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Abstract: Wind action can induce large amplitude vibrations in the stay cables of bridges. To reduce
the vibration level of these structural elements, different types of passive damping devices are
usually installed. In this paper, a motion-based design method is proposed and implemented in
order to achieve the optimum design of different passive damping devices for stay cables under
wind action. According to this method, the design problem is transformed into an optimization
problem. Thus, its main aim is to minimize the different terms of a multi-objective function,
considering as design variables the characteristic parameters of each considered passive damping
device. The multi-objective function is defined in terms of the scaled characteristic parameters,
one single-function for each parameter, and an additional function that checks the compliance of
the considered design criterion. Genetic algorithms are considered as a global optimization method.
Three passive damping devices have been studied herein: viscous, elastomeric and friction dampers.
As a benchmark structure, the Alamillo bridge (Seville, Spain), is considered in order to validate
the performance of the proposed method. Finally, the parameters of the damping devices designed
according to this proposal are successfully compared with the results provided by a conventional
design method.
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1. Introduction

Cable-stayed bridges have experienced great growth since the second half of the 20th century due
to both their low cost and their good performance in low-strength soils with respect to other typologies.
Stay cables, characterized by their high flexibility and low damping, are the main structural elements
that distinguish this type of bridge. However, both properties are main causes of the propensity of the
cables to vibrate due to wind-induced excitations. The vibratory phenomenon can cause both comfort
and fatigue problems.

Perhaps the first case in which problems associated with cable oscillations were reported was
the Brotonne Bridge (France), in 1976 [1]. The longest cables of this bridge, which were parallel and
separated by around 2 m, came into contact due to the occurrence of high-amplitude wind-induced
vibrations [2]. Currently, researchers are focused on both controlling the effects of dynamic loads
(such as earthquake and extreme wind [3–5]) on stay cables and the analysis of their static non-linear
behavior [6].

To control the dynamic response of stay cables under wind action, vibration control systems
have been widely used. These systems can be classified into three groups: active, semi-active and
passive control systems. Active control systems modify the dynamic response of the stay cable via

Vibration 2018, 1, 269–289; doi:10.3390/vibration1020019 www.mdpi.com/journal/vibration

http://www.mdpi.com/journal/vibration
http://www.mdpi.com
https://orcid.org/0000-0002-4592-0375
https://orcid.org/0000-0001-5734-6238
http://www.mdpi.com/2571-631X/1/2/19?type=check_update&version=1
http://dx.doi.org/10.3390/vibration1020019
http://www.mdpi.com/journal/vibration


Vibration 2018, 1 270

the coordinated action of a data acquisition system, a controller and an actuator. The technological
development of these active control systems is recent, so there are still limited cases of their real
practical application in cable-stayed bridges. Semi-active control systems follow a similar strategy
to active control systems, but in this case, the actuator does not directly apply a force to the system,
but instead controls the parameters of a passive damping device, called a controllable passive damping
device. There are several examples in the literature of the use of semi-active systems to control the
response of stay cables under dynamic actions. Thus, Zhou and Sun checked the effectiveness of
magnetorheological dampers to increase the damping of stay cables [7]; subsequently, Yeganeh Fallah
et al. proposed the use of magnetorheological dampers to mitigate seismic-induced vibrations in these
structural elements under uncertainty conditions [8], and more recently, Zhou et al. have shown the
high performance of semi-active control devices based on the modification of a conventional passive
damper via the implementation of concentrated masses [9]. Finally, passive control systems, in which
a device is installed in the structure in order to increase its damping, have been widely used to tackle
the problem of wind-induced vibrations in stay cables of bridges. The passive control systems may
be classified in three groups in terms of their operating mode: (i) mechanical mode, which modifies
the damping of the cable; (ii) structural mode, which modifies the natural frequency (for example
crossing cables, the so-called crossties); and (iii) aerodynamic mode, which modifies the cross-sectional
configuration of the cable [10]. Although structural and aerodynamic control modes have been applied
frequently in the past, the current trend is towards the use of mechanical passive control systems [10].
Due to their high efficiency and reliability, they are being installed on a large number of cable-stayed
bridges to mitigate wind-induced vibrations [11]. These passive control devices increase the damping
capacity of the cables, reducing, in this manner, the amplitude of their dynamic response. A key
point to be considered during the design phase of the dampers is to ensure an adequate value of the
damping ratio for all the considered vibration modes in order to ensure a high performance of the
control system [12].

Several authors have developed models and criteria for the optimum design of passive control
systems for stay cables [13,14]. Most of these authors share the same criterion to measure the
effectiveness of the passive control system: the ratio between the damping coefficient of the cable and
its critical damping capacity.

The optimum design of dampers installed close to the anchorage was first studied by Kovacs [15],
who estimated the optimum damping of a viscous damper. Subsequently, Pacheco et al. [16] proposed
a universal curve, which represents the modal damping of a taut cable for the lower natural frequencies
in terms of the damping coefficient of the damper. This curve has been widely used for the preliminary
design of dampers for stay cables. The maximum of this curve shows the optimum damping ratio of
the cable when a damper is attached. Yoneda and Maeda [17] proposed, based on the analytical model
of a damped cable, the optimum damper size and its corresponding modal damping ratio. The results
provided by Kovacs, Pacheco et al. and Yoneda and Maeda are in good agreement. Thus, given a
particular geometry and mechanical properties of a cable, the maximum damping ratio estimated,
when a viscous damper is installed, according to these three different proposals is similar. A significant
breakthrough was developed by Krenk [18], who obtained an analytical expression of the Pacheco’s
universal curve based on the solution of a numerical complex eigenvalues problem.

To simulate numerically the dynamic response of the damper-cable interaction model under wind
action, the following factors must be taken into account [10]: (i) the geometrical nonlinear behavior
of the cable, (ii) its low damping, (iii) its bending stiffness, (iv) its post-tensioning stress, and (v) the
constitutive model of the damper. The influence of these factors on the dynamic behavior of this
structural system has been studied widely. First, Mehrabi and Tabatai [19] solved the problem of the
sagging cable equipped with a viscous damper, using the finite difference method and considering both
the effect of the curvature of the cable and its bending stiffness. The results of this study showed that
the maximum damping ratio considering the bending stiffness is 8% higher than the value provided
by the Pacheco’s universal curve (which neglects this effect). Thus, these authors concluded that
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the effect of bending stiffness is very significant while the curvature of the cable can be disregarded.
Subsequently, Hoang and Fujino [20] deduced an analytical equation for the maximum attainable
modal damping of the cable. The results revealed that the efficiency of the damper and the maximum
damping ratio decreased in terms of the increase of the bending stiffness. Finally, Cheng et al. [21]
determined the increase of the damping of the damper-cable interaction system in terms of the decay
ratio of the kinetic energy of the cable. All these results have been considered herein in order to model
numerically the damper-cable interaction phenomenon.

In this paper, a motion-based design method is proposed and implemented in order to reduce
the wind-induced vibrations in stay cables of bridges. The method initially proposed by Connor [22]
to control the response of tall buildings under wind and earthquake action is herein adapted to
control wind-induced vibrations in stay cables. Previously, the authors have successfully adapted this
method to design optimum tuned mass dampers for vibrating footbridges under pedestrian action [23].
A similar approach was proposed by Ontiveros et al. [24] to determine the optimum parameters of
friction dampers in buildings.

The motion-based design method transforms the design problem into an optimization
problem. The main objective of the optimization problem is to minimize the different terms
of a multi-objective function considering as design variables the characteristic parameters of the
considered passive damping devices. The multi-objective function is defined in terms of the scaled
characteristic parameters of the considered passive damping device, one single-function for each
parameter, and an additional function that verifies the compliance of the considered design criterion.
As an optimization method, genetic algorithms have been considered. As a design criterion, the
compliance of the vibration serviceability limit state of the cable, according to the recommendations
of the FHWA guidelines [25], was considered. The maximum displacement threshold has been
established for each cable according to these standards. A search domain has been established for
each design variable. The design of three different passive damping devices (viscous, elastomeric
and friction damper) was undertaken in this study. As result of the optimization process, different
Pareto fronts have been obtained. The analysis of these Pareto fronts makes it possible to find an
optimal design for each passive damping device. As an optimal solution, the one which minimizes
the characteristic parameter of the damper, meets the considered design criterion, have been selected.
As wind-induced excitation, both the rain-wind induced vibrations and the turbulent component of
the wind action were considered in this study for the sake of conciseness and clarity. Nevertheless, the
proposed method may be applied to solve the design problem under other wind-induced vibratory
phenomena (vortex shedding, etc.) [26]. In this study, the wind action was defined according to the
recommendations of the Eurocode [27]. Numerical simulations of the wind action were generated
via the implementation of the wave superposition spectral-based method [28,29] in the mathematical
package Matlab [30].

Finally, the proposed method was validated numerically via the optimum design of the three
mentioned passive damping devices in order to reduce the wind-induced vibrations of a real structure.
One of the longest cables of the Alamillo bridge (Seville, Spain) [31] was considered as benchmark.
A damper-cable interaction model has been proposed based on the finite element (FE) method.
The software package Ansys [32] was employed for this purpose. Both numerical modal and transient
analysis were performed based on this FE model. As the cable did not meet the design criteria
established, three different passive damping devices were implemented on the cable and designed
independently. The design of the dampers was performed via the motion-based design method.
The design process was implemented through a linking between the software packages Ansys [32]
and Matlab [30]. As result of the design process, the characteristic parameters of these three passive
damping devices were determined. Finally, a comparison was made between the results obtained by
this method and the values provided by a conventional design method [16].

The main advantages of the proposed method are: (i) the reduction of the characteristic parameters
of the passive damping devices against the values provided by a conventional design method [16];
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and (ii) the method allows addressing the design of the different type of passive damping devices
in a general way, simplifying the decision making of selecting the best damper for each particular
practical case. In this manner, the proposed method allows a reduction in the cost and size of the
passive damping devices, therefore making their installation easier.

The paper is organized as follows. First, the damper-cable interaction model is described. Second,
the basics of the motion-based design method for the passive control of structural systems are described.
Third, the performance of the proposed method for the passive control of a stay cable is validated.
A numerical validation example, the control of the wind-induced vibrations of one of the longest cables
of the Alamillo bridge, is developed for this purpose. Finally, some concluding remarks are drawn to
close the paper.

2. Numerical Modelling of the Damper-Cable Interaction Model

The finite element method has been considered to simulate numerically the structural behavior of
the damper-cable interaction model. The software program Ansys [32] was used for this purpose.

According to the results of the above-mentioned research, the bending stiffness of the cable was
considered in this study. The 3D beam element (BEAM188) was selected to simulate the behavior of
the cable. Thus, the considered element is a nonlinear two-node beam element with six degrees of
freedom for each node. Both the stress-stiffness and the large-strain analysis options were taken into
account herein.

Three passive damping devices (viscous, elastomeric and friction damper) were considered.
These three types collect the dampers commonly used in real practical applications [10]. A linear
behavior of the constitutive law of each damper was assumed in this study. The energy dissipated by
each passive damping device depends on the damping force, Fd(t), which characterizes its structural
behavior (N). The damping force is opposed to the movement of the cable. The definition of the
damping force varies in terms of the type of passive damping device considered. The constitutive laws
of each damper and the finite element considered for its numerical simulation are described in the
following paragraphs.

For a viscous damper, the damping force, Fd(t), is defined in terms of the damping coefficient,
c (sN/m), and the relative velocity between the two extremes of the damper

.
ur(t) (m/s) (being t the

time variable (s)). The damping force generated by a viscous damper may be defined as follows [33,34]:

Fd(t) = −c· .
ur(t) (1)

Figure 1a shows the viscous damper-cable interaction model considered herein. The element
COMBIN14 has been selected to simulate numerically the behavior of this damper. The characteristic
parameter of this damper is the damping coefficient, c.

For an elastomeric damper, the damping force, Fd(t), is defined in terms of two components:
(i) a viscous damping component and (ii) an elastic component. Thus, this damper is characterized
by a viscoelastic behavior. The viscous damping component is defined in terms of the damping
coefficient, c, and the relative velocity,

.
ur(t). The elastic component is defined in terms of the stiffness

coefficient, k (N/m), and the relative displacement between the two extremes of the damper, ur(t) (m).
The damping force generated by an elastomeric damper may be expressed as follows [35,36]:

Fd(t) = −c· .
ur(t)− k·ur(t) (2)

Figure 1b shows the elastomeric damper-cable interaction model considered herein. The element
COMBIN14 was selected again to model the dynamic behavior of this damper. The characteristic
parameters of this damper are the damping coefficient, c, and stiffness coefficient, k.

Finally, for a friction damper, the damping force, Fd(t), is defined in terms of three components:
(i) a viscous damping component, (ii) an elastic component, and (iii) a friction component. This damper
dissipates energy via the relative movement between two surfaces in contact [37]. Thus, a minimum
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value of the transversal force must be exceeded in order to start releasing energy. The viscous damping
component is defined in terms of the damping coefficient, c, and the relative velocity,

.
ur(t). The elastic

component is defined in terms of the stiffness coefficient, k, and the relative displacement, ur(t). Finally,
the friction component is defined in terms of the static friction force, f f (N) ( f f = µ·N being µ the
friction coefficient (−) and N the normal force (N)), and a symbolic function, sgn(

.
ur(t)) (defined as

−1, 0 and 1, respectively in case
.

ur(t) < 0,
.

ur(t) = 0 and
.

ur(t) > 0). The damping force generated by
a friction damper may be defined as follows [38]:

Fd(t) = −c· .
ur(t)− k·ur(t)− f f ·sgn(

.
ur(t)) (3)

Figure 1c shows the friction damper-cable interaction model considered herein. The element
COMBIN40 has been selected to simulate numerically the behavior of this damper. The characteristic
parameters of this damper are the damping coefficient, c, the stiffness coefficient, k, and the friction
force, f f . In Figure 1c, the friction force, f f , is denoted as, FSLIDE, according to the notation provided
by the software package Ansys [32].
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Figure 1. Numerical model of the damper-cable interaction model for the three considered dampers.
(a) viscous damper; (b) elastomeric damper, and (c) friction damper.

Finally, the definition of the wind action is computed. For this purpose, it is assumed that the
cable is a cylinder immersed in a turbulent flow characterized by the mean wind velocity, U (m/s),
and the fluctuating longitudinal, u(t) (m/s), and transverse velocities, v(t) (m/s) (Figure 2).

The wind velocities may be simulated numerically via the application of the wave superposition
spectral-based method [28,29]. According to this method, the wind velocity can be determined
numerically through a superposition of trigonometric functions with random phase angles.
The amplitude of these trigonometric functions is obtained from both the power spectral density
function of the turbulent wind velocity and a coherence function which takes into account the spatial
variability of the wind velocity. The power spectral density function of the wind velocity was defined
by several international standards. The proposal of Eurocode was adopted herein [27]. As coherence
function, the relationship proposed by Davenport [39] has been taken into account in this study.
Thus, a software application [29] was programmed in the mathematical package Matlab [30] in order
to simulate the wind action.

Subsequently, the wind force can be determined assuming both the quasi-steady theory model
assumption and that the turbulence components are small with respect to the mean wind velocity [26].
The wind force may be decomposed into a mean component and a fluctuating component [40].
Thus, the drag, FD(t) (N), and lift, FL(t) (N), forces can be obtained, based on a linearized
approximation as [41]:

FD(t) = FD + fDu(t) + fDv(t) (4)

FL(t) = FL + fLu(t) + fLv(t) (5)

The mean wind drag force, FD (N), the mean lift force, FL (N), the forces induced by the turbulence
component in the drag direction, denoted as fDu(t) (N) and fDv(t) (N), and the forces induced by



Vibration 2018, 1 274

the turbulence component in the lift direction, denoted as fLu(t) (N) and fLv(t) (N), may be defined
according to the following expressions [10]:

FD = 0.5·ρ·U2·Dc·CD (6)

FL = 0.5·ρ·U2·Dc·CL (7)

fDu(t) = ρ·U·u(t)·Dc·CD (8)

fDv(t) = 0.5·ρ·U·v(t)·Dc·(C′D − CL) (9)

fLu(t) = ρ·U·u(t)·Dc·CL (10)

fLv(t) = 0.5·ρ·U·v(t)·Dc·(CL − C′D) (11)

where ρ is the air density (kg/m3), CD is the drag coefficient (−), CL is the lift coefficient (−), C′D is the
derivative (−) of CD in terms of the angle, γ (rad), at the neighborhood of β (rad) (Figure 2), C′L is the
derivative (−) of CL in terms of the angle, γ, at the neighborhood of β (Figure 2) and Dc is the outer
diameter of the cable (m). For circular cross sections, there is no angular variation of CD and CL due to
the symmetry conditions. Therefore, C′D = 0 and C′L = 0.
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Figure 2. Reference coordinate system, components of wind velocity and drag and lift
force components.

3. Motion-Based Design Method for Passive Control of Structural Systems

The design of the passive damping devices can be performed via the implementation of
the motion-based design method [22,23]. This method is a particular case of the more general
performance-based design method [42] in which the design requirements are defined in terms of
the allowable motions of the structure. According to this method, the design problem is transformed
into an optimization problem [43]. The main aim of this problem is to minimize a multi-objective
function, f, considering as design variables, θ, the parameters that characterize the behavior of the
considered passive damping device. The multi-objective function is defined in terms of the scaled
characteristic parameters of the considered passive damping device, one single-function for each
parameter, and an additional function that takes into account the compliance of the considered design
criterion. A search domain for each design variable is established in order to guarantee the physical
meaning of the solutions obtained. As the optimization method, a global optimization algorithm is
usually chosen. Herein, a genetic algorithm has been used [44].
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The formulation of the motion-based design method for the design of passive damping devices to
mitigate the wind-induced vibrations in stay cables may be expressed as [43]:

find θ = [θ1, . . . , θi, . . . , θn] minimize f = [ f1(θ1), . . . , fi(θi), . . . , fn(θn), fn+1(θ1, . . . , θn)]

subject to θl
i ≤ θi ≤ θu

i i = 1, . . . ,
(12)

where θ is a vector (design variables) with the n characteristic parameters, θi (being i the number of
the considered parameter) for each considered passive damping device; f is a vector (multi-objective
function) whose n first terms are the scaled characteristic parameters of the considered passive damping
device, fi(θi) = αi·θi for i = 1, . . . , n (being αi a scale factor), and the n+ 1 term, fn+1(θ1, . . . , θn) =

umax
ulim

is the so-called design criterion (being umax (m) the maximum displacement of the cable and ulim (m)
the allowable displacement of the cable); and θl

i and θu
i are the lower and upper bounds, respectively,

of the search domain established for each design variable.
In this study, as the design criterion, the compliance of the vibration serviceability limit state

with the recommendations of the FHWA guidelines [25] was assumed. Table 1 shows the value of the
allowable displacement of the cable, ulim, in terms of outer diameter of the cable, Dc (m) for different
design levels.

Table 1. User tolerance limits for cable displacement, ulim, in terms of the outer diameter of the cable,
Dc (m), for different design levels according to the FHWA guidelines [25].

Design Levels ulim (m)

Preferred 0.5 Dc
Recommended 1.0 Dc
Not to exceed 2.0 Dc

After the optimization process, different Pareto fronts may be obtained. For our purpose,
the Pareto fronts are defined in terms of each scaled characteristic parameter of the passive damping
device and the design criterion. The analysis of the form of the Pareto fronts allows obtaining an optimal
solution. To obtain this optimal solution, an additional condition must be included. Thus, the optimal
solution was the design variable vector that belonging to the Pareto front meets these two additional
conditions: (i) the value of the considered characteristic parameter is minimized, and (ii) the established
design criteria, fn+1(θ1, . . . , θn) =

umax
ulim
≤ 1 is met as strictly as possible.

The overall scheme of the proposed motion-based design method for the optimum design of the
passive damping devices in order to reduce the wind-induced vibrations in stay cable is shown in
Figure 3. First, the optimization problem is defined (the multi-objective function, the design variables
and the search domain of each design variable). Subsequently, the preliminary design is determined.
As a result, of this step, an initial value of the characteristic parameters (design variables) is obtained.
A FE model is built and the dynamic response of the damper-structure interaction model is determined.
A first evaluation of the multi-objective function is performed. If the multi-objective function meets the
convergence criteria, the final design is obtained. Otherwise, the design variables must be modified,
and a new design evaluated. The process is repeated iteratively until the convergence criteria are
met. As convergence criteria, the maximum iteration number and the tolerance of the objective
function (the optimization algorithm stops if the average relative change in the best evaluation of the
objective function is less than or equal to the function tolerance) are considered herein. Subsequently,
the different Pareto fronts are defined, and the optimal solution is obtained via both the analysis of the
Pareto fronts and the application of the additional condition.

To validate the performance of the proposed method, in the next section, the optimum design of
three different passive dampers is undertaken via the implementation of this method. A real structure
is considered as a benchmark for this purpose. The results obtained are successfully compared with
the values provided by the most usual conventional design method [16].
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4. Numerical Validation Example

4.1. Problem Statement

The validation of the motion-based design method for the optimum design of passive damping
devices in order to mitigate the wind-induced vibrations of stay cables was performed via its
implementation to control both the rain-wind induced vibrations and the turbulent effects of wind
action in one of the longest cables of a real cable-stayed footbridge. As a benchmark structure,
the Alamillo bridge (Seville, Spain) was selected. Three passive damping devices (viscous, elastomeric
and friction dampers) were considered for this study.

The deck of the cable-stayed bridge has a total length of 200 m, characterized by the absence of
back-stays. Instead, the balance of forces is achieved through the inclination of the pylon of 32◦ to the
vertical [45]. The pylon is connected to the deck by 13 pairs of stays separated by 12 m (Figure 4).
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The dynamic experimental tests, performed on these cables in 2004 [31], show that the longest
stay cables of this bridge, due to its low mass and damping ratio, were prone to vibrate under both the
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rain-wind induced excitation phenomenon and the turbulent wind action. Thus, this study is focused
on controlling the dynamic response of one of these longest stay cables under both effects of the wind
action (Figure 4).

For this purpose, the following step were performed: (i) a FE model of the cable has been
performed; (ii) this model has been used to perform a numerical modal analysis of this structural
element; (iii) the sensitivity of the considered cable to the wind-induced vibrations (rain-wind and
turbulent effects) was analyzed based on the numerical modal parameters previously obtained;
(iv) the dynamic response of the cable under wind action was determined through a transient dynamic
analysis of the structure; (v) the compliance of the vibration serviceability limit state according to
the recommendations of the FHWA guidelines [25] was checked; (vi); as this serviceability limit
state was not met, three different passive damping devices were designed and implemented on the
cable; and finally, (vii) the performance of the proposed method was validated comparing the results
obtained by the proposed method against the values provided by the most used conventional design
method [16].

In next sections the validation of the proposed method is described.

4.2. FE Model and Numerical Modal Analysis

A FE model of the cable was performed using the software package Ansys [32]. Initial stress
effects, large strains and stress-stiffening conditions were considered. A mesh of 100 equal length
elements was established. The geometrical and mechanical properties of the considered cable are
shown in Table 2.

Table 2. Mechanical and geometrical properties of the considered cable.

Cable Value

Length of the cable, L, (m) 292
Effective area, Ac, (m2) 8.38× 10−3

Effective inertia moment, Ic, (m4) 5.58× 10−4

Mass per unit length, m, (kg/m) 60
Initial axial force, H(N) 4.13× 106

Young’s modulus, Ec, (Pa) 160× 109

Outer diameter, Dc, (m) 0.20
Angle with the deck, α, (◦) 26

A numerical modal analysis was performed based on this FE model. As result of this analysis,
the first six natural frequencies, f j, (Table 3) and associated vibration modes were obtained.

To validate the results provided by the FE model, the natural frequencies and vibrations modes of
the considered cable have been determined analytically. For this purpose, the out-of-plane vibration,
vc(x, t), of a rigidly supported cable with a small sag-to-length ratio may be obtained analytically
through the solution of the following linearized equilibrium equation [10]:

H
(∂2vc(x, t))

∂x2 = m
∂2vc(x, t)

∂t2 (13)

where H is the axial force of the cable (N) and m is the mass per unit length of the cable (kg/m)
(Table 2).

The solution of Equation (13) may be obtained by separation of variables [10]. In this manner,
the out-of-plane vibration may be determined by the following expression:

vc(x, t) = ∑nm
j=1 vc,j(x)·eiωjt (14)

where i2 = −1, vc,j(x) is the vibration mode j of the cable, wj is the angular natural frequency of the
vibration mode j (rad/s) and nm is the total number of vibration modes considered.
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The vibration mode j may be expressed as follows [10]:

vc,j(x) = Aj· sin (
j·π·x

L
) (15)

where Aj is an arbitrary constant amplitude associated with the vibration mode j and L is the length of
the cable (Table 2).

The angular natural frequency of the vibration mode j considering the bending stiffness of the
cable, Ec Ic, may be defined as [10]:

wj =
j·π
L

√
H
m

[
1 + 2

√
Ec Ic

HL2 + (4 +
j·π2

2
)

Ec Ic

HL2

]
(16)

where Ec is the Young’s modulus of the cable (Pa) and Ic is the effective inertia moment of the cable
(m4) (Table 2).

Equation (16) allows the analytical determination of the natural frequencies, f j =
wj
2π , of the

cable for out-of-plane vibrations. To analyze the effect of the bending stiffness on the natural
frequencies of the cable, three different values of this magnitude have been considered in this study [10]:
(i) non-bending stiffness (Ec Ic = 0), (ii) 70% of bending stiffness (0.7·Ec Ic), and (iii) full-bending stiffness
(Ec Ic). Table 3 shows the first six natural frequencies of the considered cable obtained analytically in
terms of the bending stiffness.

Table 3. First six numerical and analytical natural frequencies (considering different contribution of
the bending stiffness) of the considered cable ( f j with j the considered vibration mode).

Element f1 (Hz) f2 (Hz) f3 (Hz) f4 (Hz) f5 (Hz) f6 (Hz)

Finite element method 0.4491 0.8984 1.3479 1.7979 2.2485 2.6998
Analytical method (Ec Ic = 0) 0.4491 0.8982 1.3473 1.7963 2.2454 2.6945
Analytical method (0.7·Ec Ic) 0.4503 0.9006 1.3509 1.8012 2.2515 2.7019

Analytical method (Ec Ic) 0.4505 0.9011 1.3516 1.8022 2.2527 2.7033

As Table 3 reflects, the differences among the first six natural frequencies obtained numerically
and analytically are small, and therefore, the FE model of the cable allows the adequate estimation of
the response of this structural element under wind action.

On the other hand, as expected, the cable was prone to vibrate due to both the rain-wind induced
vibrations (as the first six natural frequencies of the cable were lower than 3 Hz [25]) and the effect of
turbulent wind action (as the first two natural frequencies of the cable were lower than 1 Hz [26]).

Although there are several proposals to determine the response of the stay cable during
the occurrence of the rain-wind induced phenomenon [46], the most advanced guidelines [25,47]
recommend avoiding this problem, ensuring that the damping ratios of all the vibration modes whose
natural frequencies are lower than 3 Hz exceed a reference value. Concretely, the criterion established
by the FHWA guidelines [25] has been considered herein. According to these guidelines, the condition
to avoid the rain-wind induced vibrations phenomenon is to ensure that the Scruton number, Sc, for all
the considered vibration modes is greater than 10. This condition may be expressed as:

Sc =
m·ζ j

ρ·D2
c
> 10 (17)

where ζ j is the damping ratio of the vibration mode j.
According to the results of the mentioned dynamics test [31], the experimental damping ratios

of the considered cable did not meet this condition, so the installation of a passive damper was
recommended to increase the structural damping ratios of this cable.

Subsequently, the dynamic response of the cable under wind action was obtained in order to
check the vibration serviceability limit state of the cable under the turbulent component of the wind
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action. If this serviceability limit state was not met, the passive damper must be designed to control
the response of the cable under the two mentioned phenomena.

4.3. Transient Dynamic Analysis: Response of the Cable under Wind Action

In this manner, a transient dynamic analysis was performed to check the serviceability limit state
of the cable. The dynamic response of the cable under turbulent wind forces was determined for this
purpose. The non-linear geometrical behavior of the cable was considered.

Two steps must be given in order to obtain the dynamic response of the cable: (i) to determine the
wind-induced forces generated by the wind action and (ii) to obtain the dynamic response of the cable
through a transient dynamic analysis. Both steps are described in detail in next sections.

4.3.1. Wind-Induced Forces

To determine the wind-induced forces, the first step is to simulate numerically the wind velocity.
For this purpose, the methodology described in the previous section about the numerical modelling
of the damper-cable interaction model was implemented. Twelve simulations were generated with
a duration, T, of 300 s and a step time, ∆t, of 0.005 s, according to the recommendations of previous
research [48]. In each numerical simulation, both the mean and fluctuating wind velocity were obtained
at 10 different points of the cable (Figure 5). The cable has been divided into equal-length segments.
The length of each segment was le = 29.2 m. The following wind parameter were established to
perform the numerical simulations: (i) a basic wind velocity, vb, 26 m/s, and (ii) an environment type
III [27].
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Figure 5. Different point (h1 − h10) where turbulent wind action has been simulated.

One simulation of the longitudinal, u(t), and the transverse, v(t), components of the wind velocity
respectively, obtained via the application of the wave superposition spectral-based method [28,29],
at point h5 are shown in Figure 6a,b. In the case of the longitudinal direction, the mean wind velocity,
U, has been added.
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Figure 6. One wind velocity simulation generated at h5 according to the wave superposition
spectral-based method [28,29]: (a) longitudinal direction; (b) transverse direction.

Once the wind velocity was simulated, the wind-induced forces could be computed
(Equations (4) and (5)). The following values were considered for the definition of the wind-induced
forces: (i) the density of the air, ρ = 1.23 kg/m3 [27]; the outer diameter of the cable, Dc = 0.2 m [31];
the drag coefficient, CD = 1.2 [10]; and the lift coefficient CL = 0.3 [25].

One simulation of the drag, FD(t), and lift forces, FL(t), at the point h5 is shown in Figure 7.
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Figure 7. Wind-induced forces at the point h5. (a) Drag force, and (b) lift force.

4.3.2. Dynamic Response of the Cable under Wind Action

The previously calculated wind-induced forces were applied on the nodes of the FE model.
A transient dynamic analysis was performed. From the results of this analysis, the evolution of the
displacement at the middle point of the cable (of the most unfavorable simulation) is shown in Figure 8.
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Finally, the vibration serviceability limit state of the cable was checked. For this purpose,
the recommended design level, according to the FHWA guidelines [25], was established as a design
criterion. As Table 1 shows, for this case, the maximum allowable displacement of the cable, ulim, was
0.20 m. As Figure 8 shows, this cable does not meet the vibration serviceability limit state.

Thus, a passive damping device is recommended to be implemented in order to control the
dynamic response of the cable under wind action considering both effects: rain-wind induced
vibrations and the effect of the turbulent component of wind action.

In next section, three different types of passive damping devices were designed via the
motion-based design method in order to mitigate the wind-induced vibrations in this cable. The results
obtained were successfully compared with the values obtained based on a conventional design
method [16].

4.4. Transient Dynamic Analysis: Response of the Damper-Cable Interaction Model under Wind Action

Each passive damping device is implemented at the point, xc = 0.03·L. (Figure 1), according
to the recommendations provided by Caetano [10] (with L being the length of the cable (Table 2)).
The design of the three passive damping devices was performed via the application of the proposed
motion-based design method. The design process was implemented linking the software packages
Ansys [32] (finite element analysis) and Matlab [30] (global optimization method).

To avoid ill-conditioning problems and to improve the performance of the design, a search
domain was established for each characteristic parameter, θi. These search domains have been scaled
for the sake of accuracy. A reference value has been established to scale the search domain of each
characteristic parameter. Each reference value reduces the range of the search domain in order to
improve the efficiency of the global optimization algorithm.

The following characteristic parameters were considered as design variables of each passive
damping device: (i) for the viscous damper, θ = [c]; (ii) for the elastomeric damper, θ = [c, k];
and (iii) for the friction damper, θ = [c, k, f f ].

First, the search domain of the design parameter, c, was established according to the following
rules: (i) as the lower bound of the search domain, θl

1 = cmin
cre f

(being cmin (sN/m) the minimum
value of the damping coefficient of the passive damping device and cre f (sN/m) a reference value
for scaling), the minimum structural damping ratio of the cable, ζ j (being j the considered vibration
mode, ), recommended by the FHWA guidelines [25] to avoid the rain-wind induced vibrations
was considered; and (ii) as the upper bound of the search domain, θu

1 = cmax
cre f

(being cmax (sN/m)
the maximum value of the damping coefficient of the passive damping device), the optimum value
obtained via the application of the conventional design method proposed by Pacheco [16] was taken
into account. As a reference value, cre f = 100, 000 sN/m, was established in order to reduce the range
of the search domain.
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To determine the equivalent damping ratio of the mode j of the cable, ζ j (−), in terms of the
damping coefficient of the damper, the analytical expression proposed by Krenk et al. [18] has been
used. This relationship may be defined as follows:

ζ j
xc
L

=
η·j·π·xc

L

1 + ( η·j·π·xc
L )

2 (18)

where η = π·c
m·L·w1

; m is the mass per unit length of the cable; and w1 = 2·π· f1 is the first angular
natural frequency of the cable (rad/s).

The first six vibration modes were considered (Table 3) to establish the search domain of this design
parameter. In this manner, the lower bound of this search domain, θl

1 = cmin
cre f

= 0.48, was established
via the application of Equations (17) and (18) to the six considered vibration modes.

On the other hand, the upper bound of this search domain, θu
1 = cmax

cre f
=

max(copt,j)
cre f

, was determined
via the optimum damping coefficient, copt,j, of the Pacheco’s curve [16]. The following expression may
be used to obtain its value.

copt,j = 0.10
m·L·w1

j· xc
L

(19)

Thus, the upper bound of this search domain, θu
i = cmax

cre f
= 1.64, was established via the application

of Equation (19) to the six considered vibration modes.
It is necessary to point out that the search domain of this design parameter, c, ensures that if

a solution (design) is found by the motion-based design algorithm, the rain-wind induced vibrations
phenomenon is avoided, and this solution improves the values with respect to those proposed by the
most used conventional design method, the Pacheco’s curve [16].

Second, the search domain of the design parameter, k, was established based on the analysis of
the results provided by previous research [10]. According to these results, the following search domain
was established: (i) as the lower bound, θl

2 = kmin
kre f

= 0.10 was considered (with kmin (N/m) being the
minimum value of the stiffness coefficient of the passive damping device and kre f (N/m) a reference
value for scaling); and as the upper bound, θu

2 = kmax
kre f

= 1.00 was taken into account (with kmax (N/m)
being the maximum value of the stiffness coefficient of the passive damping device). As a reference
value, kre f = 500, 000 N/m was established in order to reduce the range of the search domain.

Finally, the search domain of the design parameter, f f , was established again via the results
provided by previous research [10]. According to these results, the following search domain was

established: (i) as the lower bound, θl
3 =

f f ,min
f f ,re f

= 0.25 was considered (with f f ,min (N) being the
minimum value of the friction force of the passive damping device and f f ,re f (N) a reference value

for scaling); and as the upper bound, θu
3 =

f f ,max
f f ,re f

= 1.00 was taken into account (with f f ,max (N)
being the maximum value of the friction force of the passive damping device). As a reference value,
f f ,re f = 40, 000 N was considered in order to reduce the range of the search domain.

The motion-based design of the three considered passive damping devices is described in the
next sections. As the design criterion, the compliance of the vibration serviceability limit state was
considered. The recommendations of the FHWA guidelines [25] were assumed for this purpose.

4.4.1. Motion-Based Design of the Viscous Damper

The motion-based design of the viscous damper may be formulated as:

find θ = [c] minimize f = [α1·θ1, umax
ulim

] = [ 1
cre f

c, umax
ulim

]

subject to cmin
cre f
≤ c

cre f
≤ cmax

cre f

(20)
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As an optimization method, genetic algorithms were considered. A population of 20 individuals
(vectors), a maximum number of iterations of 50, and a tolerance value of 10−5 for the variation of the
multi-objective function were established.

As a result of this problem, the value of the design variable, c, was obtained. Figure 9 shows
the Pareto front of the multi-objective function, f, where the relation between f1 and f2 is illustrated.
The limit of the additional condition, umax

ulim
= 1, has also been included as reference (upper limit of f2).

The points of the Pareto front may be fitted by a second-order polynomial (Figure 9). The optimal
value of the design variable obtained was, c = 80, 710 sN/m.
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Figure 10 shows the displacement at the mid-span of the cable with the viscous damper designed
according to the motion-based design method, umbd (the most unfavorable simulation). The maximum
displacement at the mid-span of the cable with the viscous damper designed according to the
conventional design method [16] has also been included, ucon. Additionally, the design criterion,
ulim, (vibration serviceability limit state) was also included as reference.
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4.4.2. Motion-Based Design of the Elastomeric Damper

The motion-based design of the elastomeric damper may be formulated as:

find θ = [c, k] minimize f = [α1·θ1, α2·θ2, umax
ulim

] = [ 1
cre f
·c, 1

kre f
·k, umax

ulim
]

subject to
cmin
cre f
≤ c

cre f
≤ cmax

cre f
kmin
kre f
≤ k

kre f
≤ kmax

kre f

(21)

As an optimization method, genetic algorithms were used again. The same parameters from the
previous case were considered for the characterization of the optimization algorithm.

As a result of this problem, the values of the design variables, c and k, were obtained. Figure 11
shows the Pareto front of the two components of the multi-objective function, f. The relation between f1

and f3 is illustrated. The limit of the additional condition, umax
ulim

= 1, has been also included as reference
(upper limit of f3). The points of the Pareto front may be fitted by a second-order polynomial (Figure 11).
The optimal value of the design variables obtained was, c = 97, 740 sN/m and k = 103, 180 N/m.
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Figure 12 shows the displacement at the mid-span of the cable with the elastomeric damper
designed according to the motion-based design method, umbd (the most unfavorable simulation).
Additionally, both the maximum displacement at the mid-span of the cable with the viscous damper
designed according to the conventional design method [16], ucon, and the design criterion, ulim, were
also included as references.
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4.4.3. Motion-Based Design of the Friction Damper

The motion-based design of the friction damper may be formulated as:

find θ = [c, k, f f ] minimize f =
[
α1·θ1, α2·θ2, α3·θ3, umax

ulim

]
= [ 1

cre f
·c, 1

kre f
·k, 1

fre f
· f f , umax

ulim
]

subject to

cmin
cre f
≤ c

cre f
≤ cmax

cre f
kmin
kre f
≤ k

kre f
≤ kmax

kre f
f f ,min
fre f
≤ f f

fre f
≤ f f ,max

fre f

(22)

As in the previous cases, the same optimization algorithm was considered.
As a result of this problem, the value of the design variables, c, k, and f f ,was obtained. Figure 13

shows the Pareto front of the two components of the multi-objective function, f. The relation between f1

and f4 is illustrated. The limit of the additional condition, umax
ulim

= 1, has also been included as reference
(upper limit of f4). The points of the Pareto front may be fitted by a second-order polynomial (Figure 13).
The optimal value of the design variables obtained was, c = 92, 250 sN/m, k = 79, 320 N/m and
f f = 38, 690 N.
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4.5. Discussion of the Results

To sum up, Table 4 shows a summary of the characteristic parameters of the considered passive
damping devices obtained through the application of both the conventional [16] and the motion-based
design method.

Table 4. Characteristic parameters of the three considered passive damping devices according to both
the conventional [16] and the proposed motion-based design method.

Design Method Damper c (sN/m) k (N/m) ff (N)

Conventional Viscous 164,000 - -
Motion-based Viscous 80,710 - -
Motion-based Elastomeric 97,740 103,180 -
Motion-based Friction 92,250 79,320 38,690

As Figures 9, 11 and 13 show, the motion-based design algorithm found a solution, which by
minimizing the value of the characteristic parameters of each passive damping devices, met the design
criterion established according the FHWA guidelines [25].

On the other hand, as Figures 10, 12 and 14 show, the motion-based design algorithm
makes it possible to better adjust the response of the cable to the design criterion, improving the
cost-effectiveness ratio of the three considered passive damping devices.

As the proposed design for each passive damping device is within the established search
domain, the results provided by the proposed method improve the values obtained via the most
usual conventional design method [16]. The reduction of the characteristic parameters is reflected
in both a reduction of the cost and the size of the damper, making the installation process easier
as consequence.

Thus, as shown in this study, the proposed design method allows the design of different types
of passive damping devices to mitigate wind-induced vibrations in stay cables through a unique
general algorithm.

Finally, for the case under study, the viscous damper seems to be the best option in order to
control the dynamic response of this cable under both the rain-wind induced and turbulent effects of
the wind action. The minimum value of the damping coefficient was obtained for this type of passive
control device.

For all these reasons, the motion-based design method has been validated as a valuable tool for
the design of passive damping devices in order to mitigate the wind-induced vibrations in stay cables.

5. Conclusions

Wind-induced excitation may produce large displacements of the stay cables of bridges.
To overcome this problem, different types of passive damping devices may be usually installed to
mitigate the wind-induced vibrations. In this study, a motion-based design method has been proposed
and implemented in order to design optimally three different types of passive damping devices
(viscous, elastomeric and friction damper) in order to mitigate wind-induced vibrations in the stay
cables of bridges. The proposed method transforms the design problem into an optimization problem.
The main objective of the optimization problem is to minimize a multi-objective function considering as
design variables the characteristic parameters of each considered damping device. The multi-objective
function is defined in terms of the scaled characteristic parameters of the considered passive damping
device, one single-function for each parameter, and an additional function that takes into account
the compliance of the considered design criterion. Genetic algorithms have been considered as
optimization method. The design criterion has been established according to the recommendations
of the FHWA guidelines. The maximum displacement of the cable under wind action was limited
according to this design criterion. A search domain was established for each design variable. As result
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of the optimization process, different Pareto fronts were obtained. The analysis of these Pareto fronts
allows the finding of an optimal design for each passive damping device, in which the minimization
of its characteristic parameter meets the considered design criterion.

Finally, in order to validate the performance of the proposed method, a real cable-stayed bridge,
the Alamillo bridge (Seville, Spain), was considered as a benchmark. The dynamic response of
one of its longest stay cables under wind action has been controlled via the implementation of the
three mentioned passive damping devices independently. The characteristic parameters of each
passive damping device were determined via the implementation of the proposed design method.
Both effects, the turbulent component of the wind action and the rain-wind-induced phenomenon,
have been considered. Nevertheless, the proposed method can be applied to mitigate the wind-induced
vibrations in stay cables originating from other phenomena (vortex shedding, etc.). The wind action
was simulated based on the recommendations of the European standards.

For this purpose, the following steps were taken: (i) a FE model of the cable was built; (ii) twelve
temporal simulations of the turbulent component of the wind action were generated at ten different
heights of the cable, (iii) the drag and lift forces were determined taking into account both the mean
wind velocity and the fluctuating velocity associated with the turbulent components; (iv) both a
numerical modal and transient dynamic analysis were performed in order to obtain the natural
frequencies and the response of the cable under the wind action; (v) the compliance of the design
criterion with the guidelines established by the FHWA was checked; (vi) as the design criterion was not
met, three different passive damping devices were designed and installed; and (vii) the characteristic
parameters of each passive damping device were determined via the application of the proposed
motion-based design method. The design process was repeated for each considered passive damping
device. The results provided by the proposed method have been compared successfully with the
designs obtained according to the most usual conventional design method. The use of the proposed
method involves two advantages: (i) the reduction of the characteristic parameters of each passive
damping device, reducing their cost and size and making easier its installation; and (ii) this method
allows addressing the problem of designing a passive control system in a generalized way, applying
the same methodology regardless of the type of passive damping device used.

On the other hand, the results of the optimization show a similar value of the damping coefficient
for the three considered damping devices. According to this, the dashpot is shown as the most efficient
tool to mitigate the wind-induced vibrations in stay cables of bridges.

Finally, further studies should be carried out in order to validate experimentally the performance
of passive damping devices, designed according to the proposed method, to control the dynamic
response of cable-stayed bridges under wind action.
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