWIVs could occur [109].

Main and Jones [110] installed a system on the Fred
HartmanBridge and recorded 4000five-minute records
for the amplitude of acceleration and meteorological
conditions. The collected data on the Fred Hartman
Bridge showed that three distinct types of vibration can
be identified, namely no-rain vibration, moderate-rain
vibration, and heavy-rain vibration. Further analysis
revealed that the occurrence of low-amplitude vibra-
tion was corresponding to the absence of rainfall, while
medium-amplitude vibration can be observed during
a moderate rainfall. In addition, the high-amplitude
vibration was also recorded in a heavy rain accom-
panied with relatively low wind speed. Numerous
vibration modes had contributed to these vibrations,
especially during the heavy rain. Phelan et al. [111]
conducted field observations on Veterans’ Memorial
Bridge over a period of 2years. They found that the
rain-wind-induced vibration happened when rain was
combined with wind speed in a velocity-restricted
region, specifically, between 6.3 and 14m/s (14 and
31mph). Moreover, the stayed cables exhibit the char-
acteristics of RWIVs when the wind comes from a cer-
tain direction, depending on the locations of cables.
The critical yaw angle at which the large-amplitude
vibration could occur is found to fall into the region
between 30◦ and 50◦. Ni et al. [112] carried out a
45-day field measurement of rain-wind-induced vibra-
tions by installing accelerometers, anemometers, and a
rain gauge on the Dongting Lake Bridge. The results
showed that the combination of wind and rain was
able to incur a vibration with a maximum accelera-
tion of 10g and displacement of 0.7m. In addition,
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Fig. 15 Different methods to control VIV. (a) Dampers installed on Erasmus Bridge [88]. (b.1) Cylinder with 4 helical perturbation
[91]. (b.2) Cylinder with 4 straight perturbation [91]. (c) Periodic porosity on cylinder and its effect on flow [95]

the large-amplitude RWIVs were normally associated
with mean wind speeds ranging from 6 to 14m/s at the
deck level and rainfall varying from low to moderate. It
has been observed that the vibration was dominated by
the third mode of the cable and the critical yaw angle
for the cables ranges from 10◦ to 50◦. Zuo and Jones
[80] presented the results from field measurements on
the Fred Hartman Bridge. The comparison between

vortex-induced vibration and rain-wind-induced vibra-
tion suggested the similarities between these two types
of vibrations other than that RWIVs occurred at higher
wind speeds with larger amplitude.

Acampora and Georgakis [113] performed a full-
scale monitoring of RWIVs on the Øresund Bridge
cables. It has been revealed that RWIVs whose ampli-
tude is greater than 0.2D are usually recorded at
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Table 7 Methodologies to control VIV

References Research type Vibration control method Conclusions

Persoon and Noorlander [88] Field measurement Dampers Effective to suppress VIV

Unable to control RWIV

Main and Jones [89] Field measurement Dampers Effective in mitigating all types of
vibration, including VIV

Nebres and Batill [91] Experimental test Tripping wires Tripping wire will change Strouhal
number of cylinders

Igarashi [92] Vibration control can be achieved
by selecting the size and location
of tripping wires

Hover et al. [93]

Fransson et al. [94] Experimental test Air blowing and air suction Air blowing decreases Strouhal number

Air suction increases Strouhal number

Patil and Ng [95] Experimental test Air suction Air suction reduces oscillating force

Li et al. [96] Numerical simulation Air blowing and air suction Control of VIV can be fulfilled if

Time window is larger than vortex
shedding period

Control time is half of period of
vortex shedding

Chen et al. [97] Experimental test Air suction Effective in controlling VIV

Gattulli and Ghanem [98] Numerical simulation Tuned mass damper Structural vibration is controlled

Morison’s equation for
flow-induced forces has been
validated

Dai et al. [104] Numerical simulation Time-delay feedback control A good choice of parameters for
the controller can effectively
mitigate VIV of cylinders

wind speeds between 4−18m/s with a rainfall of
0−20mm/h. Additionally, the critical yaw angle for
cables was observed to be predominantly between 35◦
and 55◦ and between −25◦ and −50◦. In November
1996, it was reported that the cables of the Erasmus
Bridge started to vibrate in a windy and rainy condi-
tion, which was subsequently identified as rain-wind-
induced vibrations. The measurements showed that the
cables mainly vibrate in their second mode with an
amplitude of 0.5–0.7m (2–3 times of the cable’s diam-
eter) [88]. Gu et al. [114] observed rain-wind-induced
vibrations on two cable-stayed bridges that were built
in Shanghai and Nanjing. It was found that the cables
exhibited large amplitude vibrations under moderate
rainfall conditions with the mean wind speed ranging
from 10 to 17m/s. The vibration of cables on the bridge
in Shanghai was violent to the point that steel tubes,
which were designed to protect the cables, were dam-
aged.

The field measurements of RWIVs on cable-stayed
bridges are summarized in Table 8. It can be concluded
that rain-wind-induced vibrations are most likely to
occur under low to moderate conditions with a wind
speed between 4 and 20m/s. In addition, the charac-
teristics of cables that are prone to rain-wind-induced
vibrations involve low damping ratio as well as low
natural frequency. Some fieldmeasurements havemen-
tioned the critical yaw angle of cables, which indi-
cate that the occurrence of RWIVs is dependent on
the wind directions. The inherent nature of low damp-
ing ratio and low natural frequency of cables results
in a large amplitude of rain-wind-induced vibrations,
which threatens the safety of the cable-stayed bridge.
Therefore, numerous studies have been conducted to
investigate the mechanism of RWIVs, and they will be
outlined in the following section.

In spite of the extensive studies that have been car-
ried out for rain-wind-induced vibration on cables, the
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consensus of its underlying mechanism has not been
reached. Among all the research, a wind tunnel test is
considered the most effective way for its capability to
simulate the conditions under which the RWIVs could
occur. After they were first observed during the con-
struction of the Meikonishi Bridge, the RWIVs were
reproduced in a wind tunnel test by Hikami and Shi-
raishi [11]. They found that the formation of water
rivulets on the upper windward surface would mod-
ify the cross section of the cable and hence made the
cable aerodynamically unstable. A possible explana-
tion for the mechanism of RWIVs could be the Den
Hartog instability or the instability caused by coupled
aerodynamic forces. Matsumoto et al. [115] proposed
two factors that excite RWIVs on cables: axial flow in
the nearwake and the formation of upperwater rivulets.
In addition, they proposed that the rain-wind-induced
vibration on cables can be treated as a vortex-induced
vibration at high reduced velocity. The amplitude of the
vibration is dependent on the yaw angle of the cables
as well as the turbulence intensity of the wind.

More importantly, the location of the rivulets plays
an important role in the RWIVs on cables, and mea-
surements from wind tunnel tests showed that the rain-
wind-induced vibration will be enhanced if the rivulets
are formed at a specific angle on the cables. Flamand
[116] verified the significance of the water rivulet and
pointed out that it is the movement of the rivulet caused
by the dirt coating that triggers the vibration of cables.
Bosdogianni and Olivari [117] presented an idea that
the existence of rivulets at a certain position causes the
instability and therefore leads to an amplification of
vibration in the form of galloping. Furthermore, they
drew a conclusion that the movement of rivulets intro-
duced by increasing wind velocity has little effect on
the instability of cables. In order to investigate the influ-
ence of rivulets on rain-wind-induced vibrations, Gu
et al. [118] conducted a wind tunnel test on a cable
with artificial rivulets. The results from the test indi-
cated that the relative location of an upper rivulet cor-
responding to the cable surface as well as the wind
direction has a notable effect on the cable vibration,
whereas the effects of a lower rivulet and the dimen-
sion of the upper rivulet can be ignored. Furthermore,
the rain-wind-induced vibration can be considered as
a type of galloping and it satisfies the Den Hartog’s
galloping theory, which echoed the conclusion made
by Hikami and Shiraishi [11]. Xu et al. [119] obtained
aerodynamic coefficients of an inclined cable with an

artificial rivulet attached to it. The measurements indi-
cated that the negative slope of the lift coefficient might
be the main reason for RWIVs on cables. Similarly, Du
et al. [120] measured the pressure distribution on an
inclined cable with an artificial rivulet. They proposed
that the variation of aerodynamic force induced by the
movement of rivulets is the excitation mechanism of
RWIV. Given that most studies related to rain-wind-
induced vibration on cables only take vertical vibration
into account, Zhan et al. [121] presented a new exper-
imental setup through which RWIV in the vertical and
horizontal directions can be simulated simultaneously.
In addition, the yaw angle of the cable can be easily
adjusted in the newly designed vibration system, which
significantly facilitates the wind tunnel test.

Based on the literature aforementioned, it can be
concluded that the upper rivulet plays an important
role in RWIVs on cables. As a result, various stud-
ies focused on the upper rivulet have been conducted.
Cosentino et al. [122,123] studied the movement and
dimension of the rivulet when the cable was experi-
encing rain-wind-induced vibration. It was suggested
that the flow regime modification, which was caused
by the presence of the upper rivulet, is able to gen-
erate a downward aerodynamic load that would incur
the RWIVs on cables. Wang et al. [124] examined the
dependence of water rivulet formation on factors, such
as wind speed, yaw angle of cable, and spraying water
rate. In addition, the effects of water rivulets on the near
wake of cables have been explored. It was proposed
that the occurrence of RWIVs can be attributed to the
coincidence of flow perturbation frequency and struc-
tural natural frequency. Chen et al. [125] reproduced
RWIV of a cable in a wind tunnel test and measured
the thickness, position, and shape of rivulets at a fixed
section of the cable with an ultrasonic transmission
thickness measurement system. However, they failed
to provide sufficient information of the upper rivulet
along the entire cable. The inherent nature of small
size as well as the sensitivity to wind of the upper
rivulet makes measurement techniques difficult to be
employed. Li et al. [126] put forward a digital image
processing technique to obtain the movement of water
rivulets on cables. The movement of a water rivulet
can be identified by processing the images recorded
by a video system. The results have demonstrated that
such a non-contact and non-intrusive technique is able
to measure the rivulet efficiently with a high resolu-
tion. Jing et al. [127] quantitatively analyzed RWIVs
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on cables using real water rivulets. The movement and
the geometry of the upper rivulet were recorded by
videogrammetry. The results showed that the attach-
ment of a boundary layer to the cable induced by the
vibration of rivulets can generate an aerodynamic force
that would do positive work and hence render the cable
to vibrate. Cheng et al. [128] developed a computer
vision system,which consists of a high-resolutionCCD
camera and an image recognition technique. The rivulet
width, film endpoints, and rivulet distribution along the
cable were obtained through this system. Moreover,
the oscillation frequency of the rivulet was calculated
based on the time evolutions of a series of snapshot
images. In order to improve the accuracy of simulation
for rain-wind conditions, a high-precision raining sim-
ulator, which is capable of controlling rainfall intensity
and raindrop size, was developed to replicate RWIVs
on cables. Furthermore, coupling effects of wind veloc-
ity and rain intensity have been considered in the test
carried out by Ge et al. [129]. In Fig. 16, some experi-
mental designs and setups are presented.

In addition to the wind tunnel test, the mechanism of
RWIVs on cables has been studied with various analyt-
ical approaches. Yamaguchi [131] analytically inves-
tigated the mechanism of RWIVs using the aerody-
namic properties identified from a figure-eight-shaped
section model. Two possible mechanisms, Den Hartog
mechanismand twodegree-of-freedom(DOF) instabil-
ity, were examined. The results showed that the aero-
dynamic damping turns negative when the oscillating
frequency of the upper rivulet becomes close to the
natural frequency of the cable. The movement of the
upper rivulet was coupled with the oscillation of the
cable; therefore, the RWIVs on cables can be con-
sidered as a two-degree-of-freedom galloping instabil-
ity. Xu and Wang [132] developed a single-degree-of-
freedom (SDOF) numerical model to describe steady-
state response of RWIVs on cables. The model, which
assumed that the upper rivulet has the same oscillat-
ing frequency as the cable and that the amplitude ratio
between the upper rivulet and the cable remains con-
stant at a given wind speed, was capable of capturing
some main characteristics of RWIV, such as velocity-
restricted and amplitude-restricted vibration.Neverthe-
less, the axial flow and turbulence were not considered
in this model due to the lack of information to quan-
tify their effects. A similar SDOF model was proposed
by Wilde and Witkowski [133]. Although the model
was based on simplified assumptions by neglecting the

force between the water and cable surfaces as well as
the three-dimensional air flowing around the cable, it
can be employed to predict the maximum amplitude of
rain-wind-induced vibration on cables.

Cao et al. [134] constructed a stochastic model
in which the motion of water rivulets was described
with a random process. The aerodynamic properties,
such as lift and drag coefficients, corresponding to
the location of water rivulets were obtained from
the wind tunnel test. The simulated results based on
this model indicated that the mechanism for large-
amplitude rain-wind-induced vibrations on stay cables
can be attributed to stochastic excitations induced by
oscillating water rivulets. Cosentino et al. [122] pre-
sented a 3DOFmodel, which is made up of cable vibra-
tion in twodirections and themotion of an upper rivulet.
The velocity of the rivulet was expressed by empiri-
cal formula, from which the aerodynamic force was
determined. Since the stability of a 3DOF model was
demonstrated, it was also employed by Seidel and Din-
kler [135]. The equations ofmotionwere formulated by
considering themotionof the upper rivulet as amovable
disturbance. The influence of rivulets and its interaction
with the cable are included in the equations. The numer-
ical results showed that the proposed model is able to
determine the lower limit and approximate upper limit
of the velocity range over which the RWIVs on various
inclined cables occur. Zhou and Xu [136] established a
theoretical model that takes the consideration of wind
speed distribution along the cable and the mode shape
of cable vibration. The parametric study of the numer-
ical simulations revealed that the decrease in tension
on the cable would increase the maximum amplitude
of RWIV. In addition, the amplitude of cable vibration
would increase if the power exponent of wind speed
decreased. Gu and Huang [130,137] proposed a two-
degree-of-freedom model that describes the motion of
cable and rivulet, respectively.Thegoverning equations
were formulated andnumerically solved using the aero-
dynamic properties identified from wind tunnel tests.
Moreover, an instability criterion of rain-wind-induced
vibrations on stayed cables were established and ver-
ified through the experiment. Wu et al. [138] devel-
oped a model that considers unsteady aerodynamics
and hysteretic nonlinearity induced by the fluid mem-
ory, for which the quasi-steady theory fails to account.
The parameters of unsteadiness and nonlinearity in this
model were derived from the mapping of pressure and
aerodynamic load obtained fromwind tunnel tests. The
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Fig. 16 Experimental studies on RWIV. (a) The artificial water
rivulet used by Gu [130] to obtain aerodynamic properties. (b.1)
Simple spraying tape system to simulate rainfall [129]. (b.2)
High-precision raining simulator (HPRS) system to simulate

rainfall [129]. (c.1) Motion of upper rivulet captured by Li et
al. [126]. (c.2) Motion of upper rivulet captured by Jing et al.
[127]
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Fig. 16 continued

simulated results based on the proposedmodel exhibit a
difference from the one obtained based on quasi-steady
theory.

Lemaitre et al. [139] investigated the evolution of
water filmaround a cable bydeveloping amodel involv-
ing gravity, surface tension, wind, and cable oscilla-
tion based on the lubrication theory. It can be observed
from simulation results that the water film is account-
able for the cable’s instability. In addition, the location
where the water rivulet appears is dependent on the
wind speed. Xu et al. [140] used Lemaitre’s model to
study the influence of cable movement on the formu-
lation of water rivulets. The evolution of water film
was determined by varying a number of factors, such
as gravitational force, wind pressure, friction, and sur-

face tension. Bi et al. [141] employed a computational
fluid dynamics (CFD) technique to explore the evo-
lution of water film on a vibrational cable. The gas-
liquid two-phase theory and the volume-of-fluid (VOF)
method were integrated to simulate the formulation of
water film. The numerical simulations demonstrated
that the upper rivulet, formed at a certain wind speed,
generated an oscillating lift that has approximately
the same frequency as the cable and leads to a large-
amplitude vibration. Li et al. [142] established a model
that represents the cable oscillation with two-degrees-
of-freedom (in-plane and out-of-plane) and the motion
of the rivulet as another degree of freedom. The interac-
tion between the water rivulet and cable was first inves-
tigated, and the results suggested that RWIV can be
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Table 9 Experimental studies of RWIV

Wind tunnel test

References m (kg/m) n (Hz) D (mm) L (m) α◦ β◦ U (m/s) Water rivulet

Hikami and Shiraishi [11] – – 140 2.6 45 45 6–8 Real

Flamand [116] 16 0.1 160 7 25 0–90 6–13 Real

Bosdogianni and Olivari [117] 1 10.5 40 0.37 45 0–45 0–16 Real

Gu et al. [118] 3.5–10.4 1.06–2.09 120 2.5 30–45 0–45 3–16 Artificial

Du et al. [120] – – 350 3.5 30 0–45 5 and 10 Artificial

Zhan et al. [121] 11.9 1.21 140 2.13 30 35 9–14 Real

Cosentino et al. [122,123] – 1.08 160 5.6 30–45 0–80 7–12 Real

Wang et al. [124] – – 45 and 19 0.6 45 0–45 8–15 Real

Chen at al. [125] 8.575 0.952 100 2 30 20–25 6–10 Real

Li et al. [126] 24.44 1.27 160 2.7 32 35 10–14 Real

Jing et al. [127] 24.44 1.27 160 2.7 32 35 12.1 Real

Cheng et al. [128] – – 98.36 8.31 23.39 45 7.92–15.85 Real

Ge et al. [129] 8.572 1.2 139 2.5 10–40 0–50 2–12 Real

considered as a type of galloping. Furthermore, Li et al.
[143] carried out a wind tunnel test of RWIV on cables
and validated that classical galloping can be triggered.
Eight aerodynamic derivatives were determined from
the test, and they concluded that unsteady, self-excited
aerodynamic forces can model the RWIV more accu-
rately than those from a quasi-steady model. Jing et al.
[144] established a two-dimensional cablemodel based
on the assumption that the instability of a stayed cable
is introduced by interaction between boundary layer
state, upper rivulet, and cable vibration. The effective-
ness of such method was validated by the comparison
between the numerical simulation and the experimental
tests. A parametric study has been carried out in order
to examine the influence of some factors, such as wind
direction, wind speed, mechanical damping, and upper
rivulet, on the amplitude of RWIV. The summaries of
the past experimental studies and numerical modeling
related to RWIV are shown in Tables 9 and 10, respec-
tively.

Rain-wind-induced vibration is a great concern for
engineers, as the large amplitude which RWIV tends to
cause on the stayed cable could lead to a fatigue fail-
ure. Therefore, numerous methods have been proposed
to mitigate the vibration on cables, and they can typi-
cally be categorized into aerodynamic and mechanical
countermeasures. Since the upper rivulet formed on the
cable’s surface is critical in the occurrence of RWIV,
aerodynamic countermeasures aim to modify a cable’s

surface to disrupt the formation of an upper rivulet. Fla-
mand [116] tested the effectiveness of spiraled wires
and concluded that they are able to disorganize the
movement of the upper rivulet and hence attenuate the
vibration. Gu and Du [114] experimentally studied the
effect of spiral wires in the mitigation of RWIVs on
stayed cables. They have found that the diameter, twine
direction, and pitch of the wires have significant influ-
ence on the mitigation efficiency. It was suggested that
the optimized parameters for spiraledwires are 1mmof
diameter and 300mmof parallel distance. Furthermore,
they observed that the amplitude of RWIV decreases
with the increase in mechanical damping. Miyata et al.
[145] introduced discrete surface roughness as a way to
suppress the cable vibration. Through the tests, it was
ascertained that concave and convex patterns on the
cable surface are effective against RWIV. Kleissl and
Georgakis [146] performed a wind tunnel test to mea-
sure aerodynamic properties and employed a flow visu-
alization technique to obtain the flow pattern around
the cable with helical wire. Li et al. [147] carried out
both experiments and numerical simulation to investi-
gate the aerodynamic characteristics of stayed cables
with helicalwires. The results showed that helicalwires
have notable effects on cables, particularly on the aero-
dynamic forces and their correlation coefficients along
the cable axis. Besides, the visual flow pattern around
helical-wire cables was obtained from the numerical
simulation results. Bi et al. [148] presented a numerical
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Table 10 Numerical modeling studies of RWIV

Numerical simulation

References DOF Model description Conclusion

Yamaguchi [131] 2 Cable oscillates in vertical direction; upper
rivulet moves in circumferential direction

RWIV is a type of 2DOF galloping

Quasi-steady theory is used to evaluate the
unsteady aerodynamic forces

Xu and Wang [132] 1 Upper rivulet has the same oscillating frequency
with cable

The model is able to simulate
velocity-restricted and
amplitude-restricted
characteristic of RWIV

Amplitude ratio between upper rivulet and cable
remains the same

Wilde and Witkowski [133] 1 Similar to Xu and Wang’s model The model can predict maximum
amplitude of RWIVInitial position of rivulet depends

on wins speed

Cao et al. [134] 2 Motion of water rivulet is described with a
random process

The mechanism of RWIV is
attributed to the random vibration
of water rivuletAerodynamic force is formulated using

quasi-steady theory

Seidel and Dinkler [135] 3 The motion of cable is modeled in horizontal and
vertical direction

The model can determine the lower
limit and approximate upper limit
of the velocity range where RWIV
occurs

The rivulet is considered as a movable
disturbance

Aerodynamic force is formulated using
quasi-steady theory

Zhou and Xu [136] 1 The motion of upper rivulet is harmonic and
follows the mode shape of cable

Decrease cable’s tension or power
exponent of wind will increase
the amplitude of RWIVWind speed distribution along the cable and

vibration mode of cable are considered

Aerodynamic force is formulated using
quasi-steady theory

Gu and Huang [130,137] 2 Cable vibrates in vertical direction; upper rivulet
oscillates in circumferential direction on cable
surface

The numerical simulated results
agree well with experimental
measurement

Aerodynamic force is formulated using
quasi-steady theory

Lyapunov stability criterion is employed to
determine the stability criterion

Wu et al. [138] 2 Cable vibrates in vertical direction; upper rivulet
oscillates in circumferential direction on cable
surface

The simulated results based on
proposed model exhibit
difference from the one obtained
based on quasi-steady theoryUnsteadiness and nonlinearity, which

quasi-steady theory fails to account for, are
considered

Parameters are identified from mapping the
pressure and load measurement of cable

Lemaitre et al. [139] 2 The evolution of water film on a
cylinder is derived

The model can recover the upper
and lower rivulets that are respon-
sible for RWIVEffect of gravity, surface tension,

wind, and motion of the support are
considered
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Table 10 continued

Numerical simulation

References DOF Model Description Conclusion

Bi et al. [141] – CFD is used to study the evolution
of water film on cable

The model can be used to calculate
evolution of the water film, aerody-
namic lift, and the vibration of cableGas-liquid two-phase theory and the

volume-of-fluid (VOF) method are
adopted

Li et al. [143] 3 Themotion of cable ismodeledwith
2DOF (in-plane and out-of-plane)

RWIV can be considered as a type
of galloping

The rivulet is considered as another
DOF

The interaction between rivulet and
cable is taken into account

Jing et al. [144] 2 Cable vibrates in vertical direction;
upper rivulet oscillates in circum-
ferential direction on cable surface

A comparison of numerical and
experimental results shows that the
model captures main characteristics
of RWIVAerodynamic forces acting on the

cable are determined by the bound-
ary layer state

model that is able to simulate themotion of a cable with
arbitrary geometry and the evolution of water rivulets.
The cable vibration and current state of water rivulets
can be acquired by numerically solving the coupled
equations. The proposed model was used to study a
cable with ribs, and the results showed that the effec-
tiveness of countermeasures is dependent on the num-
ber and location of ribs. The numerical and experimen-
tal tests carried out on cables with altered surfaces or
cross sections will help to gain insight into a cable’s
aerodynamic characteristics and therefore reduce the
rain-wind-induced vibration on stayed cables.

In addition to aerodynamic countermeasures, the
rain-wind-induced vibrations on stayed cables can be
suppressed with mechanical countermeasures through
the modification of structural damping or stiffness.
Damper is one of the most widely adopted mechanical
countermeasures to mitigate RWIVs on stayed cables.
Nakamura et al. [149] determined the damping coeffi-
cient of a high-damping rubber that is needed to control
the rain vibration of cables. Tabatabai et al. [150] quan-
titatively studied the effect of viscous dampers on cable
vibration and provided guidelines of designing a vis-
cous damper to control rain-wind-induced vibration.
Chen et al. [151] first installed MR dampers on the
Dongting Lake Bridge to mitigate rain-wind-induced
vibration. The advantage of MR dampers is that they

are capable of generating a high-damping force with
a small amplitude and velocity. A 3-year yield mea-
surement has been conducted in order to monitor the
efficiency of MR dampers. The results proved that
installation of MR dampers on cable-stayed bridges is
an effective and durable way to suppress rain-wind-
induced vibration. Li et al. [152] numerically inves-
tigated the effectiveness of dampers on RWIVs. The
relationship between modal damping and the damp-
ing ratio of dampers has been revealed. It was found
that 0.5% of the damping ratio is enough to reduce the
RWIVs on No.2 Nanjing Yangtze River Bridge. Zhou
and Xu [136] calculated the optimum damping ratio
for dampers to fulfill the best suppression of RWIV
of cables. Zhan et al. [121] performed an experimen-
tal test to check the effectiveness of dampers and spi-
ral wires in the reduction of RWIVs. They have dis-
covered that RWIV of cables nearly disappears if the
damping ratio is greater than 0.43% or the cable is
twined with spiral wires. Krarup et al. [153] proposed a
pole allocation type active modal controller to control
rain-wind-induced vibration on cables. The simulation
results showed that the proposed method, which is able
to add damping to several vibration modes, behaves
better than an optimally tuned linear viscous damper.
In Table 11, methodologies to control RWIV of cables
are summarized.
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Table 11 Methodologies to control RWIV of cables

References RWIV
control
method

Conclusions

Aerodynamic
countermeasures

Flamand [116] Wires Spiraled wires are effective in RWIV mitigation

Gu and Du [114] Wires The optimized parameters for spiraled wires to
control RWIV are 1mm of diameter and 300mm
of parallel distance

Kleissl and
Georgakis
[146]

Wires Aerodynamic properties and flow pattern of cable
with helical wires are obtained, which can be used
for RWIV control

Li et al. [147] Wires Aerodynamic properties and flow pattern of cable
with helical wires are obtained both numerically
and experimentally, which can be used for RWIV
control

Bi et al. [148] Wires RWIV control can be achieved by changing the
number and location of ribs on cable surface

Miyate et al.
[145]

Surface roughness The concave and convex patterns on cable surface
are effective against RWIV

Mechanical
countermeasures

Nakamura et al.
[149]

High-damping rubber The damping coefficient of a high-damping rubber is
determined to control RWIV

Tabatabai et al.
[150]

Viscous damper Guidelines of designing viscous dampers to reduce
RWIV are provided

Chen et al. [151] MR damper MR damper is able to control RWIV of cables on
Dongting Lake Bridge

Li et al. [152] Damper Damper with 0.5% damping ratio is enough to
suppress RWIV

Zhou and Xu
[136]

Damper Optimized damping ratio of dampers is calculated to
reduce RWIV

Zhan et al. [121] Damper and wires Damper ratio greater than 0.43% is enough for
cables with spiral wires to mitigate RWIV

Krarup et al.
[153]

Damper Active modal controller is proposed to control RWIV

5.3 Dry galloping (DG)

Dry-cable galloping has been frequently reported for
cable bridges [154] and normally happens when there
is a yaw and/or inclination angle between the cable axis
and relative velocity. The past studies showed that dry-
cable galloping is generally classified into two types
of galloping. The first type, which is called unsteady
galloping, happens when the axial flow is generated
behind the yaw and/or inclined cable that interrupts
the communication between vortices produced by the
Karman vortex shedding. Unsteady galloping with a
non-stationary amplitude can be studied using dynamic
tests. The second classification of dry-cable galloping
is called divergent-type, classical, or conventional gal-
loping. This type has divergent motion and is explored

with static measurements of aerodynamic loads. After-
ward, the aerodynamic damping of a cable is calculated
with quasi-steady equations, and dry galloping appears
on cases in which aerodynamic damping becomes neg-
ative. Divergent-type galloping has been mostly seen
in the critical Reynolds number range or beyond due
to variation of aerodynamic coefficients with respect to
the angle of attack and Reynolds number. Although dry
galloping has been investigated in the past with exper-
imental methods and numerical approaches, the onset
conditions of dry-cable galloping have not been fully
explored for inclined/yawed cables.

Determining the required mechanical damping to
suppress the dry galloping has been the most challeng-
ing part for designers of structural cables. The past stud-
ies proposed some empirical equations extracted from
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Table 12 Constants to predict the reduced velocity [26]

β∗◦ a b c

45◦ 7.03 0.6 46.07

40◦ 4.42 0.78 72.32

35◦ 5.95 0.79 86.33

30◦ 2.17 0.79 78.21

25◦ 3.32 0.78 70.71

20◦ 4.41 0.78 78.51

15◦ 1.23 0.8 81.94

wind tunnel dynamic tests to predict the critical veloc-
ity of the dry-cable galloping. The following equation
is usually used to express these empirical equations.

RVcr = a × Scb (5)

where RV(= Ucr/nD) is the reduced velocity, Sc is
the Scruton number, a and b are the constant numbers.
Honda et al. [155] defined a = 54 and b = 2/3, and
Irwin [156] determined a = 35 and b = 1/2. Other
instability criteria have been introduced by the FHWA
(Federal Highway Administration of U.S.) [157] and
Saito [158], which proposed instability boundaries.
Since this equation does not specify the effect of yaw
angles, another research was conducted by Jafari and
Sarkar [26] to determine the critical velocity for each
yaw angle. They performed the wind tunnel experi-
ments with a free vibration system to extract the critical
reduced velocity based on aeroelastic parameters (flut-
ter derivatives) of a yawed cable. The results of critical
reduced velocity that were described as an empirical
equation (RVcr = a × Scb + c) are summarized in
Table 12.

Jafari and Sarkar [26] introduced a design proce-
dure to determine the minimum required damping to
suppress the dry galloping for different equivalent yaw
angles. Their results can be used for yawed and/or
inclined cables by finding the equivalent yaw angle.
Furthermore, they extracted the aerodynamic buffeting
admittance functions for yaw angles from 0◦ to 45◦
and provided empirical equations to calculate the drag
coefficient and Strouhal number of a yawed cable. Fig-
ure 17 shows different criteria proposed to determine
the critical wind speed of dry-cable galloping at a given
Scruton number; unstable and stable regions are shown
in this figure.

Since dry galloping can cause significant damages
with high repair cost due to divergent motion, this phe-

Fig. 17 Proposed criteria for unstable and stable regions of dry-
cable galloping

nomenon has been widely studied to explore the vibra-
tion sources and propose the mitigation solutions using
wind tunnel experiments or numerical approaches. The
aerodynamic and aeroelastic flow characteristics of
cables have usually been studied using a rigid/section
model representing a section of a cable. Cheng et
al. [159,160] performed wind tunnel experiments in
static and dynamic conditions to study the effects of
Reynolds number, surface roughness, and wind speed
on yawed/inclined dry-cable galloping. They observed
the most divergent motions at a Scruton number of
0.88 and wind speed of 32m/s. They also examined
the applicability of Den Hartog’s criterion to predict
the dry galloping and found it useful to determine
the instability condition of dry-cable galloping. More-
over, they concluded that divergent motions in high
speed might be because of the interaction between the
axial flow and Karman vortex shedding. Katsuchi and
Yamada [161] studied the effect of an indented sur-
face on dry-cable galloping by performing wind tunnel
experiments. They measured the reduced amplitude of
a cable at different Scruton numbers and reduced veloc-
ities. As a result, they observed the divergentmotion for
both indented and smooth surfaces.Duy et al. [162] per-
formed a series of wind tunnel tests for a yawed cable at
different equivalent yaw angles. They studied the effect
of spiral wire on a cable with a smooth surface and cap-
tured the divergent motions for yawed angles ranging
from 30◦ to 60◦ at a reduced velocity of 110–130. Beni-
dir et al. [163] studied the effect of surface roughness
and circularity defect on dry-cable galloping by per-
forming wind tunnel experiments to measure aerody-
namic forces in static conditions. The obtained results
showed that there is an obvious correlation between
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Fig. 18 Wind tunnel setup of different tested mitigation solutions [164]

the circularity defect and single bubble pressure pat-
tern along the axis of the cable. Duy et al. [164] per-
formed experimental tests in a wind tunnel to study
the effect of helical strakes with diameters of 3mm,
5mm, 10mm, and 15mm on dry-cable galloping with
and without helical strakes, as shown in Fig. 18. They
found the critical equivalent yaw angle from 30◦ to 60◦
(see Fig. 19) by conducting experiments for equivalent
yaw angles (β∗) from 20◦ to 70◦ . They concluded that
single spiral wire, double spiral wire, and circular rings
aremore effective to suppress the dry-cable galloping if
they are attached at specific spaces with an appropriate
diameter. Another study [165] showed that dry cables
with an attached helical fillet might experience large-
amplitude responses at some angles for lowmechanical
damping. Therefore, further research is needed to com-
pletely explore the appropriate specification for helical
strakes to mitigate dry-cable galloping.

Zuo and Jones [166] performed wind tunnel exper-
iments for a circular cylinder, representing a section
model of a cable, to study the effect of yaw and incli-
nation angle on the excitation mechanism of dry-cable

Fig. 19 Critical yaw angle range for single smooth cable [164]

galloping. They compared the experimental results
with field measurements and concluded that a diver-
gent response at high reduced velocity occurs for dry-
cable because of high-speed vortex shedding, which
is different from classical Karman vortex. They found
a transitional mechanism between classical Karman
vortex shedding and high-speed vortex shedding that
occurs at high reduced velocity. Flamand and Boujard
[167] captured the pressure distribution over a cable at
different yawed angles and concluded that increasing
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Fig. 20 Comparison of galloping instability for experimental data and predicted value [176]

the surface roughness is a solution for mitigating the
vibration. Furthermore, they studied the effect of heli-
cal wire as a vibration mitigation device and indicated
that using helical wires on cables is not only useful
for suppression of rain-wind-induced vibration, but it
is also effective for dry-cable galloping. Christiansen
et al. [168] performed static and dynamic wind tun-
nel tests for an inclined cable with helical strakes to
determine the characteristics of dry-cable galloping.
The results showed that large-amplitude vibration can
happen for a dry cable with inclination angle of 60◦,
and they concluded that the effect of surface irregular-
ity on dry galloping is dominant. Kimura et al. [169]
conducted a series of wind tunnel tests in smooth and
turbulent flow at different yaw angles of 30◦, 40◦, and
45◦. They observed divergent responses (A/D = 2) for
some cases and concluded that the response becomes
less intense by increasing the turbulence intensity.Mat-
sumoto et al. [1] described the underlying mechanisms
of dry-cable galloping due to wind-induced vibration
through a series of experimental tests applying the split-
ter plates with various perforation (or porosity) ratios
placed behind the cable in its wake to control the Kar-
man vortices. These results showed that the intensity
of a Karman vortex decreases, and divergent gallop-
ing arises when the perforation ratio decreases. The
past studies also showed that the effect of axial flow is
significant for the excitation of a cable because a non-
yawed and inclined cable showed a divergent response
when exposed to the generated artificial axial flow [1].

Moreover, they observed that the intensity and veloc-
ity of axial flow depend on the yaw angle significantly
influencing the dry galloping.

Matsumoto and Shirashi [170] performed wind tun-
nel experiments for yawed and/or inclined cables to
measure the dynamic response of a cablewith andwith-
out rain. They conducted the dynamic experiments for
only yawed cables without rain at yaw angles of 0◦,
22.5◦, 25◦, 45◦, and they concluded the response to
be random rolling for yaw angles less than 25◦, while
the vibration amplitudes become more stable for yaw
angles larger than 25◦. In addition, the dynamic results
indicated that the cable with yaw angle of 45◦ has
the larger dynamic response at a given reduced veloc-
ity compared to other yaw angles. Zhou et al. [171]
studied the behavior of vortex shedding from a yawed
cable by conducting a pointmeasurementwith an eight-
hot wire vorticity probe. They performed the experi-
ments for yaw angles of 0-45◦ and concluded that the
strength of the Kármán vortex shed decreases, while
the three dimensionality of the flow over the yawed
cylinder increases for yaw angles from 15◦ to 45◦.
McTavish et al. [172] conducted wind tunnel experi-
ments for an inclined cable to extract the aerodynamic
coefficients, such as drag, lift, and pressure coeffi-
cients. The results showed that dry gallopingwith large-
amplitude vibration happens even for large damping
or large Scruton number. They concluded that varia-
tions of aerodynamic coefficients in the critical range of
Reynolds number can cause a large-amplitude motion;
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even damping larger than that suggested by Post Ten-
sioning Institution (PTI) is not enough to suppress the
vibration.

Nikitas et al. [173] performed wind tunnel exper-
iments to study the dry-cable galloping at the crit-
ical Reynolds number. According to the results, the
aerodynamics of an inclined cable were different from
a non-inclined cable, and the inclined cable gener-
ated nonzero lift components in the critical range of
Reynolds numbers, concluded to be one source of dry-
cable galloping. Nikitas and Macdonald [174] stud-
ied the aerodynamic characteristics of a cable by per-
forming wind tunnel experiments. They observed the
unsteady behavior in the critical Reynolds number
range and concluded that the inclination angle was the
most important parameter affecting this phenomenon.
In another study, they used the aerodynamic proper-
ties of different cross sections to calculate the aerody-
namic damping based on proposed quasi-steady crite-
rion [175]. Ma et al. [176] studied the galloping of an
elliptical cylinder at the range of critical Reynolds num-
bers since the cross section of a yawed and/or inclined
cable is similar to an ellipse. They performed static and
dynamic wind tunnel tests to study the aerodynamic
and aeroelastic properties of an elliptical cylinder at
different angles of attack. They observed the steady
and unsteady galloping for a special range of angles of
attack and Reynolds numbers. Afterward, they applied
the quasi-steady theory to predict the galloping insta-
bility. The comparison matched in most cases with pre-
dicted values. Figure 20 shows the amplitude of vibra-
tion in a graphical plot for an elliptical cylinder at dif-
ferent angles of attack and Reynolds numbers, while
total damping ratio changes.

Jubran et al. [177] studied the effect of interference
and turbulence intensity on flow-induced vibration of
single and tandem circular cylinders with rough and
smooth surfaces. They performed wind tunnel exper-
iments for smooth and turbulent flow with turbulence
intensity up to 4.2% to measure the response of a cylin-
der at different reduced velocities. The results indicated
that the amplitude of vibration increased for turbu-
lence intensity of 0.2–3.5% by increasing the turbulent
intensity, while the amplitude of response reduced by
increasing turbulent intensity beyond 3.5%. Moreover,
they showed that the vibration amplitude of a cylinder
with a rough surface was higher than a smooth cylin-
der. In spite of the past studies that used rigid models to
investigate the dry-cable galloping, Bartoli et al. [178]

built an aeroelastic cable including 48 sections to find
the response and aeroelastic forces acting on a cable
due to wind. They carried out their experiments for
smooth and turbulent flow to capture the response in
the along-wind direction. They compared their results
with a numerical simulation and found a good match
between them. Furthermore, they applied an incremen-
tal procedure along with an iterative procedure using
a modified Newton–Raphson algorithm to predict the
response in time domain.

Matteoni andGeorgakis [179] investigated the effect
of roughness and cross section distortion on dry-cable
galloping due to wind-induced vibration. They con-
cluded that the aerodynamics of a cable highly depend
on the circularity of a cross section, and a little devi-
ation may cause the generation of nonzero drag and
lift coefficients leading to dry galloping in a special
range of Reynolds numbers and wind angles of attack.
They showed that aerodynamic damping calculated by
quasi-steadymethod becomes negative for some angles
of attack, which is the main source of dry galloping. In
another theoretical and experimental study [180], it was
showed that the galloping instability of cables signif-
icantly depends on angle of attack, and cables with a
little non-circularity can considerably change the aero-
dynamic coefficients. They applied Eq. (6), which is
derived based on quasi-steady theory and was used to
calculate the aerodynamic damping. The definition of
angles used in Eq. (6) is shown in Fig. 21 [181].

ζaero = μRe

4mωn
cosα

[
cosα

(
CD

(
2 sinΦ + tan2 α

sinΦ

)

+∂CD

∂Re
Re sinΦ − ∂CD

∂α

tan α

sinΦ

)

− sin α

(
CL

(
2 sinΦ − 1

sinΦ

)
+ ∂CL

∂Re
Re sinΦ

−∂CL

∂α

tan α

sinΦ

)]
(6)

where ζaero is the aerodynamic damping, μ denotes
the dynamic viscosity, m represents the mass per unit
length, ωn is the circular natural frequency, and Re is
the Reynolds number, α represents the angle of attack
which is defined as α = arctan(tan β/ sin θ), θ is the
inclination angle, β is the yaw angle, andΦ denotes the
cable-wind angle. The results of aerodynamic damping
are plotted for different Reynolds numbers in Fig. 22.
As shown in this figure, the aerodynamic damping
becomes negative in the critical range of Reynolds
number at specific angles of attack.
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Fig. 21 Schematic view of
inclined cable [179]

Fig. 22 Aerodynamic
damping plot versus
Reynolds number and wind
angle of attack [180]

Kleissl and Georgakis [182] studied the effect of
shapes including waviness, faceting, shrouding, and
circularity (see Fig. 23) on cable vibration in dry con-
ditions. They conducted the static wind tunnel tests in
smooth and turbulent flow to calculate the aerodynamic
damping. The results showed that dry galloping hap-
pens for plain, wavy, and faceted cylinders either from
“drag crisis” or “Den Hartog galloping.” They found
that the shrouded cylinder is the most stable case, gen-
erating positive aerodynamic damping. Moreover, the
results indicated that cables havemore positive aerody-
namic damping in turbulent flow compared to smooth

flow due to a more constant lift force. Kleissl and
Georgakis [183] studied the influences of helical fil-
lets and pattern-indented surfaces on the aerodynamics
of a yawed cable. They used the oil visualization tests
to demonstrate the difference between the aerodynam-
ics of a yawed cable with helical fillets and those with
pattern-indented surfaces. The results with a pattern-
indented surface showed the lowest drag coefficient,
and the cable with helical fillets revealed a constant
drag coefficient over the supercritical Reynolds num-
ber.
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Fig. 23 Tested models, a circular cylinder, b shrouded cylinder,
c wavy cylinder, d faceted cylinder [182]

Demartino and Ricciardelli [184] used numerical
and experimental methods to determine the required
mechanical damping using quasi-steady theory while
studying the impact of cable irregularities, such as sur-
face roughness, section distortion, and axis curvature.
They found the aerodynamic coefficients of yawed and
inclined cables at different angles. They used the exper-
imental results to extract the aerodynamic damping
at different Reynolds numbers, applying one-degree-
of-freedom and two-degree-of-freedom (DOF) stabil-
ity models. According to the results, cable irregular-
ity had a significant effect on aerodynamic stability
especially in the range of critical Reynolds numbers.
Furthermore, they concluded that using a one-degree-
of-freedom model is sufficient because it accurately
predicts the required aerodynamic damping to prevent
dry-cable galloping. Benidir et al. [185] studied the
effect of circularity defects on dry-cable galloping by
performing wind tunnel tests in the subcritical and crit-
ical range of Reynolds numbers. They applied artificial
defects (up to 4.4% of the diameter) over the original
cross section to investigate their effects on the aero-
dynamic coefficients leading to negative aerodynamic
damping. They concluded that non-circularity of cables
can significantly cause galloping instability. Addition-
ally, they indicated that attaching helical strakes is help-
ful to mitigate dry-cable galloping.

Despite the extensive experimental research on dry-
cable galloping, there are only a few studies using
numerical simulations to study this phenomenon by
simulating a section model. Yeo and Jones [186] con-
ducted numerical simulations to investigate the impact
of yawed angles on dry-cable galloping. They carried
out their modeling for a yawed cable from 0◦ to 60◦
using a detached eddy simulation (DES) model for
simulation and concluded that the strength of Karman
vortices diminishes with increasing yaw angles. This
phenomenon is significant because characteristics of
flow in a three-dimensional model around a cylinder
cannot be fully developed when Karman vortex shed-
ding is strong and well correlated along the axis of a
cylinder. They also numerically captured the charac-
teristics of flow over a circular cylinder to determine
the effect of yaw and inclination angles. The numerical
results explained themechanismof interaction between
axial flow and vortex shedding causing unsteady low-
frequency forces [187]. Wu et al. [188] used compu-
tational fluid dynamics (CFD) methods with the high
accuracy model of a delayed detached eddy simulation
(DDES) to simulate fluid flow over a yawed cable and
verified the results by comparison with experimental
data. Hoftyzer and Ragomirescu [189] carried out a
three-dimensional numerical simulation using a com-
putational fluid dynamics technique to study the effect
of axial flow behind the yawed cable on inducing the
dry-cable vibration. They used the turbulence model of
a large eddy simulation (LES) for simulation of flow
over yawed and inclined cables from moderate to high
Reynolds numbers (110k–670k). Hayashi and Kawa-
mura [190] conducted researchonyawedcircular cylin-
ders using the direct numerical simulation (DNS) to
study the effect of aspect ratio of a circular cylinder
on flow characteristics. They demonstrated the appli-
cability of the independence principle for the Reynolds
number of 15,000 and validated their results by com-
parison with experimental data.

Analytical approach is another method that schol-
ars have used to study this instability by deriving the
mathematical equations to calculate the aerodynamic
damping. Macdonald and Larose [181] applied quasi-
steady theory to derive a theoretical formula describ-
ing dry-cable galloping. They derived an equation to
calculate the aerodynamic damping and utilized the
equation to determine the stability and instability of
a yawed/inclined cable under dry conditions. In other
studies [177,178], they applied the quasi-steady the-
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ory to demonstrate the galloping instability of a two-
degree-of-freedom vibration system by calculating the
aerodynamic damping. Raeesi et al. [193] theoreti-
cally derived formulae using a quasi-steady approach
to show the effect of unstable/turbulent flow on dry gal-
loping of an inclined cable. They applied their method
to evaluate the aerodynamic stability of cables used
in a cable-stayed bridge for unsteady wind, and their
results satisfactorily predicted the aerodynamic insta-
bility. Furthermore, they proposed two- and three-
degree-of-freedom aeroelastic models to estimate the
response of a stayed cable and verified their results
by comparing with field data [194,195]. Luongo and
Zulli [196] developed a nonlinear model to describe the
non-planar dynamics of an inclined cable exposed to
stationary wind. The simulations were conducted for
different amplitudes of support motion, wind veloci-
ties, and excitation frequencies. The results showed that
the galloping is perturbed when the support motion is
small, and a considerable out-of-plan motion can be
seen when a large support motion occurs. Carassale
et al. [197] proposed a theoretical quasi-steady model
to predict the galloping instability with high accuracy
compared to the experimental results. They found that
the galloping instability normally happens for a spe-
cial range of Reynolds numbers, inclination angles,
and yaw angles. Moreover, the proposed model was
verified only for smooth flow, and the capability of
the model was not assured for turbulent flow. Mac-
donald [198] proposed a theoretical model to predict
the galloping instability by calculating the aerodynamic
damping.He developed the proposedmodel to estimate
the aerodynamic damping of an inclined cable for in-
plane and out-of-plane vibrations. He found that this
model can predict the galloping instability with rea-
sonable accuracy. Piccardo et al. [199] reviewed the
galloping of cables and described the existing theoreti-
cal quasi-steadymodels to explain the critical and post-
critical conditions of galloping instability. Piccardo et
al. [200] proposed a theoretical dynamicmodel consid-
ering sag due to deadweight of the cable and pre-stress,
while it is applicable to model the dynamic response of
dry-cable galloping for in-plane andout-of-plane vibra-
tions. Some of the past studies on dry-cable galloping
are summarized in Table 13.

5.4 Ice galloping (IG)

Galloping of power transmission lines that can also
happen for cables with ice accretion occurs at low fre-
quency (0.1–3Hz), and high amplitude (5−100 times
of the diameter of conductor, up to 10m) [201]. Conse-
quently, this large-amplitude vibration that induces the
vibration of towers by ∼ 70−80 % [202] can cause
severe hardware damages including flashover, wire
burning, tripping, tower collapse, and accident. Some
effective parameters on ice galloping are wind speed,
ice shape, and wind angle of attack. After ice accretion
on the conductor surface at wind speed of 0–2m/s, the
ice galloping can be seen at wind speed of 4–20m/s
when the ice thickness is within the range of 3–20mm
[201]. This type of galloping that can happen for cables
especially power transmission lines ariseswhen there is
ice accretion on the surface of cable or conductor, and
the ice usually accumulates on the windward side of
cable. Atmospheric icing event in terms of time can be
classified in three phases, namely accumulation, persis-
tence, and shedding (dropping off) [203]. Although the
icing event is a very complicated phenomenon that can
change the physical properties, the ice accretion can be
divided into three main processes: precipitation icing,
in-cloud icing, and hoar frost [203]. Precipitation icing
can be seen in different forms such as freezing rain
(glaze) with density from 700 to 900 kg/m3 and tem-
perature of −10◦−0◦ C, and wet snow with density
of 400−600 kg/m3 and temperature of 0◦ to 3◦C, and
dry snow. In-cloud icing is a process that happens in
the cloud or fog with rapid freezing of very cool water
droplets. They can be as hard rime with density from
600 to 800 kg/m3 and temperature of −10◦−1◦ C, or
soft rime with density from 200 to 600 kg/m3 and tem-
perature of −20◦−1◦ C. Hoar frost is a process of ice
accretion with density less than 300 kg/m3 that forms
by direct condensation of water vapor to ice at the tem-
peratures below freezing. Ice accretion might have dif-
ferent shapes, and the crescent and triangle shapes are
the most common shapes. The ice thickness and two
common shapes of ice accretion are shown in Fig. 24.

Two methods of anti-icing and de-icing are gener-
ally used to remove the ice from the surface of con-
ductor. De-icing term is used for those methods that
are applied after ice formation, but anti-icing term is
used for those methods that are activated before ice
accretion. De-icing methods mainly include thermal
(ice melting), mechanical (ice breaking), and passive
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Fig. 24 Schematic view of
ice accretion on conductor
with different shapes

(natural force) methods [204]. Some anti-icing tech-
niques consist of freezing point depressant liquid, fer-
roelectric coating, ferromagnetic materials, electrical
tracer, and Joule effect [203].

The wind-induced galloping of power transmis-
sion lines has been studied since early 1930 by using
the one-degree-of-freedom (1DOF) dynamic system
[27,205,206]. Afterward, the new approaches apply-
ing two-degree-of-freedom (2DOF) system in verti-
cal and torsional directions [28,207,208] were pro-
posed to model the galloping of structural cables and
conductors that was also observed in the field mea-
surement [209]. In fact, the results indicated that the
torsional/twist motion initiates the galloping instabil-
ity [210,211]; thus, three-degree-of-freedom systems
[212,213] along with linear and nonlinear models were
developed to consider vertical, lateral, and torsional
effects on modeling this complex instability [214].
This phenomenon has been widely investigated using
numerical or experimental techniques [215,216] to
determine the important factors being effective on ice
accretion [217] on tower [202,218] or wires and gal-
loping [203,219,220] of cable or power transmission
lines. In 1981,Nigol andBuchan [221] performedwind
tunnel tests to evaluate the effect of ice accretion on
the aerodynamic coefficients and used Den Hartog’s
criterion to estimate the aerodynamic damping. They
concluded that the galloping instability of iced conduc-
tor cannot be predicted accurately with static measure-
ments and dynamic system is required to better estimate
the damping characteristics.KimandSohn [222] used a
combination of numerical simulations and wind tunnel
tests to determine the wind-induced response of iced
conductor for two shapes of ellipse and triangle. They
extracted the damping by themulti-body dynamic anal-
ysis using free vibration system and Rayleigh damping
theory, and the aerodynamic coefficients were calcu-

lated by the ANSYS Fluent software. Finally, they con-
cluded that the drag coefficient increases for larger ice
thickness, while the lift coefficient is zero for angles
of attack of 0◦ and 180◦ . Moreover, the vibration
amplitude for triangle-shape icewas higher than ellipse
shape.

Zdero and Turan [223] measured the Strouhal num-
ber and vortex shedding frequency of iced conductor
at different angles of attack and ice thicknesses. They
observed the dual-vortex shedding frequency peaks for
a special case with the zero angle of attack and wind
speed greater than 22m/s. They also found that the
Strouhal number at zero angle of attack has almost the
highest value compared to other angles of attack. To
extract the aerodynamic coefficients of single ice con-
ductor, Xinmin et al. [224] performed the wind tun-
nel experiments for D-shape and elliptical-shape ice
accretion. The results demonstrated that the aerody-
namic coefficients widely change with angle of attack,
and the absolute value of aerodynamic forces increases
for conductors with thicker ice. Dyke and Laneville
[225] used a D-shape artificial ice to simulate the ice
accretion on power transmission lines and conducted
the field measurement to capture the dynamic response
of single iced conductor at different wind directions.
They concluded that the yaw angle has a strong influ-
ence on the ice-conductor galloping.Chabart andLilien
[226] performed a series of wind tunnel experiments in
stationary and dynamic conditions tomeasure the aero-
dynamic and aeroelastic forces acting on single iced
conductor. The experiments were conducted for angles
of attack ranging from − 180◦ to + 180◦ to measure
the aerodynamic coefficients and observed that the lift
coefficient is almost independent on wind speed rang-
ing from 10 to 20m/s. As a new approach, Meng et al.
[227] studied the ice accumulation on power transmis-
sion lines through physical testing and hanging lumped
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loads. They also developed a numerical code to simu-
late the response of iced conductor based on obtained
results and verified the accuracy of results with method
that was used for prediction of ice-conductor gallop-
ing. Chadha and Jaster [228] studied the effect of ice
accretion using wind tunnel tests and presented amath-
ematical model for prediction of the galloping response
of iced conductor with different ice shapes. They con-
cluded that an iced conductor, which is stable based
on Den Hartog’s criterion, may still vibrate due to the
effect of coupling motions. Additionally, the vibration
amplitude estimated by the models that considers iner-
tia coupling is larger than those calculated by Den Har-
tog’s criterion. Gurung et al. [229] conducted a field
measurement study on the Tsuruga Test Line, where
is located near Tsuruga Bay, to characterize the gal-
loping response and gust response of iced conductor.
They measured the dynamic response, frequency, and
aerodynamic damping and observed two-loop mode in
case of dead-end span for typical galloping.

Matsumiya et al. [230] studied the effect of ice accre-
tion on power transmission lines usingwind tunnel tests
for four-bundled conductors. They performed experi-
ments in static and dynamic conditions to measure the
aerodynamic/aeroelastic force and dynamic response.
They presented two different formulations, while the
first formulation studies all conductors as one group
and the second one considers them individually. They
found that it is better to study the galloping of iced
conductor individually to have a better estimation. In
another research to investigate the ice galloping of
four-bundled conductors [231], a series of wind tun-
nel was performed to extract the aerodynamic forces
of power transmission lines using the real conductors
at different ice thicknesses, initial ice accretion angles,
bundle spaces, and wind angles of attack. The results
showed the change in initial ice accretion angle sig-
nificantly influences the aerodynamic coefficients. For
the iced eight-bundled conductors, Zhou et al. [232]
conducted a research using wind tunnel experiments
to investigate the effect of ice accretion on dynamic
response, frequency, and vibrationmode of bundle con-
ductors. Moreover, they studied the effect of interphase
spacer on the characteristics of iced-conductor gallop-
ing. Zhou et al. [233] performed the wind tunnel exper-
iments for iced eight-bundled conductors and used the
finite element code in ABAQUS software to simulate
the wind-induced vibration of iced conductors. They
reported the dynamic response and vibration mode for

different angles of attack and span lengths. They found
that the galloping mode becomes more complicated in
higher wind speed and consequently more loops may
appear, while span length has no effect on galloping
mode and more span length enlarges the amplitude of
vibration. In another study on four-bundle conductors
[234], the experimental data by wind tunnel tests and
numerical results from simulation with ABAQUSwere
used to investigate the influence of wind speed, angle
of attack, ice thickness, ice shape, and span length on
ice-conductor galloping. They carried out the experi-
ments for two shapes of crescent and sector with differ-
ent thicknesses. The results indicated that the vibration
amplitude increases with increment of wind speed, ice
thickness, and span length. Additionally, they observed
larger dynamic response of bundle conductors with
sector-shape ice compared with crescent shape.

Ma et al. [235] conducted the experimental tests to
explore the effect of Reynolds number on dry- and
ice-cable galloping using circular cylinders with and
without semi-elliptical cross sections. The results of
semi-elliptical cross section showed that ice accretion
on the surface of cables has some considerable effects
on the aerodynamic forces acting on this structure. Li
et al. [236] studied the effect of six different shapes on
ice-cable galloping with performing the experiments in
wind tunnel to extract the aerodynamic coefficients in
stationary condition. Afterward, they used the obtained
results to calculate the critical wind speed for real struc-
tural cables based on quasi-steady theory and linear
and nonlinear models. They reported the critical wind
speed of the cable-stayed bridge named Yangpu Bridge
within the range of 18.3–27.5m/s, while these veloc-
ities are less than design wind speed at that location.
Demartino et al. [237] simulated the ice accretion on the
bridge cables for fix inclination angle of 30◦ and yaw
angles ranging from0◦ to 180◦ using climaticwind tun-
nel at temperature ranging from− 10◦ to+ 20◦ C.They
measured the aerodynamic coefficients of drag, lift, and
moment at different wind speeds, yaw angles, and tem-
peratures. The results indicated that the mean aerody-
namic coefficients are independent on wind speed and
observed a strong effect of type and dimension of either
rims or glaze ice on the flow characteristics around
inclined cable. Figures 25 and 26 show the develop-
ment of ice on the surface of cable that depends on the
time and temperature.

Analytical models, e.g., quasi-steady theory, and
numerical simulations, e.g., computational fluiddynam-
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Fig. 25 Development of ice
accretion with time [237]
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Fig. 26 Front and lateral
view and contour tracing of
cable after ice accretion for
different cases [237]

ics (CFD) techniques and finite elementmodels (FEM),
have been used to model the ice galloping and pre-
dict the instability region or critical wind speed that
cable or conductor is prone to the galloping. Zhang
et al. [238] studied the influence of conductor shape
on icing collision efficiency using a series of numeri-
cal simulations to determine the effect of conductor’s
strand number on the collision efficiency. They carried
out the simulations for conductors with strand number
ranging from 6 to 18 and wind speed from 5 to 30m/s.
The numerical results of two-dimensional simulations
showed that the collision efficiency at the same envi-

ronmental conditions slightly changes for conductors
with different strand numbers, while wind speed and
median volume diameter (MDV) of the droplet distri-
bution influence the collision efficiency of conductors
with different strand numbers. McComber and Paradis
[239] proposed a new approach to predict the gallop-
ing instability of power transmission lines with a thin
ice accretion while including the influence of torsional
vibration on the lift force by the existing quasi-steady
model. They showed that the proposedmodel can accu-
rately predict the galloping of conductors with thin ice
which helps to determine the solutions for prevention
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of iced galloping. Foti et al. [240] proposed a model to
predict the galloping instability of smooth cables with
ice accretion using finite element method and validated
the proposed procedure with a case from the litera-
ture. Gjelstrup and Georgakis [241] and Gjelstrup et
al. [242] developed a three-degree-of-freedom (3DOF)
model to determine the galloping instability of smooth
cables with ice accretion that was applicable for other
prismatic bluff bodies. For the proposed model, it is
required tomeasure the drag, lift, and drag forces at dif-
ferent Reynolds numbers and angles of attack. Finally,
the results of this model provide the required external
damping to prevent the ice-cable galloping.

Richardson [243] conducted the field measurement
to determine the critical wind speed of ice galloping of
a conductor with diameter of 29.5mm.He observed the
galloping and flashover for wind speed of 8.9m/s and
greater. Furthermore, the results indicated that using
drag enhancement and conductor twisting device pre-
vents the flashover, while the detuning pendulum was
not useful to suppress the vibration. Kim and Byun
[244] proposed a new discretization method to sim-
ulate the galloping of conductor with ice accretion.
Additionally, they studied the effect of some reduction
methods to suppress the ice galloping and found them
practical solutions. He and Macdonald [245] proposed
a two-dimensional 3DOFmodel based on quasi-steady
theory to predict the galloping instability of an iced
power transmission line. They validated the results of
proposed model by comparison with the past data from
the literature. Moreover, the results indicated that a lit-
tle change in cross section due to ice accretion influ-
ences the aerodynamic and stability of cable. In another
study, a linearized method was proposed by Mcdaniel
[246] to analyze the galloping of power transmission
lines with ice accretion and this method was found to
be a practical model for prediction of ice galloping.
Foti and Martinelli [247] applied the formulation of
beam and cable element theory to study the dynamic
response of power transmission line with ice accretion.
The simulation results showed that the critical wind
speed of iced galloping is 5m/s. Moreover, the com-
parison between the results of cable and beam element
theory indicated similar results while both predicting
the galloping response accurately.

Desai et al. [248] studied the ice galloping of con-
ductors using finite elementmethod (FEM) and verified
the results with experimental data. They found that it is
necessary to model the multi-span conductors for esti-

mation of vibration. In another research, a new model
was introduced by Zhang et al. [249] that included the
coupling motions of vertical, horizontal, and torsional
directions for prediction of iced galloping. Yan et al.
[250] developed an analytical model based on curved
beam theory for single iced conductor considering the
coupled translational and torsionalmotions. The results
indicated that the angle of attack changes at high wind
speedwhich results in instability of conductor. Another
significant result is that the criticalwind speed increases
as ice thickness enlarges over the surface of conductor.
They also observed the one- and two-loop galloping
at different angles of attack. Yan et al. [251] devel-
oped a model based on curved beam element method
to simulate the dynamic response of multi-span bundle
quad-conductors with ice accretion. They also used the
cable element theory to compare its results with curved
element theory. They concluded that the curved beam
model that includes more degrees of freedom and cou-
pled transitional and torsional motions have a better
prediction of iced-conductor galloping. The found that
using hinges are more helpful to suppress the galloping
of ice galloping compared with rigid connections. The
capability of curved beam theory in prediction of ice
galloping was also studied by Yan et al. [252] using
a nonlinear model with involving the components of
three transitional and one twist directions. In another
2DOF model that was developed by Ye et al. [253], the
galloping instability of iced conductor was captured by
numerical analysis, and a mixed-mode phenomenon
was observed for galloping of the eccentric conduc-
tor with accumulated ice. Wang and Lou [254] applied
finite element method and cable element theory to sim-
ulate the ice accretion on power transmission line. They
modeled the insulator strings, remote span, and turbu-
lence flow by the time-domain simulation. The support
condition and wind speed were found the most signif-
icant factors impacting on the vibration amplitude of
conductors.

Wang and Lilien [255] proposed a 3DOF mathe-
matical model to predict the dynamic response of ice
galloping that can be used for single and bundle con-
ductors. This model can simulate the one-, two-, and
three-loop galloping with the second-order coupling
between all three vertical, lateral, and torsional direc-
tions. They studied the effect of some anti-galloping
devices onmitigation of iced-conductor galloping. Fur-
thermore, they concluded that those devices which mix
the detuning and torsional damping effects are themost
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effective solutions to reduce the large-amplitude vibra-
tionof ice galloping.Kollár et al. [256] used theADINA
software to numerically simulate the dynamic response
of iced conductor with interphase spacer. The numer-
ical results were verified with experimental data from
the literature. They observed the significant effect of
spacer in suppression of ice galloping to reduce the
flashover. Furthermore, they studied the effects of dif-
ferent ice shedding processes on the dynamic response
and stress generation due to iced-conductor galloping.
The capability of this software inmodeling the dynamic
response of ice conductor has been also evaluated by
other studies [257,258]. Some of the past experimen-
tal studies on ice galloping of cables or conductors are
summarized in Table 14.

5.5 Wake galloping (WG)

Wake-induced galloping of twin circular cylinders has
been widely studied in the past by performing wind or
water tunnel tests to study the aerodynamic or hydro-
dynamic forces, dynamic responses, and flow charac-
teristics. Over the past decades, several review papers
have been published by Zdravkovich [259,260], Sum-
ner [261], Bearman [262], and Zhou et al. [263] on this
interesting topic due to its wide applications. However,
the wake-induced cable vibration has not been fully
studied because the distance between parallel cables is
usually greater than critical range that stabilizes them
to wake galloping. In this section, the flow charac-
teristics over twin cables and circular cylinders are
reviewed to understand the effects of different param-
eters such as incident angle and vertical and horizontal
space ratios on the dynamic response of downstream
model. In general, twin cables or circular cylindersmay
have three major arrangements of tandem, staggered,
and side by side, and some effective parameters such
as incident angle (θ), vertical (T ∗ = T/D), horizontal
(L∗ = L/D), and inclined (P∗ = P/D) space ratios
are defined as shown in Fig. 27. Tandem arrangement
is the most common case that happens for twin cables.

The flow behavior around twin cylinders is classi-
fied into three interference regions which depends on
vertical and horizontal space ratios as shown in Fig. 28.
Wake interference occurswhen one cylinder is partially
or completely in the wake of another one, and proxim-
ity interference happens when two cylinders are close
to each other, but neither of them is in the wake area. In

another classification, Zdravkovich [260] divided the
flow regime over twin cylinders into three types: (1)
single bluff-body behavior happening for space ratios
ranging from 1.0 < L∗ < 1.2−1.8 where the down-
stream cylinder is close to upstream one and they act as
a combined single cylinder; (2) shear layer attachment
behavior that usually occurs for space ratios ranging
from 1.2−1.8 < L∗ < 3.4−3.8 where the shear layer
of upstream cylinder reattaches the downstream one;
and (3) vortex shedding generation from cylinders that
can be seen for space ratios of 3.4−3.8 < L∗, where
each cylinder produces the vortex shedding separately
[264].

Wake-induced cable galloping has been reported for
smooth cables and power transmission lines that usu-
ally happens for moderate space ratios [2]. For smooth
tandem cable, the only criterion to describe the onset
of the wake galloping instability has been proposed
by FHWA [157] that is triggered when the wind speed
exceedsUcrit = c fnD

√
Sc,where c is a constant depen-

dent on inter-cable spacing and orientation, fn is a nat-
ural frequency, D is the cable diameter, and Sc is the
Scruton number. The constant number of c is 25 and 80
for horizontal space ratios (L∗) of 2–6 and L∗ ≥ 10,
respectively [157]. Although this type of galloping,
which can occur for smooth cables and power transmis-
sion lines, has been reported less than other vibration
sources, it has been studied by using wind tunnel tests
and numerical approach to determine the critical veloc-
ity and flow characteristic of twin cable describing the
wake-induced cable galloping.

Yoshimura et al. [266] conducted a research per-
forming wind tunnel tests to develop a new mitigation
device to suppress the wake galloping of two parallel
cables. They did the experiments for staggered config-
uration at different incident angles and concluded that
the critical incident angle is 5◦ . Tokoro et al. [2] stud-
ied the aerodynamics of tandem cables by perform-
ing a series of wind tunnel tests for different space
ratios ranging from 4.3 to 8.7 to study the wake gal-
loping of parallel aeroelastic model. They concluded
that the cables are stable for space ratios greater than
6.5 and showed that the vibration of leeward (down-
stream) cable depends on both reduced velocity and
Reynolds number. Figure 29 shows the vibration tra-
jectory of leeward cable at different Reynolds numbers
and reduced velocities. This figure demonstrates that
the trajectory direction depends on Reynolds number
and reduced velocity.
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Fig. 27 Arrangement of
twin cables or circular
cylinders

Fig. 28 Classification of interference region for twin cylinders,
replotted from [265]

Mattiello et al. [267] measured the aerodynamic
damping using passive-dynamic wind tunnel tests on
twin inclined cables. They compared the results with
full-scale data and analytical results from quasi-steady
theory and found a good match between them. Acam-
pora et al. [268] performed the full-scale monitoring
and wind tunnel test on the arrangement of twin cables
for the Øresund Bridge to extract the aerodynamic
damping and stiffness using the eigenvalue realization
algorithm (ERA). The results showed that the effect of
Reynolds number is more than reduced velocity on the
damping terms. As a results, a reduction can be seen
for the total damping in the range of critical Reynolds
number. Although the total damping was positive, they
believed that the reduction in critical range of Reynolds
number has some influence on large-amplitude motion
of wake galloping. Li et al. [269] studied the wake gal-
loping of parallel stay cables performing wind tunnel
tests on the aeroelastic models. They investigated the
effects of different parameters such as yaw angle, space
ratio, incident angle, and connection type (flexible and
rigid). The experimental results of this research are
shown in Table 15. They carried out the experiments

for yaw angles ranging from 0◦ to 30◦ and three inci-
dent angles of 0◦, 3◦, and 5◦. The results showed that
wake galloping is dependent on incident angle, while
the critical yaw angle is from 10◦ to 20◦.

Kim et al. [270] performed the wind tunnel test to
study the characteristics of twin cables using free vibra-
tion systemand particle image velocimetry (PIV). They
showed that the wake galloping disappeared for space
ratios greater than 7. Furthermore, the results showed
that the interaction of downstream cylinder and vortex
sheddingof upstreammodel generates the aerodynamic
lift force when the space ratio is small. According to
the results, the wake galloping occurred at space ratios
ranging from 3 to 6. Gawronski [271] simulated the
wake-induced vibration of bundle power transmission
lines and smooth cables and indicated that wake gallop-
ing occurs at higher wind speed by increasing the space
ratio. The comparison between twin smooth cables and
conductors demonstrates that the galloping instability
occurs in higher wind speed for smooth cables com-
pared to power transmission lines. The simulations
showed that the amplitude of vertical vibration is larger
for cable with longer span length, while the horizon-
tal and torsional vibrations are more for cables with
shorter span length. He et al. [264] studied the wake-
induced galloping of tandem cables performing wind
tunnel experiments. They observed a large-amplitude
vibration for downstream cable and showed the ten-
dency of increase in vibration frequency with increas-
ing the wind speed. They installed the elastic cross ties
to suppress the wake-induced vibration and concluded
that it canmitigate the vibration amplitude by 74%.The
large-amplitude vibration happened for downstream
cable at reduced velocity of 55 andReynolds number of
4.5×104. Furthermore, theymeasured the in-plane and
out-of-plane displacement by using the accelerometer.
Cigada et al. [272] studied the wake galloping of power
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Fig. 29 Vibration trajectory of different reduced velocities and Reynolds number (L∗ = 4.3, θ = 15◦,Sc = 3.18) [2]

transmission lines with a two-degree-of-freedom sys-
tem performing wind tunnel tests. Additionally, they
used an analytical approach to define a linearizedmodel
to predict the galloping instability. Table 16 summa-
rizes the past experimental researches on wake gallop-
ing of cables.

Some of the past important papers on flow-induced
vibration of twin cylindered are reviewed here because
of similarity between wake galloping of tandem cables
and flow-induced vibration of twin circular cylinders.
Liu et al. [273] performed the wind tunnel tests to
extract the aerodynamic coefficients of twin circu-
lar cylinders with equal and unequal diameters. They
conducted the experiments for in-line (tandem) cylin-
ders as groups of two, three, and four models at
different space ratios in both smooth and turbulent
flow. The results indicated that the turbulence inten-
sity has significant effects on aerodynamic coefficients
of cylinders. Furthermore, they observed the wake
galloping for horizontal space ratios of 3–5 which
is consistent with the past studies. Assi [274] stud-
ied the wake-induced vibration of twin circular cylin-
ders with two-degree-of-freedom vibration system for

in-line and staggered arrangements performing water
channel tests. He conducted the experiments for hor-
izontal space ratios of 4, while the vertical space
ratios were changed from 0 to 3. The results indi-
cated that the dynamic response of downstream cylin-
der becomes smaller by increasing the vertical space
ratio from zero. Assi et al. [275] conducted another
research on vibration of tandem cylinders with hori-
zontal space ratio of 4 using water channel to study
the wake-induced vibration of twin circular cylin-
ders. They showed that the vortex- and wake-induced
vibration of downstream cylinder can be suppressed
by using a free to rotate parallel plates. Figure 30
shows the different configurations that were tested
to study the effect of free to rotate parallel plates.
They also studied the effect of single splitter and
helical strakes on mitigation of wake-induced vibra-
tion of downstream cylinder, but they found them
almost ineffective for this type of flow-inducedmotion.
The dynamic response of downstream cylinder is
plotted in Fig. 31 with and without mitigation sys-
tem while showing the good capability of suggested
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Table 15 Influence of cable connection on the critical wind speeds of cable wake galloping [269]

No. Connection Spacing Connection position Ucr (
m
s ) in wind tunnel Ucr (

m
s ) in full-scale bridge

1 Flexible 8D No connection 13.7 44.0

2 L/2 11.2 36.0

3 L/4, 3L/4 14.4 46.3

4 12D No connection 13.1 42.1

5 L/2 10.1 32.4

6 L/4, 3L/4 11.3 36.3

7 16D No connection 13.8 44.3

8 L/2 12.8 41.1

9 L/4, 3L/4 No galloping –

10 20D No connection 15. 48.2

11 L/2 No galloping –

12 L/4, 3L/4 No galloping –

13 Rigid 8D No connection 13.7 44.0

14 L/2 16.7 53.6

15 L/4, 3L/4 No galloping –

16 12D No connection 13.1 42.1

17 L/2 14.2 45.6

18 L/4, 3L/4 No galloping –

19 16D No connection 13.8 44.3

20 L/2 No galloping –

21 L/4, 3L/4 No galloping –

22 20D No connection 15. 48.2

23 L/2 No galloping –

24 L/4, 3L/4 No galloping –

mitigation system in the suppression of the wake-
induced vibration.

Arie et al. [276] conducted a series of static wind
tunnel tests to measure the aerodynamic coefficients
of tandem cylinders such as pressure, lift, and drag
coefficients. The results showed that the root mean
square (rms) of downstream cylinder is much larger
than upstream one for horizontal space ratios less than
7. They concluded that the behavior of downstream
cylinder is independent of upstream one for horizontal
space ratios greater than 10. Jenkins et al. [277] used 2-
D particle image velocimetry (PIV) technique and hot
wire to study the unsteady characteristics of tandem
cylinders for two horizontal space ratios of 1.435 and
3.7. Their results indicated that wakes for space ratio
of 3.7 are more organized than space ratio of 1.435.
Sun et al. [278] performed a series of wind tunnel tests
to study the characteristics of flow over twin cylinders
for tandem, side-by-side, and staggered arrangements

in high Reynolds number. The results of flowmeasure-
ment showed that the effect of interference in super-
critical Reynolds number range is less than subcriti-
cal range. Moreover, they observed a big difference
between subcritical and supercritical regime associ-
ated with the flow characteristics of downstream cylin-
der. Kim et al. [279,280] captured the wake-induced
vibration of tandem cylinders using wind tunnel exper-
iments for horizontal space ratios of 0.1–3.2. They
identified five different regimes for this range of space
ratioswhere the aerodynamic forces and vibration char-
acteristics are dependent on space ratio. The results
indicated that the dependency of dynamic response of
upstream and downstream cylinders is less for space
ratios larger than 2.7. Lin et al. [281] studied the flow
over tandem circular cylinders employing high-image-
density particle image velocimetry (PIV). They con-
ducted their experiments for space ratios ranging from
1.15 to 5.1.As a result, although the past studies showed
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Fig. 30 Arrangement of upstream (fixed) and downstreamcylin-
ders fitted with f-t-r parallel plates at L∗ = 4 [275]

that Kelvin–Helmholtz vortices are visible in space
ratio of 4, they could not observe this type of vor-
tex shedding and found it due to the technique used
for measurement. Alam and Meyer [282] studied the
flow-induced vibration of twin circular cylinders using
wind tunnel tests for staggered arrangement. They clas-
sified the flow field over twin cylinders into seven
regimes depending on space ratio and arrangement.
These regimes are included: no interaction regime;
boundary layer and cylinder interaction regime; shear-
layer/wake and cylinder interaction regime; shear-layer
and shear-layer interaction regime; vortex and cylinder
interaction regime; vortex and shear-layer interaction
regime; and vortex and vortex interaction regime.

Numerical simulations are another way to study the
features of this vibration source. Palau-Salvador et al.
[283] conducted numerical simulation using large eddy
simulation (LES) turbulence model to investigate the
flow behavior around tandem circular cylinders. The
space ratio of two was selected for simulations, and
they showed the capability of this turbulence model in
modeling tandem cylinders by comparing with the PIV
results. Braun and Awruch [284] developed a numer-
ical code using the LES turbulence model to capture
the wake galloping of bundle power transmission lines
and captured the wake galloping of twin cylinders by
simulation of interaction between the fluid and solid
domain. Wu et al. [285] simulated the wake-induced
galloping of bundle conductors using the commercial
software of Fluent and ABAQUS to study the effect of
aerodynamic and electromagnetic loads on twin cables.
The results showed that the conductorswith longer span
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Fig. 31 Comparison of wake- and vortex-induced response of
downstream cylinder [275]

length are more vulnerable to wake galloping and con-
cluded that the electromagnet forces have significant
effects on wake galloping, which need to be consid-
ered in design procedure. Brzozowski andHawks [286]
studied the wake galloping of bundle power transmis-
sion lines using a linearized model and found the stable
and unstable regions at different wind speeds by apply-
ing the linearized motion equations. In another study
[287], the results of the linearized motion equations
showed that the horizontal galloping of bundle power
transmission lines is dominant, while vertical galloping
is more significant in higher wind speed, and torsional
galloping might occur only at very high wind speed.
Bokaian [288] proposed a quasi-steady model to pre-
dict the galloping instability of a cylinder in the wake
of another cylinder and showed that the wake gallop-
ing happens for downstream cylinder when the drag
force becomes negative for downstream cylinder. He
also found that the galloping happens in higher veloc-
ity as the mass or damping ratio increases.

Nguyen et al. [289] conducted the numerical sim-
ulation using hybrid detached eddy simulation (DES)
turbulencemodel to study the flowover tandemcircular
cylinders. They measured the force components, pres-
sure field, and dynamic response of tandem cylinders at
subcritical range of Reynolds number and space ratio
of 4–5. The results showed that the Reynolds number
has a strong effect on wake galloping, and the numer-
ical simulations accurately predicted the increase in
response frequency with increasing the wind speed.
Armin et al. [33] studied the wake-induced gallop-
ing of tandem circular cylinders with space ratio of
3.5D–20D at the Reynolds number ranging from 8.7×
103−5.2×104. They used water tunnel to measure the
dynamic response of downstream cylinder at different
space ratios to determine the interaction of vortex shed-
ding generated by upstream and downstream cylinders.
The results demonstrated that the behavior of down-
stream cylinder for horizontal space ratio greater than
10 (L∗ > 10) is similar to a single cylinder, and the
amplitude of dynamic response reduces with increas-
ing the space ratio. Table 17 summarizes the past exper-
imental studies on twin circular cylinders to measure
different aerodynamic coefficients.
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Ć
D
,
Ć
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Ć
P
,
C
D
,
Ć
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Ć
L

A
ri
e
et
al
.[
27
6]

1.
57

×
10

5
L

∗
=

2−
10

11
9

0.
3

W
T

St
,
C
P
,
Ć
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Ć
D
,
Ć
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Ć
D
,
C

L
,
Ć
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Fig. 32 Configurations and
displacement component in
a cable coordinate system
[358]

5.6 Nonlinear dynamics of cable vibration

5.6.1 Nonlinearities in cable vibration

Due to the versatile applications of structural cables,
i.e., power transmission lines and cable-stayed bridges,
cable vibration has attracted considerable attention
among research communities, and as a result, numer-
ous models have been proposed in order to describe
the cable vibration. Linear models were firstly devel-
oped for the sake of simplicity. Irvine and Caughey
[349] presented a prominent linear theory to model
the free vibration of a horizontally suspended cable
with a small sag. The in-plane motion was decoupled
from out-of-plane motion, and in addition, the in-plane
motion can be further decomposed into symmetric or
anti-symmetric vibrationmodeswith respect to itsmid-
span. However, nonlinearities in cable vibration, which
can be observed due to the wind loads or other excita-
tions, have been widely studied in the past [350–354].
In this regard, the linear cable vibration theory was
later extended by taking into account nonlinearities
mainly arising from geometric nonlinearity or coupling
between in-plane and out-of-plane motions.

When the amplitude of oscillations is in the same
order of magnitude of sag, the cable vibration has to
be represented with a nonlinear model. Hagedorn and
Schäfer [355] firstly derived nonlinear in-plane cable
vibration equations to account for geometric nonlin-
earities, which are represented by quadratic and cubic
terms in the governing equations of themotion. In order

to study the coupling effects, a two-degree-of-freedom
model was established with one being used to describe
in-plane oscillations and the other for the out-of-plane
oscillations [356,357]. Those nonlinear equations of
motions for the cablewere obtained through theHamil-
ton’s principle, where the kinetic energy, the potential
energy, and the virtual work associated with gravity,
external, and damping forces were expressed in terms
of the in-plane and out-of-plane motions. Figure 32
shows the coordinate system that is usually used to
derive themotion equations of a horizontally suspended
cable exposed to steady and stretched profiles.

Internal resonance plays an important role when
it comes to the investigation of the coupling effect,
as it is able to produce strong coupled responses in
multi-degree-of-freedom systems. Therefore, numer-
ous researches have been performed with the goal of
revealing its effect on either free or forced nonlin-
ear cable vibrations [359,360]. Lee and Perkins [361]
analyzed the near-resonance response of suspended
cable using a coupled two-degree-of-freedom system
while assuming the ratio of 2:1 for the in-plane and
out-of-plane natural frequencies. Saturation and jump
phenomena were observed for suspended cable after
using first-order analysis, while the second-order anal-
ysis resulted in the disruption in saturation [361]. The
nonlinear excitation of suspended cables including the
existing model and analysis has been comprehensively
reviewed in three reviewarticles byRega [358,362] and
Ibrahim [363]. The majority of the research has been
focused on nonlinear vibration of horizontally sus-
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pended cables; however, nonlinear inclined cable vibra-
tions are still needed to be addressed. To this end, Srinil
et al. [364–367] described the theoretical formulation
andmodel validation of inclined cables exposed to non-
linear vibration. Rega et al. [368] conducted a series
of linear free and nonlinear forced vibration experi-
ments on the vibration of an inclined cable to study
the cable dynamics. Moreover, they applied numeri-
cal approaches for better understanding the galloping
instability of inclined cables and concluded that incli-
nation angle, sag ratio, and dynamic insensibility play
an important role in cable excitation. Karoumi [369]
studied the nonlinear behavior of an inclined cable
using finite elementmodeling, and the reliability of this
approachwas checked throughmodeling theGreat Belt
suspension bridge. In another research [370], a nonlin-
ear state observer was developed to capture the nonlin-
earity of cable excitation using the Galerkin approach.
The goal in this study was to minimize the number of
measurements to describe the cable dynamics. Arena
et al. [371] studied the nonlinear dynamic response of
a flexible cable through the special Cosserat theory of
rodswhile considering extension, bending, shear stress,
and twist effects. They found the proposed model has
approximately up to 30% error within boundary lay-
ers to predict the stress value. They also presented the
results for several case studies on the taut and shallow
cables. In another study, the nonlinearity behavior of
overhead cables was evaluated by Barbieri et al. [372]
through using the analytical model and finite element
technique. The results were compared with experimen-
tal data collected by measuring the force under impul-
sive excitation or electromechanical shaker. Addition-
ally, they found that an increase in the central sag or
fluctuation in tension can change the natural frequency
of cable.

It has to be noted that boundary conditions could be
another source where the nonlinearity could be gener-
ated. Georgakis and Taylor [371,372] studied the effect
of sinusoidal cable support displacement on nonlinear
vibrations of a cable. They found new regions of insta-
bility for cable response and observed cable stiffen-
ing for several cases. They also employed finite ele-
ment analysis to capture the stress and displacement
for different cases. Gattulli andLepidi [373] proposed a
model to investigate the nonlinear interactions between
the stayed beam and cable using quadratic and cubic
nonlinearities in cable and boundary conditions. They

also presented the influence of detuning from internal
and external resonance.

5.6.2 Nonlinear wind-induced cable vibration

Nonlinear wind-induced vibration of cables can be
caused either by aerodynamic nonlinearities fromwind
load or geometric nonlinearities from the structure. Yu
et al. [212,213] derived three-degree-of-freedom gov-
erning equations to describe the galloping behavior of a
transmission line. Bifurcation theory and approximate
perturbation technique were employed, and the aero-
dynamic coefficients, which are nonlinear functions of
angle of attack, were represented with a cubic poly-
nomial function. Explicit solutions and stability con-
ditions for the internal resonant cases can be obtained
with this approach. However, in their works, only aero-
dynamic nonlinearities were considered, and the geo-
metric nonlinearities were ignored, although the latter
has a significant impact on the dynamics of cable struc-
tures. Therefore, a comprehensive model that encom-
passes both types of nonlinearity is needed.

In order to address this issue, Luongo et al. [374]
investigated the nonlinear multimodal galloping of
a suspended cable through the development of an
analytical model considering the geometrical non-
linearity and quasi-steady aerodynamic forces. They
applied the finite difference method and Galerkin spe-
cial discretization to solve the motion equation of sus-
pended cable. They found that the classical galloping
mode shows unstable behavior for simultaneous non-
stabilization of the anti-symmetric planar mode. More-
over, Luongo and Piccardo [375] analyzed the cou-
pled in-plane and out-of-plane motions of a suspended
cable in 1:2 internal resonance conditions. Besides,
they also investigated the nonlinear post-critical behav-
ior around a simple Hopf bifurcation. In order to pro-
vide a complete scenario of the critical conditions as
well as the information on the post-critical behavior
of the cable, Luongo et al. [376] developed amplitude
and phase equations using the multiple-scale pertur-
bation method. Steady-state amplitude was obtained
as a function of the wind speed; in addition, analy-
sis corresponding to stability and attraction basins was
carried out. For inclined cables, Luongo et al. [377]
developed a simplified two-degree-of-freedom using
the Galerkin method to study the effect twist angle on
nonlinear galloping of an inclined cable. To capture
the Hopf bifurcations and post-critical behaviors, they
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used themultiple-scale approach under 2:1 internal res-
onance and without resonance. The numerical results
showed that the twist angle has a significant impact on
the modification of natural frequencies of the cable due
to changing the predefined cable force, and the influ-
ence of twist angle can be significant for symmetric
galloping modes.

In addition to galloping, rain-wind-induced non-
linear vibration of cables has also been extensively
studied. Van der Burgh [378] proposed a new method
using a simple oscillator to study the rain-wind-induced
vibration of inclined cable. The results of developed
nonlinear method based on the quasi-steady approach
revealed three types of excitation mechanisms consist-
ing of self-excitation, parametric excitation, and ordi-
nary forcing. Seidel and Dinkler [135] proposed a non-
linear model to study the nonlinear dynamics of rain-
wind-induced vibration and presented the results for
a few bridges. The numerical results implied that the
cable’s natural frequency has no effect on the range
of critical wind speed. Additionally, they concluded
that nonlinear characteristics pertaining to frequency
are a function ofwind speed. Xu andWang [132] devel-
oped an analyticalmodel using nonlinear terms to study
the rain-wind-induced vibration of a suspension cable.
They evaluated the influence of mean wind speed and
rivulet position and its movement on wind response
of the cable. The results of proposed model were val-
idated by wind tunnel data. Marsico et al. [379] con-
ducted wind tunnel experiment to study the nonlinear
cable vibrations while taking into account the influ-
ence of out-of-plane response. They also compared
the obtained results from the analytical model with
experimental data for the sake of verification, while the
cable is excited by sine waves. Liu et al. [380] studied
the nonlinear dynamics of rain-wind-induced vibration
through establishing a three-degree-of-freedom model
to calculate the in-plane and out-of-plane responses.
The effects of mean wind speed, Coulomb damping
force, damping ratio, span length, and initial tension
on the nonlinear response of RWIV were studied in
this research. They found that the mean wind speed
has a significant impact on jump phenomena. Abdel-
Rohman and Spencer [381] studied the wind effect
on in-plane and out-of-plane responses of a suspended
cable considering the nonlinear aspects. They proposed
an analytical formulation to predict the critical wind
speed of dry-cable galloping. They showed that the
installation of amechanical damper near the cable’s end

can suppress the dry galloping. Chang et al. [382] stud-
ied the nonlinear fluid–structure interactions between
cable andflow for the first two across-flowmodes. They
observe large-amplitude motion beyond a critical wind
speed where both stretching and transverse motions
show up. Xie [383] proposed a new algorithm to study
the effect of excitation frequency, excitation amplitude,
and cable’s damping coefficient on the nonlinearity of
cable vibration. They found that the nonlinear finite ele-
ment methods have promising results for the prediction
of nonlinear cable excitation. Xie et al. [384] studied
the influence of nonlinear geometry and material on
wind response and suspended cable. A new aspect of
cable galloping, which is called nonlinear energy sink
(NES), was studied by Guo et al. [385] through propos-
ing a new method to model wind-induced load acting
on a suspended cable. They also discussed the influ-
ence of mass ratio, damping, stiffness, and NES loca-
tion on the mitigation of cable vibration. The galloping
instability of a non-shallow cable was investigated by
Lacarbonara et al. [386], and the critical wind speed for
ice-accumulated cable galloping aswell as post-critical
cable response. It was found that critical speed quickly
reduces,while sag ratio increases in the transition range
from taut to slack cables. Pasa et al. [387] assessed the
effectiveness of longitudinal control on suppression of
cable vibration due to wind load. In this regard, they
developed a model with the capability of capturing the
nonlinearity of cable vibration up to third order for
both in-plane and out-of-plane directions. They also
discussed the cable response under harmonic and ran-
dom excitations. Ruoqiang et al. [388] proposed a sim-
plified method to evaluate the nonlinear wind response
of cables by using continuousmembrane theory. For the
validation part, they compared the results with the non-
linear finite element method and found a good match.
Luongo and Zulli [196] studied the wind response
of an inclined cable used for cable-stayed bridges by
developing an analytical model. They considered the
effects of wind, rain, and motion induced by moving
cars. Kang et al. [389] through analytical modeling and
using Galerkin and multiple-scale perturbation meth-
ods found that inclination angle and unreasonable cable
tension are two major factors that may cause the large-
amplitude nonlinear vibration for inclined cables. Tay-
lor and Robertson [390] conducted a numerical sim-
ulation to study the nonlinear dynamics of rain-wind-
induced vibration by modeling the rivulet on the sur-
face of an inclined cable. They discussed the effects
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of rivulet position and thickness on the aerodynamics
of cable causing undesirable vibration. Furthermore,
they found that the rivulet thickness is self-limiting
because of variation in aerodynamic load as a result
of rivulet growth. Wu et al. [138,391] proposed a new
model considering high-order polynomial terms for lift
coefficients to simulate the hysteretic nonlinear behav-
ior of rain-wind-induced vibration. They validate the
numerical results with wind tunnel data and found a
good match between them. Moreover, they observed a
difference between the results taken from quasi-steady
theory, unsteady, and nonlinear hysteretic model. Li et
al. [392] performed numerical and experimental tests
to study the rain-wind-induced vibration of an inclined
cable. In this regard, they proposed a nonlinearmodel to
predict the cable’s dynamic response. They used exper-
imental results as input for CFDmodeling and captured
the transient aerodynamic forces of a stay cable. This
hybrid method revealed the promising results to simu-
late the nonlinear characteristics for the RWIV.

5.6.3 Mitigation approaches of nonlinear cable
vibration

There are a number of researches onhow to suppress the
wind-induced vibration of suspended cable by attach-
ing the crossties and mechanical dampers [393–396].
Similar to the mitigation of other types of vibration,
damping is a very effective parameter to increase the
critical wind speed at which wind-induced vibration
of cables could occur. Therefore, dampers are deemed
as an effective way to control the vibration. Abdel-
Rohman and Spencer [381] introduced a vertical vis-
cous damper,which is connected to afixedplatform like
a bridge deck, to control the nonlinear galloping vibra-
tion of a cable. The efficiency and the locations of the
viscous damper were also investigated, and the results
showed that the damper is capable of increasing the
wind speed where galloping initiates. Xu and Yu [397,
398] presented a general approach to study the nonlin-
ear vibration of a sagged cable with viscous dampers.
The second-order nonlinear partial differential equa-
tions were first reduced to first-order nonlinear ordi-
nary differential equations with the state-space method
andgeneralizedmodal superpositionmethod.The solu-
tions of those functions for the cable-damper system
were obtained using the harmonic balancemethod. The
locations of viscous dampers are usually restricted to
the cable ends, which significantly hinders the appli-

cation of viscous dampers in the mitigation of cable
vibration. Moreover, passive dampers can only work
well at a fixed range of frequency. In order to increase
the effectiveness, semi-active dampers, such as tuned
mass dampers (TMD) and electro/magnetorheological
(ER/MR) dampers, were introduced as they can either
be placed at any locations along the cable or be adjusted
to control the vibration of any frequency. Ni et al. [399]
proposed a neuro-control method to control the vibra-
tion of a sagged cable using MR dampers. Two neural
network control strategies were developed, and their
effectiveness was verified numerically to control the
wind-induced vibration of a cable that has geometric
nonlinearities. Cai et al. [400,401] developed TMD-
MR (tuned mass damper-magnetorheological) damper
system that combines the location flexibility of TMD
damper and the adjustability of MR damper. They car-
ried out a theoretical analysis on both horizontal taut
cable and inclined cable with a sag. The cable parame-
ters, as well as the damper parameters that could influ-
ence the efficiency of the system, were analyzed in
this study. However, their work was limited to con-
trol the in-plane vibration of cables. Casciati and Uber-
tini [395,402] used a variable out-of-plane inclination
TMD that was attached to the mid-span of the cable
in order to control the cable vibration under the turbu-
lent wind. A control algorithm was employed, and the
effectiveness of the damper was validated with numer-
ical simulation.

In addition to dampers, the cable vibration can also
be controlled by applying a longitudinal motion on the
cable support. Chen [403] found that the longitudi-
nal motion of cable support is equal to the damping
effect. Fujino et al. [404] obtained the optimal algo-
rithm of the longitudinal motion of the cable support
based on energy analysis. Such an algorithm was later
validated with an experiment. Moreover, Susumpow
and Fujino [405] designed controllers to suppress the
free vibration and random vibration of cables. Gattulli
et al. employed longitudinal displacement of one sup-
port to control the transverse in-plane and out-of-plane
vibrations of a cable with geometric nonlinearities. The
in-plane steady-state solutions and their stability under
an out-of-plane disturbance were investigated with the
perturbation method, and their accuracy was validated
by comparing the results with those obtained by direct
integration of the governing equations.
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Table 18 Comparison of different types of wind-induced cable and conductor vibration [2,406]

Vibration type Smooth cable Power transmission line

Vortex-induced
vibration (VIV)

f = 0.6−3.5Hz f = 3−150 Hz

A/D < 0.02 UV S = 1−7m/s, steady wind

UV S = 1−3.5m/s A/D = 0.05−0.5

St (β = 0) = 0.2 St (β = 0) = 0.2−0.23

No concern for small diameter cables Bare or uniformly iced surface

All types of conductors

Rain-wind-induced
vibration (RWIV)

Moderate amplitude, A/D = 2 Limited research on this topic

f = 1−3Hz

URWIV = 4−18m/s

Rain with yawed wind

Critical angle of rivulet: 20◦−60◦

Dry galloping (DG) Low frequency Limited research on this topic

High amplitude (A)

Moderate to high wind speed

Critical yaw angle range (β): 30◦−60◦

Critical inclination angle (θ): 45◦−60◦

Critical cable-wind angle (Φ): 75◦−90◦

Ice galloping (IG) Large amplitude (A) f = 0.08−3 Hz

Low frequency A/D = 2.5−150

Moderate to high wind UIG = 7−18m/s, steady wind

Limited research on this topic All type of conductors

Asymmetric ice deposit: crescent
and triangle are common

Wake galloping (WG) Moderate wind speed (UWG ≥ UV S) f = 0.15−10 Hz

Moderate amplitude A/D = 0.25−40 (rigid-body mode)

Critical T ∗ = 4−6.5 0.25–10 (subspan mode)

Instability for downstream cable Low wind speed (UWG ≥ UV S)

Critical T ∗ = 10−20

Bare or uniform ice bundled conductors

6 Conclusions

During the past century, cables haveplayed a significant
role in development of infrastructures and have used
for many applications such as cable-stayed/suspension
bridges, power transmission lines, and suspension
roofs. Since the construction and maintenance of these
structures are very expensive, it is very crucial to sta-
bilize them being safe to different vibration sources.
Therefore, the aerodynamics of cables have been exten-
sively investigated by conducting different numerical
simulations and experimental tests. Although only a
few important properties of circular cylinders/cables

are reviewed in this study, the main focus was on
cable vibration due to variouswind-induced loads. This
paper first explains the mechanism of vibration sources
and then briefly reviews the existing literature on the
topic to reveal the influence of effective parameters on
dynamic response of cables. According to the litera-
ture, vortex- and rain-induced cable vibrations, which
have limited amplitude, can be easily suppressed or
mitigated by adding a little positive damping to the sys-
tem, and the occurrence chance of wake-induced cable
galloping is almost low since they have large space
ratio which prevents cable vibration. In contrast, the
dynamic response of cables exposed to dry and ice gal-
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loping is very large that requires to provide enough
positive mechanical or aerodynamic damping to sup-
press the cable galloping. Although these two vibration
sources produce the divergent-amplitude motions, they
only occur in specific conditions such as areas with
snowfall or at high-speed wind with special orienta-
tion.As a result, rain-wind-induced vibration can be the
most common type that has relatively large-amplitude
vibration compared to other sources. However, it is
necessary to consider the effect of all these sources in
design procedure to build safe structures invulnerable
to wind loads. This paper helps to better understand
these aeroelastic phenomena and their effects on the
cables by providing the results and conclusion of the
past literature while studying the wind-induced cable
vibration by different methods and approaches. More-
over, this review can help other scholars to come up
with new mitigation solutions to suppress the dynamic
response of cables and prevent the future catastrophic
damage of structural cables. Although all aeroelastic
phenomena are explained before in details, a compar-
ison between smooth cables and conductors has been
made in Table 18 to clarify the differences and similar-
ities between them.

According to thepast studies that havebeen reviewed
here, the followingperspectives related towind-induced
cable vibration can be investigated in the future:

• Developing a comprehensive and simplified ana-
lytical model. The majority of the researches corre-
sponding to wind-induced vibration of cables, i.e.,
RWIV, are developed based on wind tunnel data.
Although the experimental test has the capability
to reproduce the conditions under which the cable
vibrates, there are some challenges for wind tunnel
tests on inclined and long cables such as match-
ing non-dimensional numbers Reynolds number
for dynamic tests. The free and forced vibration
tests have their own limitations and cannot repro-
duce the actual condition for structural cables due
to having a long span. Therefore, analytical models
would be very useful to give some insights into the
mechanisms of cable vibration and provide some
guidelines on the prediction of the critical wind
speed and suppressionofwind-induced cable vibra-
tion in atmospheric boundary layer wind profile.

• Studying the nonlinear cable vibration under wind
load. The nonlinear vibration of cables with geo-
metric nonlinearities has been extensively studied,

and several models have been proposed. However,
investigations corresponding to the nonlinear cable
vibration under wind load are very limited. The
majority of this type of research is focused on
galloping and rain-wind-induced vibration; other
types of wind load, such as self-excited load and
buffeting, are still needed to be explored. The exist-
ing methods to predict the aeroelastic wind loads
are required to be modified in order to accurately
predict the linear and nonlinear cable vibration.

• Conductingmore full-scalemeasurements for cable
excitation. The number of researches on wind-
induced cable vibration especially dry and ice gal-
loping that is based on field measurement is lim-
ited. In order to validate the existing models, it is
required to conduct more full-scale measurements
for structural cables especially bridge’s cables. This
helps the applicability and reliability of introduced
algorithms to predict the critical wind speed, and
the proposed suppression devices would be more
practical in the actual conditions.

• Performing nonlinear wind tunnel measurements.
Although there are many studies on wind-induced
cable vibration using wind tunnel tests, there is a
few experimental researches to capture the non-
linear dynamics of cable excitation. It is required
to come up with new algorithms with the capabil-
ity of performing free or forced vibration tests in
order to identify the wind load parameters in non-
linear regions. This nonlinearity has been widely
explored through the proposed theoretical models;
however, it is required to concrete the analytical
models through validation with nonlinear experi-
mental data.
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7 Appendix

7.1 Wind loads measurement

In the following sections, three main force sources of
wind loads are explained to calculate the time history
of response for cable due to these loads.
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7.1.1 Vortex shedding loads

A nonlinear empirical model can be used to formulate
vortex shedding load in the form of Van der Pol oscil-
lator as follows:

Fse = 1

2
ρU 2(2D)

[
Y1 (K )

(
1 − ε (K )

y2

D2

)
ẏ

U

+Y2 (K )
y

D
+ 1

2
C

L
(K ) sin (ωt + θ)

]
(7)

where ρ is the air density, U is the mean wind speed,
D is the cable diameter, K = ωD/U is the reduced
frequency, Y1, ε,Y2 and CL, both of which are depen-
dent on reduced frequency, K , are the parameters that
can be extracted from wind tunnel tests, ω and θ are
the frequency and phase angle of the oscillating force
resulting from vortex shedding, respectively. Y1 and ε

are related to aerodynamic damping, whereas Y2 is cor-
responding to aerodynamic stiffness. According to, in
the lock-in region where ω ∼= ω1, being ω1 the natural
frequency of the structure, Y2 and CL can be neglected
as their effects are relatively small compared to those
reflecting the aerodynamic damping. As a result, Eq.
(7) can be simplified as [409]

Fse = 1

2
ρU 2(2D)

[
Y1 (K )

(
1 − ε (K )

y2

D2

)
ẏ

U

]
(8)

The method of slowly varying parameters can be
used to solve the nonlinear dynamic equation of the
system, which gives the result as follows:

y (s)

D
= A (s) cos (K1s − ψ0) (9)

where s = Ut/D is the reduced time, K1 = ω1D/U
is the reduced frequency of the system, ψ0 is the phase
angle at the initial time, A (s) is the envelope of the
response, whose equation can be expressed as

A (s) = β√
1 −

(
A2
0−β2

A2
0

)
e−(αβ2/4)s

(10)

where A0 is the initial displacement of the system, α

and β are defined as

α = mrY1ε (11)

β = 2√
ε

√
1 − 2ξK1

mrY1
(12)

where mr = ρD2/m is the mass ratio and ξ is the
damping ratio of the system. It can be derived from Eq.
(10) that the steady-state amplitude

A(∞) = β (13)

The parameters of Y1 and ε can be identified by
conducting a decay-to-resonance test, through which
an initial displacement that is larger than the steady-
state amplitude is imposed on the system at the wind
speedwhere themaximumdisplacement is achieved. A
set of data, [s, A(s)], can be measured in the transient
period, and a new parameter Z(s) can be defined as
follows:

Z (s) = ln

{
A2
0

[
A2 (s) − β2

]
A2 (s)

(
A2
0 − β2

)
}

= −αβ2

4
s (14)

where β can be obtained by measuring the steady-state
response andα can be acquired by curve-fitting the data
set [s, Z (s)]. Y1 and ε can be calculated using Eqs. (11)
and (12) once α and β are known.

7.1.2 Buffeting loads

This type ofwind load that originates due towind turbu-
lence can be calculated in time domain for both vertical
and lateral DOFs, as given in Eqs. (15) and (16):

Fh
b (s) = 0.5ρUD

∫ s

0
[2CLu(σ )φ′

h(s − σ)

+ (CD + C ′
L)w(σ)φ′

h(s − σ)]dσ (15)

F p
b (s) = 0.5ρUD

∫ s

0

[2CDu(σ )φ′
p(s−σ)−CLw(σ)φ′

p(s−σ)]dσ

(16)

where ρ = air density, U = mean wind speed, CD =
drag coefficient, D = cable diameter,C ′

L = dCL
dα

, u (σ )

and w (σ) = zero mean wind turbulence components
in along- and across-wind directions, respectively, s =
Ut/D = non-dimensional time, φ′

h (s) and φ′
p (s) are

derivatives of buffeting indicial functions φh (s) and
φp (s) with respect to ‘s’, respectively, referred here
as buffeting indicial derivative functions that can be
extracted using the aerodynamic admittance functions
χ2
h (K ) and χ2

p (K ). Aerodynamic admittance func-
tions, χ2

h (K ) and χ2
p (K ), are functions of reduced

frequency (K ) that relate turbulence in upstream wind
flow to the fluctuating wind load in the frequency
domain. To extract the aerodynamic admittance func-
tions of a cable in the frequency domain, Eqs. (17) and
(18) can be used:
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SFh
b F

h
b

(K ) =
(
1

2
ρU 2D

)2

[
(2CL)2

Suu(K )

U 2 +(
CD+C ′

L

)2 Sww(K )

U 2

]
χ2
h (K )

(17)

SF p
b F p

b
(K ) =

(
1

2
ρU 2D

)2

[
4C2

D
Suu(K )

U 2 + C2
L
Sww(K )

U 2

]
χ2
p (K ) (18)

where SFh
b F

h
b

(K ) and SF p
b F p

b
(K ) are power spectral

densities of the buffeting load in across- and along-
wind directions, respectively, Suu(K ) and Sww(K ) are
power spectral densities of wind turbulence in along-
and across-wind directions, respectively, and χ2

h (K )

and χ2
p (K ) are aerodynamic admittance functions in

vertical and lateral directions. The buffeting indicial
derivative function takes the form given in Eq. (19):

φ′ (s) = A1e
−A2s + A3e

−A4s (19)

where Ai , i = 1 . . . 4, are constants that can be
computed for each of the two DOF using Eq. (20)
that is derived from the Fourier transform relation-
ship between the aerodynamic admittance function, as
identified fromwind tunnel tests, and buffeting indicial
derivative function.

χ2 (K ) =
(

A1 · K
A2
2 + K 2

+ A3 · K
A2
4 + K 2

)2

+
(

A1 · A2

A2
2 + K 2

+ A3 · A4

A2
4 + K 2

)2

(20)

Finally, buffeting loads can be computed for both
vertical and lateral DOFs by applying Eqs. (15) and
(16) after identifying the buffeting indicial derivative
functions.

7.1.3 Self-excited force

Self-excited loads are motion-induced loads that are
proportional to displacements and velocities of the
cable motion and mean speed of the incoming wind.
Parameters describing these loads can be extracted
using two methods: direct measurement of aerody-
namic force using strain gauges, or indirect measure-
ments using a free vibration system or force vibration
system wind tunnel test. Flutter derivatives have been
widely used to find the flutter wind speed of different
structures, mainly long-span bridges, and many studies

Table 19 Flutter derivatives (FDs) associated with vertical and
lateral motions of a cable

Degree of freedom (DOF) FDs

1 1DOF vertical (h) H∗
1 , H∗

4

2 1DOF lateral (p) P∗
1 , P∗

4

3 2DOF (h, p) H∗
1 , H∗

4 , H∗
5 , H∗

6

P∗
1 , P∗

4 , P∗
5 , P∗

6

have been conducted to extract flutter derivatives using
section models. Flutter derivatives associated with ver-
tical and lateral motions are listed in Table 19.

The following equation describes the extraction of
flutter derivatives for two-degree-of-freedom (2DOF)
tests. The general equation of motion for a structure
due to self-excited loads of vertical motion is defined
as follows:

ÿ + M−1C ẏ + M−1ky = M−1Fse (21)

where

y = {h p}T

M =
[
mh 0
0 mp

]

M−1C =
[
2ζhωh 0

0 2ζpωp

]
, M−1K =

[
ω2
h 0
0 ω2

p

]

and the aeroelastic force (Fse) is given in Eq. (22):

Fse =
{
Lse
Dse

}

=
[
0.5ρU2D 0

0 0.5ρU2D

]

[
K H∗

1 /U K H∗
5 /U K 2H∗

4 /D K 2H∗
6 /D

K P∗
5 /U K P∗

1 /U K 2P∗
6 /D K 2P∗

4 /D

]
⎡
⎢⎢⎣
ḣ
ṗ
h
p

⎤
⎥⎥⎦

(22)

where K is the reduced frequency (K = ωD/U ), ω

is the angular frequency, D is a typical across-wind
dimension of the cross section of the structure or cable
diameter here, and U is the mean wind speed. By sub-
stituting Eq. (21) in Eq. (22) and gathering all terms to
the left-hand side, the modified free-vibration equation
including aeroelastic effects is

ÿ + Ceff ẏ + K eff y = 0 (23)

where Ceff and K eff are the aeroelastically modified
effective damping and stiffness, respectively. In addi-
tion, ifCeff and K eff are mechanical damping and stiff-
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ness under zero-wind conditions, the flutter derivatives
of H∗

i and P∗
i , i = 1, 4, 5, 6, can be derived as follows:

H∗
1 (K ) = − 2mh

ρD2ω
(Ceff

11 − Cmech
11 ) (24)

H∗
4 (K ) = − 2mh

ρD2ω2 (K eff
11 − Kmech

11 ) (25)

H∗
5 (K ) = − 2mh

ρD2ω
(Ceff

12 − Cmech
12 ) (26)

H∗
6 (K ) = − 2mh

ρD2ω2 (K eff
12 − Kmech

12 ) (27)

P∗
1 (K ) = − 2mp

ρD2ω
(Ceff

22 − Cmech
22 ) (28)

P∗
4 (K ) = − 2mp

ρD2ω2 (K eff
22 − Kmech

22 ) (29)

P∗
5 (K ) = − 2mp

ρD2ω
(Ceff

21 − Cmech
21 ) (30)

P∗
6 (K ) = − 2mp

ρD2ω2 (K eff
21 − Kmech

21 ) (31)

An iterative least-squares (ILS)methodwas used for
the extraction of flutter derivatives. This system iden-
tification method was successfully used to extract all
18 flutter derivatives of a 3DOF section model of a
bridge [407]. To apply this method, the displacement
response of a sectionmodel that is released from a fixed
state of rest with an initial displacement, measured in
free vibration, is filtered digitally and used as an input
to this method. A low-pass filter is usually employed
to remove all noises from the recorded displacement
time history with frequencies higher than the natural
frequency of the section model. In the ILS method, a
state-space model is used as given by Eq. (32):

Ẋ = AX (32)

where

X =
[
y
ẏ

]
, A =

[
0 1

−K eff −Ceff

]

A is a 2 × 2 square matrix. After calculating the
filtered displacement time history from the measured
time history displacement and calculating the velocity,
ḣ, ṗ, and acceleration, ḧ, p̈ time histories of the section
model, A or Ceff and K eff can be identified using the
ILS method at a given wind speed, and by subtracting
their zero-wind values Cmech and Kmech, respectively,
H∗
i and P∗

i , i = 1, 4, 5, 6, can be extracted at a given
wind speed usingEqs. (24)–(31). Full description of the
ILS method can be obtained in [407]. For maintaining
accuracy, all initial displacements and sampling time

of the time history records were kept the same for all
wind speeds. Similarly, flutter derivatives for 1DOF
lateral (p) and vertical motion (h) can be extracted by
conducting free vibration tests.
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