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ABSTRACT

Passive damping devices are widely installed to control the vibration level of stay cables of bridges
induced by wind action. The design of passive damping devices must ensure the performance for the
all the life-cycle of the structure. In this sense, the design should consider the changes of the pre-fixed
parameters and environmental conditions. For this purpose, the motion-based design method under
uncertainty conditions is used in this study to carry out the design of a viscous damper. Following this
approach, the design requirements are established according to the maximum accepted motions of the
structure and the damper device is optimized. In order to validate the method, a benchmark structure
is considered. The uncertainty conditions are numerically simulated following a probabilistic approach.
As simulation method, the Latin Hypercube is employed. The reliability index is used as reference
parameter for the probabilistic assessment.

Keywords: motion-based design, probabilistic approach, reliability, viscous damper, wind-induced
vibrations.

1. INTRODUCTION

Cables of cable-stayed bridges are structures prone to vibrate due to wind-induced vibrations. In order
to control the dynamic response caused by these vibrations, mechanical passive control systems have
been widely used [1, 2]. The objective of this kind of control systems is to install a device which increases
the damping of the cable, reducing the amplitude of the dynamic response. Different methods and
criteria to design passive control systems have been reported [3]. The first optimum design of passive
dampers located near the anchorage was proposed by Kovacs [4] who focused on the effect of a viscous
damperinstalled in a taut cable. The universal curve provided by Pacheco et al. [5] represents the modal
damping of a taut cable in relation to the damping coefficient of the viscous damper. The use of this
curve is limited to the lower natural frequencies of the cable. The analytical expression of this curve was
proposed by Krenk [6] who performed a numerical analysis in terms of the solution of a complex
eigenvalues problem. Yoneda and Maeda [7] calculated the optimum damping coefficient of a viscous
damper and the associated damping ratio of the cable based on the analytical model of a cable.
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Although these results are in good agreement and can be employed for the preliminary design of the
damper, this study addresses the optimum design of the viscous damper via the solution of a motion-
based design problem. This method was first proposed by Connor for the particular case of tall buildings
subjected to wind and earthquake excitation [8]. The main advantage of this method is that the size of
the installed viscous damper is optimized, as the amplitudes are reduced to meet the standards and not
to the maximum allowable reduction. This methodology has been successfully applied by the authors
to the optimum design of tuned mass dampers (TMD) for vibration phenomena of footbridges under
pedestrian loads [9] and mechanical dampers (viscous, friction and elastomeric) for cables under wind-
induced action [10]. The motion-based design methodology allows transforming the problem into a
minimization problem subjected to constraints.

The objective of this study is to design a viscous damper based on the motion-based design problem
taking into account the uncertainty of the force of the cable. Hence, the design of the viscous damper
is not addressed to fulfil the value imposed by the standards but to have a probability of failure below
or close to a threshold. Instead of the probability of failure, current guidelines take as reference
parameter the reliability index 8 [11]. The reliability index and the probability of failure are calculated
from the probabilistic distribution function of the serviceability limit state function. In order to obtain
this probabilistic distribution function, the uncertainty of the axial force is considered and simulated
following a probabilistic approach where it is assumed as random variable. Due to the nonlinear
behaviour of the cables, a sampling technique is employed to estimate the distribution function. In
particular, it is estimated applying the Latin Hypercube simulation method.

The organization of the paper is as follows. First, the damper-cable interaction model is presented. The
definition of the viscous damper and the expressions of the wind-induced forces and wind velocities are
detailed. Then, the motion-based design optimization problem considering the reliability is explained.
Finally, in order to validate the motion-based design method under uncertainty conditions, a viscous
damper is designed to reduce the wind-induced vibrations of the longest cable of the Alamillo bridge,
in Seville (Figure 1). The result allows installing a damping device whose damping coefficient is less than
classical solutions without loss of safety. In addition, the reliability (or the probability of failure) is
ensured to be above the threshold. At the end, the main concluding remarks of this paper will be drawn.

Figure 1. a) Overall view of the Alamillo bridge and b) Viscous damper installed in the longest cable.
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2. DAMPER-CABLE INTERACTION MODEL

In order to simulate numerically the behaviour of the damper-cable system, a FE model is built. One of
the key aspects when modelling a cable is the bending stiffness. According to the results of [12—-14], the
bending stiffness of the cable has been considered in this study. The FE model of the cable is built using
a 3D beam element (BEAM188) of the software ANSYS [15]. This considered element is a nonlinear two-
node beam element with six degrees of freedom at each node. The stress-stiffness option is taken into
account herein performing a large strain analysis.

To mitigate the vibration phenomena, a passive damper is implemented in the FE model. In particular,
a viscous damper is taken into account for this purpose due to its common use in real practical
applications. The viscous dampers are able to dissipate a large amount of energy through a fluid-filled
cylinder and a one-directional piston. A linear behaviour of the constitutive law of the viscous damper
has been assumed. The viscous damper can be characterized by its damping force F,,., which is opposed
to the movement of the cable. The definition of F,, depends on the damping coefficient, ¢ [sN/m], and
the relative velocity of the damper, 1t [m/s], as it is expressed below:

F,=—c-u (1)

The element COMBIN14 of the software programme ANSYS was selected to model the viscous damper.
This element is defined from the damping coefficient, c.

Finally, the numerical model is finished via the implementation of the wind forces. The expressions of
the forces are derived assuming that the cable is a cylinder immersed in a turbulent flow which is
characterized by the mean wind velocity, U [m/s], and the fluctuating velocities u(t) [m/s] and v(t)
[m/s] (Figure 2). The former is the longitudinal velocity and the latter is the transverse velocity.

Under the assumptions of quasi-steady model and that the turbulence components are small with
respect to U , the forces can be decomposed into a mean and a fluctuating component [16]. Therefore,
the drag and lift forces, Fp (t) and F;, (t) [N] respectively, can be derived from a linearized approximation
as [17]:

Fp(t) = Fp + fpu(t) + fpy(£) (2)

Fi () = Fy + fiu () + f (1) (3)

where Fp, is the mean wind drag force, fp,(t) and fp, (t) are the forces induced by the turbulence
component in the drag direction, F;, is the mean lift force and f;,,(t) and f;,,(t) are the forces induced
by the turbulence component in the lift direction. The three drag components can be calculated as
follows:
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Fp = 0.5pUDCp (4)
fou() = pUu(t)DCp (5)
fov(®) = 0.5pUV(t)D(Cp — C1) (6)

Analogously, the three lift components have the expressions:

F, = 0.5pU2DC; (7)
fru(®) = pUu(®)DC, (8)
fiv(©) = 0.5pUV()D(Cp + C) (9)

These six expressions above depend on the density of the air, p [kg/m?], the drag coefficient, Cp, the
lift coefficient, C, and the outer diameter of the cable, D [m]. The parameters C}, and C; are the
derivative of Cp and C; with respect to the angle a at the neighbourhood of 3, respectively (Figure 2)
[17]. As the section of the cable is assumed to be circular, the variation of these parameters with respect
to the angle is nil due to the symmetry. Hence, C; = C, = 0.

Finally, the wind velocities are computed. The numerical simulation of the wind velocity signals can be
carried out following several methods. In this study, the wave superposition spectral-based method has
been considered for this purpose [18, 19]. This method allows determining numerically the wind
velocity as a superposition of trigonometric functions with phase angles set randomly. The power
spectral density function of the turbulent wind velocity and the coherence function, which considers
the spatial variability of the wind velocity, are used to derive the amplitude of the trigonometric
functions. The former is adopted according to the Eurocode 1 [20]. The latter is defined from the
relationship proposed by Davenport [21]. The application to simulate the wind action programmed in
the package Matlab [22] has been used herein.
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AY

Figure 2. Reference coordinate system, components of the drag and lift forces and wind velocity components.

3. MOTION-BASED DESIGN OF VISCOUS DAMPER UNDER UNCERTAINTY CONDITIONS

Viscous dampers can be designed through the implementation of the motion-based design method [8,
9]. Under this approach, the design requirements are established according to the maximum accepted
motions of the structure. Thus, this method allows conducting the design problem as an optimization
problem where an objective function is minimized subject to several constraints. The design variable of
the minimization problem is the parameter that characterizes the viscous damper, i.e. the damping
coefficient, c. The formulation of the minimization problem can be expressed as follows:

minimize f(0) (10)
] 0,<0<80,
subject to {gk(e) <gi k=12 ., (11)

where 0 is the vector with the parameters to be found (in this case, only one parameter), 0, is the vector
with the lower bounds of the parameters, 0,, is the parameters upper bound vector, g, (0) is the kth
inequality constraint, g, is the threshold of the k" inequality constraint and j is the number of
inequality constraints. In this study, the inequality constraint is defined in terms of the reliability index,
B. Probabilistic reliability methods are used to compare the reliability index, 8, with its target value, S;.

B = B (12)

In order to take advantage of the material properties, usually the design is carried out in such a way
that the value of the reliability index is minimized to be as close as possible to the target value. The
recommended value of the reliability index, §;, for the serviceability limit state is found in the Eurocode
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[23] for a reference period of one year and for fifty years. However, the value for a n-year design can
be extrapolated using the following expression:

P(Bn) = [P(BD]" (13)

being B, and [5; the value of the target reliability index for a n-year and a 1-year design, respectively,
and @ the standard normal cumulative distribution function. In the case of stay-cables, the design is
conducted for a life time of 100 years. Therefore, in this study the value of the target reliability index is
B1ioo = 0.95. It is assumed that the expressions of the forces explained above are for a period of 100
years.

The value of § is derived from the limit state function, g, which may be defined under the assumption
of g following a log-normal distribution as:

g =R/D (14)

where R is the resistance of the structure (the maximum allowable response) and D is the demand (the
maximum response induced by wind actions). Eqg. (14) allows expressing the probability of failure of the
limit state as py = Prob[g < 1]. The reliability index is calculated for a log-normal distribution as:

by mean (ln %)

Og ’ 2 2 (3]
OinRr + Oinp

where 0;,, denotes the standard deviation of the log-normal distribution of the variable. The failure

B

probability can be rewritten in terms of § as py = ®(—p). Therefore, for a period of 100 years, the
probability of failure must be below the threshold pg, =~ < ®(—0.95) = 0.17. The value of R is adopted
following the recommendations of the FHWA guidelines [24] whose compliance criteria of the vibration
limit state in terms of the outer diameter of the cable are shown in Table 1. Note that for this particular
case, R does not follow a distribution since it is a unique value. Therefore, the standard deviation 6,z =
0.

Table 1. User tolerance limits in terms of the outer diameter of the cable, D [24].

Design level Value [m]
Preferred 0.5D
Recommended 1.0D
Not to exceed 2.0D
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Figure 3. Flowchart of the motion-based design optimization problem.

In this manner, the design of the viscous damper is optimized in order to guarantee the compliance of
the requirements based on the motions of the structure with a good level of reliability. The general
flowchart of a based-motion design process is shown in Figure 3. First, the objective function, the design
parameters and the constraints are established. Subsequently, the preliminary design can be addressed.
As result, an initial value of the parameters is obtained. Then, a FE model is built and the response of
the system consisting of the structure and the damper is assessed. This evaluation of the dynamic
response leads to a first estimation of the objective function. If the convergence criteria of the motion-
based design have been reached, the final design is achieved. On the contrary, the parameters must be
modified and a new improved design is developed and evaluated. This process is repeated iteratively
until the motion-based design requirements are met. The convergence criteria are usually set in terms
of the maximum number of iterations and the tolerance of the objective function. As result of the
motion-based design procedure, the value of the parameter that minimizes the objective function and
meets the constraints is obtained.

The performance of this method is validated in this study through the design of a viscous damper. A
real cable of a cable-stayed bridge is considered for the analysis.

4. CASE STUDY

The validation of the motion-based design method is carried out in this study via the design of a viscous
damper to mitigate the wind-induced vibrations. As benchmark structure, the Alamillo bridge (Seville)
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is considered. This cable-stayed bridge has a length of 200 m and its main characteristic is the absence
of back-stays. This absence is addressed through the inclination of the pylon of 32° to the vertical. The
connection of the pylon to the deck is made with 13 pairs of stays separated by 12 m.

From the dynamics tests performed in 2004 [25], it was reported that the longest stay cables were
prone to be affected by vibration phenomena due to rain-wind induced forces and turbulent wind
excitation. Hence, the objective of this study is to control the dynamic response of one of these longest
stay cables. In particular, the longest stay cable is analysed under turbulent wind forces and rain-wind
combination. The following steps are conducted. First, a FE model of the cable is built and the numerical
natural frequencies are obtained. The sensitivity of the cable to wind-induced vibrations is analysed
based on the natural frequencies. Subsequently, a transient analysis is performed to obtain the dynamic
response and the fulfilment of the vibration requirements according to the FHWA guidelines [24] is
verified. As this requirement is not met, a viscous damper designed following the motion-based method
is implemented.

4.1. FE model and numerical modal analysis

The software package ANSYS [15] is used to build the FE model of the cable. The mechanical and
geometrical properties of the analysed cable are given in Table 2. The mesh consisted of 100 equal
length elements. The modal analysis was carried out taking into account both the initial stress and
stress-stiffening effects. The numerical natural frequencies given in Table 3 were obtained as result of
the numerical modal analysis.

From the results shown in Table 3, it can be observed that the cable, as reported in previous research,
is prone to suffer vibration phenomena due to both the effect of turbulent wind action (there are
natural frequencies below 1 Hz [26]) and the rain-wind induced vibrations (the first six natural
frequencies are below 3 Hz [24]). In order to avoid the rain-wind induced problems, the advanced
guidelines propose that the damping ratios of the vibration modes whose natural frequencies are below
3 Hz are greater than a reference value. In particular, the FHWA guidelines [24] proposal has been
adopted in this study. This approach is based on guaranteeing that the Scruton number for all the
vibration modes is above 10:

mé;
Se=-p7>10 (16)

where Sc is the Scruton number, p is the density of the air, m is the mass per unit length, &; is the
damping ratio of the vibration mode i and D is the outer diameter of the cable. Hence, the damping
ratios of the vibration modes must meet the following condition:

2
10pD 17

$i >
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The mentioned experimental tests show that the experimental damping ratios of the cable did not fulfil
this condition. Therefore, a viscous damper should be installed to increase the damping ratios.

Table 2. Geometrical and mechanical properties of the cable.

Parameter of the analyzed cable Value
Length 292 m
Effective area 0.00838 m?
Outer diameter 0.20 m
Mass 60 kg/m
Initial axial force 4.13E6 N
Young’s modulus 160E9 Pa
Angle with the deck 26°

Table 3. Numerical natural frequencies of the cable.

filHz]  f;[Hz]  f;[Hz]  fy[Hz]  fs[Hz]  fe [Hz]
0.449 0.898 1.348 1.798 2.249 2.699

A transient analysis is conducted to assess the dynamic behaviour of the cable under turbulent wind
forces and check the serviceability limit state. If it is not met, the viscous damper must be designed to
control the two mentioned problems.

The wind velocity is simulated considering the wave superposition spectral-based method. The duration
of the signals and the time step were stablished in T = 300 s and At = 0.005 s according to Park et al.
[27]. The following parameters were adopted for the simulations: basic wind velocity v;, = 26 m/s and
an environment type Il [19]. The mean and the fluctuating wind velocities were obtained at ten
different heights of the cable resulting from dividing the cable into equal-length segments. Once the
wind velocity was simulated, the forces induced by the wind can be derived (Eqg. (2) and Eq. (3)). The
density of the air, the drag coefficient and the lift coefficient are assumed to be p = 1.23 kg/m3, Cp, =
1.2 and C;, = 0.3, respectively. Figure 4 shows one simulation of the two components of the wind-
induced forces at the third height out of ten in which the cable was divided.
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Figure 4. a) Wind-induced drag force at the third height h; and b) wind-induced lift force at the height h;.

4.2. Numerical probabilistic simulation of uncertainty and assessment of limit state

The uncertainty associated to the axial force of the cable is simulated through a probabilistic approach.
For this purpose, the axial force is considered as a random variable. Following the results of previous
research, the axial force of stay cables variate within a range of +10% [27]. The Latin Hypercube
simulation method is used to obtain the distribution function of the reliability index f under wind-
induced actions. A key aspect of this simulation method is the number of simulations, N, required.
Although empirical relationships between the expected pr and N have been proposed, such as N equals
to one or two orders more than the inverse of p, a convergence analysis was performed.

The convergence analysis was performed in two different configurations, without and with viscous
damper. For the second configuration, the damping coefficient of the viscous damper has been
determined considering the optimum damping coefficient of the Pacheco’s universal curve [5]. To
obtain its value, the following expression can be used:

mLwq
x./L

Copt = 0.10 - (18)

being m the mass per unit length of the cable, L the length of the cable, w; the first natural frequency
of the cable and x, the point where the viscous damper is implemented. According to Caetano [1], this
point is recommended to be x. = 0.03L. The result is ¢, = 164000 sN/m. For both configurations,
the design criterion of called “Recommended” in Table 1 is selected. It can be observed in Figure 5 that
for 100 simulations the value of the parameter f is stabilized. In addition, it can be noticed that the
serviceability limit state for the without configuration is not fulfilled as the value of f is negative and,
hence, it is lower than the expected value at 100 years: 190 = 0.95. For this reason, it is necessary to
install a viscous damper to control the dynamic response of the stay cable. However, it is seen that if
the damper is defined from the Pacheco’s curve, the serviceability limit state is met but it is not the
optimum solution as it is not taken advantage of the properties of the cable (f = 2.76 > 0.95).
Therefore, the damping coefficient of the viscous damper should be minimized.
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Figure 5. Convergence analysis of the reliability index 8 for the configuration without damper.

4.3. Motion-based design of the viscous damper under uncertainty conditions

The viscous damper is implemented at the above mentioned point (at a distance of x, = 0.03L from
the anchor). The design is carried out following the proposed motion-based design method under
uncertainty conditions. A reduction of the search domain was set in order to improve the efficiency of
the algorithm and guarantee that the damping coefficient maintains a physical significance. In the case
this study is concerned, there is only one parameter (0 = [c]). The search domain of ¢ guarantees that
the maximum dynamic response of the cable and the rain-wind induced vibrations are avoided.

The boundary constraint of the parameter is established in the following manner. The lower bound is
set to avoid rain-wind induced vibrations from the limit of the damping ratio of the cable in terms of
the Scruton number (Eq. (17)). The analytical expression of the Pacheco’s universal curve proposed by
Krenk et al. [6] allows deriving the damping coefficient from the damping ratio. In this case, the
minimum value is ¢, = 48500 sN/m. The upper bound is defined as the optimum damping
coefficient of the Pacheco’s curve.

As optimization algorithm, the gradient-based ‘interior-point’ as implemented in the software package
Matlab [22] is considered. Although this algorithm may fall into a local minimum, its selection to solve
the problem is justified from the point that the distribution function is convex and its efficiency to obtain
the convergence. The maximum number of iterations is set to 15. The formulation of the motion-based
design optimization problem is:

find® =c¢  suchthat minimize f = ¢ (29)
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Cinin <c< Cmax (20)

subject to{ Bioo _1<0

As result of the minimization problem, the damping coefficient of the viscous damper is obtained. The
minimization problem had a duration of t = 3.57 - 10° s. Table 4 shows the results of the motion-based
design problem. It can be observed that the damping coefficient has been minimized guaranteeing that
the reliability index is above the expected value at 100 years (199 = 0.95). For comparison purposes,
the reliability indexes obtained from both implementing a viscous damper whose damping coefficient
is calculated from the Pacheco’s universal curve and without viscous damper are shown as well.
Although the value of 8 could be minimized, it can be noticed the improvement achieved by the motion-
based design method with respect to the classical solution. Hence, this method allows meeting the
serviceability limit state formulated in terms of the reliability index and obtaining results that better fit
to the actual requirements of the structure.

Table 4. Comparison between the Pacheco’s optimum solution and the optimized solution (number of
simulations = 100).

Without damper Pacheco’s optimum Motion-based design
Damping coefficient, c - 164000 sN/m 91030 sN/m
Reliability index, 5 —1.855 2.760 1.014
Probability of failure, p, 0.968 0.003 0.155

5. CONCLUSIONS

In this study, a motion-based design under uncertainty conditions has been conducted. In particular, it
has been applied to the design of a viscous damper installed in a cable of a cable-stayed bridge in order
to reduce the rain-wind induced vibrations. The motion-based design is formulated as a constrained
single-objective minimization problem. The objective function to be minimized is the damping
coefficient of the viscous damper and the two following constraints are implemented: first, the upper
and lower bounds of the damping coefficient in order to maintain a physical significance and improve
the efficiency of the algorithm; second, the inequality constraint expressed in terms of the reliability
index to guarantee that the reliability index is greater than the expected value at a 100-year design. The
uncertainty associated with the variation of the axial force of the cable was simulated numerically
following a probabilistic approach. The Latin Hypercube method was used for this purpose.

The performance of this method has been validated for the design of a viscous damper of a real cable-
stayed bridge. The results show that the damping coefficient can be minimized from classical solutions
without loss of safety since the serviceability limit state is fulfilled. In addition, the reliability has been
validated following a probabilistic approach to simulate the variation of the axial force.
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