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1. Introduction

The modern design of complex s
 es must be in line with 
e, while safety must be 
nsion bridges are usu-
ces, requiring to show 

ven if of high intensity. 
e effectively to satisfy 

ing flexible decks to the 
,10–12,14,16]; alterna-
r tuned liquid dampers 
rs [4,21–23,25,31].
e wind is regarded for 

low frequencies characterizing both the input and the structure. 
This paper is based upon a finite element (FE) model of an existent 
suspension bridge with steel deck, considered in [14] as a case 
study for performing numerical simulations under strong buffeting 
wind loading. Wind loading is the main dynamic excitation and is 
applied on the towers, the cables and the deck, accounting also for 
motion induced wind forces on the main girder [13]. The wind 
intensity is tuned at a ‘‘storm’’ level and the multipurpose ANSYS FE 
code is used as work frame [1].

Following up the research in [17], passive, semi-active and 
hybrid control strategies are implemented on the suspension 
bridge FE model for mitigating the wind dynamic effects. A TMD 
system is studied by means of a simplified two degrees of freedom 
model for evaluating the optimal configuration and is subse-
pan for 

acting on the first lateral mode shape. This first step has been 
developed accounting for the existent literature on TMD systems
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design [6,20,21,25,27,31]. Afterwards, hysteretic dampers are 
implemented on the suspension bridge between the piers and 
the deck with passive and semi-active characteristics. These con-
trol approaches have completion with the adoption at the same 
time of TMDs and hysteretic dampers, assembled into a hybrid 
control scheme with the prospect of ensuring the positive out-
comes from both the typologies.

With respect to the original investigation by Domaneschi et al. 
in [17], the current paper broadens its scope including additional 
research on the issue of great importance of robustness of control 
strategies, assessing the proposed control solutions with respect to 
changes of some of the underlying parameters.

Robustness is herein investigated by evaluating the dynamic 
response of the suspension bridge model in the case of an out-of-
order state of some control devices. Furthermore, the overall 
performance of the control system is herein first summarized in a 
robustness index.

2. Structural geometry and numerical model

The suspension bridge model is freely inspired by the 
Shimotsui–Seto Bridge, in Japan, spanning from the side of Mt. 
Washu to the Hitsuishijima Island. Fig. 1a shows the main dimen-
sions of the bridge with some details of bridge elements, and
Fig. 1. Bridge geometry (a), flexible bumper between the deck and the towers (b), transve
Courtesy of Mr. M. Nishitani HBSE-JP.
connections. Particularly, Fig. 1b shows the bumpers active 
between the deck and the towers to limit the lateral deck displace-
ment, while Fig. 1c the way the deck is suspended to the towers 
through a suspension bar at each side of the deck. This bar (vertical 
black line in Fig. 1c) acts as pendulum in the deck longitudinal 
direction, allowing for thermal movements, and restrains the deck 
in the lateral direction though bending. Fig. 2 depicts a general 
overview of the towers cross-section (Fig. 2a) and the deck end-
links at the shores (Fig. 2b).

A view of the FE model adopted for the non linear transient 
analyses presented in this paper is shown in Fig. 3. This has been 
developed in the ANSYS FE code. The main simplification herein 
considered in order to reduce the computational effort of the buf-
feting analyses pertains to the modeling of the deck, where the real 
3D truss structure is replaced by the equivalent ‘‘fish-bone’’ model 
in Fig. 3. A stiffness based procedure allows to model the original 
main girder with beam elements of equivalent mechanical proper-
ties as the 3D truss.

Timoshenko beam elements, to account for shear deformation, 
are chosen for modeling the girder and the towers legs (Beam 
188 and Beam 44 in the ANSYS element library respectively). The 
towers are 146 m in height.

Beam elements modeling the main girder are located at the 
main girder centroidal position and have the following properties:
rsal section of the deck-tower connection (c), suspender-main-cable connection (d).
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Fig. 2. (a) Cross section of the towers, Section A-A is for the towers’ legs (bounding rectangle 7 m � 4.4 m), section B-B (bounding rectangle 9 m � 3.2 m) if for the coupling
beam at height 23 m and section C-C (bounding rectangle 6.5 m � 3.2 m) for the coupling beam at height 84 m. (b) General overview of the deck bridge end-links (Courtesy of
Mr. M. Nishitani HBSE-JP).

Fig. 3. General view of the ‘‘fish-bone’’ numerical model of the bridge developed for 
the transient analyses under wind loading.

Fig. 4. Damping ratio of the first modes.
A = 0.679 m2, Avx = 0.195 m2, Avy = 0.140 m2, Jx = 16.707 m4, 
Jy = 137.141 m4, W = 348 kN/m3 (resulting in a mass per unit length 
of the deck equal to 24.08 t/m). The hangers are connected to the 
main girder elements by rigid elements 18.5 m long, at a spacing 
of 13 m in the longitudinal directions of the bridge. Hangers and 
main cables are simulated by tension-only element (element type 
Link10) [1]. Although the suspenders are two at each suspension 
point (see Fig. 1d) in the model they are introduced through a sin-
gle element of diameter 0.17 m. The steel material in the numerical 
model is different for the cables, the girder and the hangers. For the 
first two the following values are used: E = 210,000,000 kN/m2, 
m = 0.3, c = 78 kN m�3 g�1. For the hangers, the values 
E = 165,000,000 kN/m2, m = 0.3, c = 70  kN m�3 g�1 are adopted, 
instead. The towers’ concrete is characterized by m = 0.2 and 
E = 50,000,000 kN/m2.

The model is fully restrained to the ground at the towers’ foun-
dations and at the ends of the main cables. At the bents, dynamic 
translations and twist rotation are restrained while the remaining 
flexural rotations of the main girder are free. The effect of the bum-
pers in Fig. 1b, employed in the real structure between the deck and 
the supports for acting on relative displacements, has been 
neglected in the structural model while the vertical beam of Fig. 1c 
has been implemented at the deck-tower connection with its 
original design characteristics. This is the original configuration
of the bridge as stated from the design tables and in the following 
it will be referred to as ‘‘Uncontrolled’’.

A proportional damping matrix is developed for the bridge, aim-
ing at a 1% damping for the first modes involving considerable dis-
placements of the main girder. The damping ratios for several 
modes are shown in Fig. 4, and are cautionary for a truss steel 
bridge, as reported in literature [3,18].

The FE model has been validated with the application of the 
MAC (Modal Assurance Criterion) method [2] against modal data 
collected on the real structure. The simplified ‘‘fish-bone’’ model 
shows a fairly good agreement in terms of modal properties (type 
of modal shape and period of the mode for the first four modes) 
with data obtained from ambient vibrations testing of the real 
structure (courtesy of Mr. M. Nishitani, Honshu–Shikoku Bridge 
Expressway Company Ltd, JP). The first lateral symmetric and first 
lateral antisymmetric mode shapes are characterized by frequen-
cies of about 0.1 Hz and 0.26 Hz respectively. The other modal 
shapes identified on the real structure are the vertical antisymmet-
ric and the vertical symmetric one, having frequencies of about 
0.16 and 0.20 Hz [13]. The numerical model has been used to per-
form numerical analyses in time domain of the bridge under buf-
feting wind loading. For the sake of brevity the interested reader is 
pointed to literature references for details on the geometry and the 
ANSYS numerical model [13,14]).
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Fig. 5. Sample of realization of the three-component of turbulent wind velocity 
obtained with the procedure in [7].
3. Wind loading

3.1. Wind field generation

The turbulent component of the wind field is generally function 
of the orography and the environment. In this work, a three dimen-
sional wind field is used as the base to derive the wind forces on the 
bridge. The formulation by [24] has been adopted to describe the 
stochastic turbulent wind field, while realizations are obtained on 
the base of the wind velocity generation procedure in [7].

The wind field is simulated as a spatially correlated process act-
ing in the horizontal direction, transversal to the deck. According to 
[24] the Power Spectral Density matrix SV(f) of the wind turbu-
lence assumes in this case the shape depicted below, where the n-
dimension depends on the number of points in space where wind 
field has to be evaluated:

SV ð f Þ ¼

S11ð f Þ S12ð f Þ � � � S1nð f Þ
S21ð f Þ � � � � � � S2nð f Þ

..

.
� � � ..

. ..
.

S1nð f Þ � � � � � � Snnð f Þ

2
66664

3
77775 ð1Þ

The term Sii on the diagonal represents the power spectral density 
of the along-wind component of the turbulent velocity, and 
depends on the average wind velocity vm, the turbulence intensity 
Iu(z) in the along wind direction u, on the integral length scale 
Lu(z), on the height z form the soil (or, in this case the sea surface) 
of point i [13].

The cross-term Sij represents the cross power spectral density of 
the same velocity component in the i and j spatial points and 
comes to depend, besides on Iu(z) and Lu(z), on the distance 
between points i and j (see [24]).

The integral length scale Lu(z) is a measure of the characteristic 
dimension of the eddies making up the turbulence, and has the 
meaning also of the maximum distance of two points after which 
the turbulence can be assumed as decorrelated.

According to the procedure in [7] the cross power spectral den-
sity matrix SV(f) of the wind turbulent velocity components is 
decomposed in its eigenvectors base and a limited number m < n of 
modal components is retained at each frequency value fk of interest. 
The eigenvector matrix W(f) benefits of the following properties: 
WN(f) W(f) = I and WN(f) SV(f) W(f) = K(f), where the matrix K(f), of 
elements Kj(f), is the diagonal matrix listing the eigenvalues of SV(f) 
at the frequency f.

The contribution of the j-th eigenvector Wj to the turbulent 
velocity is evaluated as:

YjðtÞ ¼ 2
XN

k¼1

wjðf kÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Kjðf kÞDf k

q
½RðjÞk cosð2pf ktÞ � IðjÞk sinð2pf ktÞ� ð2Þ

where RðjÞk and IðjÞk are random variables which have zero mean and
variance 1/2 [7]. The real vectors Yj(t) result n-variate, fully coherent 
and normal. Then, the complete wind field is approximated at the n 
points in space through summation of the previous vectors:

VðtÞ ¼
Xm

j¼1

YjðtÞ ð3Þ

A typical time history of wind turbulence obtained in this way is 
depicted in Fig. 5 where different spectra for the different turbu-
lence components have been used.

3.2. Design mean wind velocity

The value of the average wind velocity for the simulations is 
taken equal to the design value of wind velocity computed accord-
ing to the approach in Eurocode 1 [28].
crðzÞ ¼ kr lnðz=z0Þ ð4Þ

To sea or coastal areas (Terrain category 0 in Eurocode 1 [28]) a
roughness length z0 = 0.003 m and a terrain factor kr = 0.156 are
associated. Consequently, at the height z = 40 m of the main girder
from sea level the roughness factor becomes cr(z) = 1.482. With a
unity estimated orography factor c0(z), the mean wind velocity is
finally,

vm ¼ crc0vb ¼ 1:482 � 1 � 31 ¼ 45:8 m=s ð5Þ

With the above-assumed coefficients, a 10.5% turbulence intensity Iu 

and a Lu ffi 150 m can be calculated.
Similar values were obtained with the approaches in CNR 

DT207 and WRDSHSB [29,30], see [17] for details.
In light of the small differences stemming from the different 

procedures, the average wind velocity herein assumed for the 
numerical simulations on the Shimotsui–Seto Bridge model is 46 
m/s. Such value of mean wind velocity is also justified by 
recordings in the area, characterized by typhoons attack. In the area 
events with 10 min average wind velocity of more than 45 m/s, and 
65 m/s gust velocity, have been registered [19]. Furthermore, the 
value selected is very close to the one adopted in the bridge design.

It is worth underlining that the wind field adopted in this work 
represents a new meteorological event with respect previous stud-
ies [13,14] from the authors and that the parameters characteriz-
ing turbulence are obtained from the selected mean velocity value.

One of the main parameters necessary to determine the design 
wind velocity is the basic value of wind velocity vb. This takes into
account the wind climate for different regions in Europe and corre-
sponds to the characteristic value of 10 min mean wind velocity at 
10 m above ground that has an annual probability of exceedance of 
0.02 (return period of 50 years). Assuming the orography to be that 
of a isles and coastal region, a rather high value for the fundamen-
tal value of basic wind velocity is vb,0 = 31 m/s.

The basic value of the velocity has to be transformed into the 
value at the height of interest on the structure, taking into account 
the orography. In case of structures located on elevations, like hills, 
an orography factor co(z) > 1 takes into account the possible 
increase in wind velocity.

Velocity at a relevant height, as well as the gustiness of the 
wind, depends on the terrain roughness. The roughness factor 
cr(z) describes the variation of the speed with height z following 
a logarithmic low:



3.3. Wind forces on the bridge

Once the wind field has been completely characterized, the 
forces due to wind on the structural model can be determined.

In the quasi-static approach drag, lift and aerodynamic torque 
forces (D0, L0, M0, respectively, see Fig. 6) are generally represented 
as functions of the relative wind-bridge velocity U and angle of 
attack a:

D0 ¼ 1
2 qU2BCDðaÞ

L0 ¼ 1
2 qU2BCLðaÞ

M0 ¼ 1
2 qU2B2CMðaÞ

8>><
>>: ð6Þ

In the quasi-static theory, pressure coefficients C (see Eq. (6)) are 
obtained from static experimental test for different angles of attack. 
Use of this theory is possible only when aero-elastic effects are 
negligible. According to the definition of reduced velocity (ratio 
between wind particle velocity and product between typical deck 
size, usually the width B, and bridge natural frequency), values 
greater than 8–10 could allow not to take into account aero-elastic 
effects. This has been confirmed for this same bridge in [13] where 
by considering a more refined representation of the wind forces a 
slight reduction of the bridge response was, nevertheless, obtained. 
Accordingly, in this work, the drag forces are modeled as a non lin-
ear function of the angle of attack while lift and aerodynamic 
moment are represented by a linear formulation, based on indicial 
functions, taking into account motion induced wind forces. The use 
of indicial functions allows expressing, for example, the lift force in a 
linearized form.

Under the hypothesis of small value changes for the angle of 
attack (�5�, +5�), one can consider the McLaurin series expansion 
of the lift force:

LðaÞ ¼ 1
2
qU2BðCLð0Þ þ C0LaÞ ð7Þ

Denoting with a0 the variation of the angle of attack at time
t = 0, its unexpected alteration will fully induce its effects only after
some time. The indicial function u(s) describes this evolution in
non dimensional time s = 2Ut/B:

LðsÞ ¼ 1
2
qU2BC0La0uðsÞ ð8Þ

Normally, the function u(s) is different for lift force and aerody-
namic moment, and is approximated by one or more exponential
groups of the type uiðsÞ ¼  a1;i � a2;ieð�b1;i sÞ � a3;ieð�b2;i sÞ which each 
depend on five constants. The coefficients a1,i, a2,i, a3,i, b1,i, b2,i are 
estimated by minimizing the differences in case of a harmonic 
variation of the angle of attack a, and of the horizontal and vertical 
position of the deck, between the aerodynamic forces computed in 
time domain using Eq. (8) and the same forces computed in fre-
quency domain using the so called ‘‘flutter derivatives’’. These are 
extracted from measurements (normally in a wind tunnel) on a sec-
tional model of the bridge cross-section. Full details on the values 
assigned to coefficients can be found in [13].

Lift force and the aerodynamic moment from the model pre-
viously described are applied to the deck members, while the force
Vm

B

U

D0
L0

α M0

Fig. 6. Quasi-static wind forces on a bridge deck.
of drag is applied to the whole structure according to the quasi-sta-
tic theory.

The wind forces are applied to the elements’ nodes. In particu-
lar, the hangers drag force is split in two parts, separately applied to 
the node common with the main cables and to the one at the deck. 
The drag component of different elements was calculated according 
to force coefficient coming from experimental tests (see also 
[13,14] for details).
4. TMD implementation on the suspension bridge model

4.1. Simplified model: general overview

A TMD is a passive vibration suppression device comprising a 
mass m, a spring of stiffness k and, frequently, a viscous or hys-
teretic dampers of damping constant c (Fig. 7a). This type of 
devices has been widely used in machinery, buildings, and struc-
tures [23,25].

The theoretical investigations on the design of TMDs by Den 
Hartog [6] are probably the most referenced in the literature. 
Vibrations of a single degree of freedom (SDOF) system may be 
reduced by introducing an oscillating mass connected to a 
spring-dashpot device, properly tuned on the dynamical parame-
ters of the main mass (Fig. 7a). For harmonic load acting on the 
main mass, without any damping, Den Hartog introduced an ana-
lytical expression to get the response of a SDOF system equipped 
with a TMD in terms of amplitude x1 of the main mass vs. pulsating 
frequency x of the external loading excitation. According to Den 
Hartog the optimal value of the additional mass, which induces 
the maximum reduction of displacement amplitude, is obtained 
making the added mass slightly detuned to the main mass.

Ioi and Ikeda [20,22] developed correction factors for the dash-
pot parameters, as functions of the main mass damping (assuming 
a light damping of the main mass). In particular, two optimization 
procedures were proposed: the first one is focused on the reduc-
tion of the main mass peak responses, the second one on mit-
igation of the main mass acceleration. Warburton [27], differently 
from the others, which focused their approaches on har-monic 
excitations, investigated the random input loading and sug-gested 
the TMD’s optimum tuning parameters to minimize the response of 
the main mass.

The presence of viscous damping between main mass and TMD 
allows a more robust performance when the disturbing frequency 
is not equal to the resonant one. If the main mass also presents 
damping, the Den Hartog analytical optimal solutions are not 
applicable and numerical procedures must be introduced. In this 
case, more general numerical solutions (frequency domain analy-
sis) for optimal design have been proposed by different authors, as 
anticipated (e.g. [20–22,25,27]), in terms of tuning parameter f 
(ratio between TMD frequency xa and main mass frequency Xn) 
and damping ratio n characterizing the TMD dashpot. These coeffi-
cients have been computed for the value of modal mass and period 
(31,000 t and 11 s) of the first lateral symmetric mode of the bridge, 
and are plotted versus the parameter l (mass ratio between TMD 
mass and main mass) in Fig. 7b and c. In a typical range of mass 
ratios, normally limited to four percent for practical design 
purposes, there are no great differences between proposals by dif-
ferent authors, so in the following the values obtained according to 
the Den Hartog proposal will be used.
4.2. TMD optimal parameters: simplified approach

The same 2DOF simplified system (SDOF with TMD absorber) 
has been used to investigate the TMD detuning for a TMD posi-
tioned at the deck mid-span, acting in transversal direction in



Fig. 7. Solutions for optimal design of TMD device parameters for SDOF system.
the horizontal plane, tuned for controlling the first lateral symmet-
ric mode under wind buffeting loading.

In order to find the optimal TMD parameters some harmonic 
analyses have been performed on the simplified model of the sys-
tem. The 2DOF model has been implemented in ANSYS 14 by 
MASS21 and COMBIN14 elements [1]. The first one represents the 
TMD mass and the bridge modal main mass. COMBIN14 allows 
specifying the elastic stiffness and damping parameter. Modal 
damping of bridge C (Fig. 7a) has been assumed equal to 1% consis-
tently with the damping ratio used in setting up the full bridge 
damping matrix [18].

Fig. 8 presents the ratio between the maximum displacement 
amplitude Ut of the controlled main mass and the maximum dis-
placement amplitude U0 of the mass of the TMD. Applying the 
Den Hartog tuning equations, the optimal ratio f between the fre-
quencies of the TMD device and of the main mass, and the optimal 
damping ratio n are, respectively:

f ¼ 1
ð1þ lÞ ð9Þ
n ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3l
8ð1þ lÞ

s
ð10Þ

Fig. 8a shows the behavior of the system, for fixed damping ratios n, 
at the increase of the TMD mass. It underlines that an effective 
reduction is obtained for damping included in a limited range (lower 
values). Fig. 8b which presents the ratio Ut/U0 at the increase
of the damping for different masses of the TMD underlines that the 
optimum damping n can be fixed for the TMD mass.

The response at increasing the TMD mass for various values of 
the tuning parameter f is shown in Fig. 9. Exploring a wide range of 
values, only coefficients close to unit provide acceptable reduction.

The values of TMD masses reported in Figs. 8 and 9 are limited 
to less than 10% of mass ratio. This limitation results from a theo-
retical estimation and also experimental results [21]. When look-
ing at Fig. 9 one can see that the graph for the theoretically 
achievable reduction has a logarithmic character, meaning the 
curve flattens with a higher mass ratio so that it becomes less and 
less effective to increase the mass ratio. Furthermore, in [21] is also 
shown from experimental results that a higher reduction cannot be 
achieved by increasing the mass ratio to a value greater than 10%. 
In light of the relevant masses associated to the first modes of a 
suspension bridge, for a real bridge application a TMD mass close to 
1–2% of the structural one is usually considered [4]. In light of this, 
in the following transient analyses on the suspension bridge 
model a mass of the TMD in the range of 1–2% will be considered.

5. Modeling hysteretic dampers

The Bouc–Wen endochronic hysteretic model has often been
selected in literature for simulation of dissipative passive and semi-
active devices (e.g. metallic dampers, rubber bearings, piezo-
electric dampers, magneto-rheological dampers, electro-inductive 
devices) due to the flexibility of its formulation [8,9,15].



Fig. 8. System behavior for fixed damping ratios n (a) and fixed TMD mass (b).

Fig. 9. system response at increasing TMD masses.
According to the original formulation of the model, the equa-
tions governing the restoring force produced in each passive device
are:

_z ¼ A _x� b _xjzjn � cj _xjzjzjn�1 ð11Þ

Uðx; tÞ ¼ ð1� aÞkzþ akxþ c _x ð12Þ

where x is the relative displacement, z is the auxiliary variable con-
trolling the hysteretic behavior, U(x, t) is the device axial force, A a b 
n and k are parameters controlling the shape of the cycles and a dot 
denotes derivation with respect to the time.

The semi-active element is here implemented by using the dis-
crete on/off Skyhook control law. Such algorithm belongs to the 
class usually employed for controlling semi-active dissipative 
devices.

Under this condition, the semi-active elements produce control 
reactions by switching between two force levels. The choice 
between high or low response level is based on the following con-
trol law [8,9]:

_xabs � _xrel P 0! high ð13Þ

_xabs � _xrel < 0! low ð14Þ
Thus, the control forces are defined by two processes: the Bouc–
Wen model and the on/off Skyhook control law. The simulated 
device is semi-active since it is able to change its hysteretic 
response by increasing or decreasing the elastic limit force. This is 
obtained acting on the parameters b and c.

The semi-active on/off SkyHook law can be embedded in the 
Bouc–Wen formulation through the model proposed in [9]. In the 
following the semi-active element is formulated with reference 
to the Shimotsui–Seto Bridge, where xtower and xdeck are respec-
tively the absolute displacements of the points at tower and at 
the deck where the simulated device is connected:

_z ¼ Að _xtower � _xdeckÞ �  bSHð _xtower � _xdeckÞjzjn � cSHjð _xtower � _xeckÞjzjzjn�1

ð15Þ

ð16Þ

ð17Þ

cSH ¼ clow � DcH½x_ tower ð _xtower � _xdeckÞ�

bSH ¼ blow � DbH½x_ tower ð _xtower � _xdeckÞ�

H[�] in Eqs. (16) and (17) is the Heaviside step function.
Two values can be assumed by cSH and bSH, depending whether 

the high or the low state for damping is required. The increments 
are defined as Dc = clow � chigh and Db = blow � bhigh.

5.1. Optimal passive dampers

The design of passive control dampers for the buffeting low fre-
quency vibrations control of the bridge model is performed 
through the application of a methodology inspired to the 
Sequential Placement Algorithm. It arises as a prerequisite, the iden-
tification of the minimum number of dampers, having as much as 
possible the same size, so as to achieve the desired structural per-
formance. The identification of the optimal system requires the 
definition of objective functions and the positioning of control ele-
ments. The complete procedure can be found in [14].

The natural and simplest choice for the devices placement is to 
set them at points where the deck is next to the towers, which are 
characterized by higher stiffness in comparison to the main girder 
of the bridge. Those positions are also next to the maximum deck 
displacements sites.

An interesting parameter on which to act is also the inclination 
of the dampers with respect to the bridge longitudinal axis. Two 
classes of dampers are defined, transversal deck dampers, denoted 
by ST, and longitudinal deck dampers, indicated with SL as shown 
in Fig. 10. For the last type, two stiffening beams are introduced 
with the task of creating a support for the insertion of longitudinal 
dampers at the towers.
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Fig. 10. Devices positioning between deck and towers.

Table 1
optimal parameters for SL and ST devices.

A n a b (m�1) c (m�1) k (kN m�1) Uy (kN)

1 1 0.02 330 330 40,000 60
1 1 0.02 250 250 150,000 300
In [14] it has been shown that the ST devices give the main con-
tribution to the reduction of the predominant transversal deck 
oscillations while the SL ones play a secondary role by creating a 
dissipative torque which reduces part of the transverse displace-
ments due to the rotation of the deck around the vertical axis at 
the towers.

The parameters of the original passive Bouc–Wen model (Eqs.
(11) and (12)) representing the control devices are obtained from
an optimization procedure carried out considering the design
mean wind velocity vm = 46 m/s. The objective functions are defined 
as the standard deviation of the internal actions at the base of the 
towers (shear Tx and bending moment Mz) and the trans-verse mid-
deck displacement Ux. Table 1 lists the parameters for the Bouc–
Wen model corresponding to the optimal control devices (Uy 

represents the elastic limit force). The complete procedure for the 
optimal passive control design on the Shimotsui–Seto Bridge model 
can be found in [14].

In [13] has been show that the optimization procedure per-
formed with a refined wind loading implementation, accounting 
also for motion induced wind forces, is equivalent in terms of opti-
mal parameters of the control dampers to that obtained with the 
simplified approach in [14].
5.2. Semi-active decentralized dampers

A semi-active system with hysteretic dampers is studied for the 
Shimotsui–Seto Bridge with collocated settings adopting the on/off 
Skyhook control law and the Bouc–Wen model (Eqs. (15)-(17)) [9]. 
A decentralized scheme, with a low order implementation is 
adopted, following the theoretical considerations in [8].

Semi-active control devices replace the ST passive ones in the 
same positions resulting from the optimization presented in the 
previous section. In this way we tried to ensure, when required, 
an appropriate enhancement in the damping capacity by increas-
ing the area subtended by the hysteretic cycles.

The ST semi-active devices are characterized at the higher 
working state by the parameters of the optimal passive case 
(Table 1). Halved elastic limit, with respect to the optimal one, at 
the lower working state of the device is considered.

In the collocated setting dampers connect the deck to the piers, 
which are characterized by high stiffness and therefore subjected

to fields of velocity X_ tower far below those characterizing the deck
X_ deck; sensors collect the monitoring data along the same degree 
of freedom the control forces are applied (Fig. 11).

Additional details on the dampers implementation on the 
Shimotsui–Seto Bridge can be found in [13,14].
6. Performance evaluation: passive, semi-active and hybrid 
control strategies

Following the harmonic analyses on the simplified 2DOF model, 
the efficacy of TMD on the Shimotsui–Seto Bridge model is studied 
in this section. The bridge is subjected to extreme wind loading 
characterized by the average wind velocity assumed in Section 3 
(46 m/s).

A preliminary assessment on the modal properties of an 
increase in the bridge total mass due implementing a TMD is 
reported in Fig. 12 which depicts the lateral frequency and effec-
tive mass variation of the Shimotsui–Seto Bridge model adopting 
different values for the TMD mass. It can be noticed that an increase 
of the TMD mass involves a decrease in modal frequency. In the 
range from 250 t to 750 t, the reduction is about 10%. Furthermore, 
the participating effective mass to the first lateral mode is 
apparently reduced of about 50% just including a 250 t TMD.

This reduction of modal mass can be simply ascribed to the 
addition of one degree of freedom to the lateral dynamics of the 
system.

In order to correctly understand the meaning of the participat-
ing mass variation, Table 2 lists the numerical difference in fre-
quency [Hz] with and without the TMD. Preliminarily, it can be 
observed that higher modes are not influenced by the presence of 
the TMD. When a single device is added, the second frequency 
results similar to first one. The mode shape is still similar (lateral, 
symmetric), while the first vertical mode (which was the second for 
the w/o TMD configuration) becomes the third in the list. So, the 
first and second modes result similar in frequency and modal mass 
also.

In other words, the analysis of changes in modal masses and 
modal frequencies due to the introduction of TMDs of different 
masses has pointed out that higher modes are not influenced by the 
presence of a TMD. When a TMD is added a new mode appears 
having frequency very close to the first frequency of the bridge 
without the TMD. The second frequency results similar to the first 
frequency in the model without the TMD as well. The mode shapes 
of these two modes remains similar (lateral, symmetric) to that of 
the first mode in the structure without the TMD while the vertical 
anti-symmetric mode (which was the second, in the model with-
out TMD) becomes the third in the list. Examination of the modal 
mass shows that also the cumulated modal mass for the first and 
second mode remain similar to the mass of the first mode in the 
structure without the TMD.

The total mass from first and second ‘‘damped’’ lateral modes 
result very close to the value of the first lateral symmetric 
undamped mode (�31,000 t).

The implementation of the TMD into the ANSYS FE bridge 
model (see Fig. 13) consists of two spring-dashpot COMBIN14 ele-
ments. These are externally linked with the deck edges and inter-
nally to the TMD mass, modeled with a MASS21 element, to allow 
transversal oscillations of the TMD in the local reference system.



Fig. 11. Skyhook collocated setting.

Fig. 12. Bridge natural frequency and effective mass variation vs. TMD mass (b).

Table 2
Frequency natural modes without (w/o) TMD and with different TMD masses.

Mode w/o TMD (Hz) TMD 250 t (Hz) TMD 500 t (Hz) TMD 750 t (Hz)

1 0.0898 0.0842 0.0818 0.0798
2 0.1716 0.0952 0.0973 0.0985
3 0.2077 0.1722 0.1728 0.1716
4 0.2347 0.2081 0.2085 0.2077
5 0.2483 0.2324 0.2302 0.2347
6 0.2555 0.2502 0.2520 0.2484
7 0.2708 0.2726 0.2743 0.2555
8 0.2766 0.2779 0.2792 0.2710
9 0.3243 0.3237 0.3231 0.2767

10 0.3583 0.3589 0.3594 0.3243

Equivalent 
beamRigid link

Fig. 13. TMD at the bridge mid-span on the FE model. This model implements an
equivalent beam for the main girder.
The optimal coefficients inferred by the Den Hartog approach are 
equally distributed between both COMBIN14 elements.

Considering practicability and encumbrance issues, the TMD 
mass ranges from 250 t to 750 t. Supposing a concrete mass, 
characterized by self-weight of 24 kN/m3, on roller bearing sup-
ports like those usually implemented on special structures [25],
2 m in thickness and 10 m in width, a maximum longitudinal 
length for 750 t TMD of about 15 m is required. This total length 
can be also split in a number of TMD elements, opportunely placed 
at the mid-span of the suspension bridge.

Different configurations of TMDs have been tested on the FE 
bridge model, accounting for the preliminary design suggestions 
coming from the 2DOF system under harmonic excitation (prelimi-
nary design). The results are shown in terms of maximum ampli-
tude of mid-span displacements and standard deviation of the 
same parameter (Fig. 14a and b respectively). They suggest that 
implementing the specific optimal damping value for the selected 
TMD mass, gives the maximum response reduction in a time his-
tory analysis, even with external loading conditions different from 
a simple sinusoidal excitation.

Fig. 15 depicts the mid-span lateral displacements of the deck 
with different configuration of TMDs in terms of mass and 
corresponding damping ratio.

The bridge dynamics can be controlled not only by a TMD. 
Passive and semi-active SL and ST dampers may be used alterna-
tively (Section 5). Moreover, hybrid control system, coupling 
TMD and passive (or semi-active) dampers, are advisable to assure 
a high level of performance in terms of force and displacement 
mitigation.

In this light, results in terms of maximum values and standard 
deviation of mid-span displacement, shear force along the wind 
loading direction and related bending moment at leeward tower 
column base are detailed in Tables 3 and 4, giving an overview 
or the effect of control on the response of the main elements of 
the bridge.



Fig. 14. Maximum amplitude (a) and standard deviation (b) of mid-span displacements as function of TMD mass and damping ratio.

Fig. 15. Mid-span lateral displacements of the deck with different TMDs.

Table 3
TMD or dampers: maximum values and standard deviation of response results in terms of mid-span displacement, shear force along the wind loading direction and related
bending moment at leeward tower column base.

Mid-span displ. (m) NO TMD TMD OPT Damper passive Damper SA low Damper SA upp

Max
250 t 1.71 1.58(�7.6) 1.38(�18.8) 1.53(�10.1) 1.28(�24.6)
500 t 1.71 1.38 (�18.8)
750 t 1.71 1.31(�23.1)

Standard deviation
250 t 0.39 0.30(�22.9) 0.26(�33.8) 0.30(�24.3) 0.24(�39.7)
500 t 0.39 0.27(�31.8)
750 t 0.39 0.25(�36.9)

Vx node 20,002 (kN) NO TMD TMD OPT Damper passive Damper SA low Damper SA upp

Max
250 t 10,000 9083(�9.2) 9306(�6.9) 9438(�5.6) 9293(�7.1)
500 t 10,000 8991(�10.1)
750 t 10,000 8783(�12.2)

Standard deviation
250 t 1467.8 1243(�15.3) 1211(�17.5) 1279(�12.8) 1183(�19.4)
500 t 1467.8 1167(�20.5)
750 t 1467.8 1131(�22.9)

Mz node 20,002 (kN m) NO TMD TMD OPT Damper passive Damper SA low Damper SA upp

Max
250 t 105,640 94,380(�10.7) 96,820(�8.4) 97,720(�7.5) 95,870(�9.3)
500 t 105,640 94,150(�10.9)
750 t 105,640 91,870(�13.0)

Standard deviation
250 t 17,823 15,128(�15.1) 14,682(�17.6) 15,490(�13.1) 14,320(�19.7)
500 t 17,823 14,229(�20.2)
750 t 17,823 13,804(�22.6)



Mid-span displ. (m) Hyb. TMD + Passive Hyb. TMD + SA low Hyb. TMD + SA UPP

Max
250 t 1.23(�28.2) 1.29(�24.4) 1.20(�29.3)
500 t 1.21(�29.1) 1.23(�27.8) 1.20(�29.0)
750 t 1.20(�29.6) 1.21(�29.4) 1.21(�29.1)

Standard deviation
250 t 0.21(�45.4) 0.23(�39.8) 0.20(�48.6)
500 t 0.20(�49.3) 0.21(�45.3) 0.19(�51.7)
750 t 0.19(�51.6) 0.20(�48.4) 0.18(�53.3)

Vx node 20,002 (kN) Hyb. TMD + passive Hyb. TMD + SA low Hyb. TMD + SA UPP

Max
250 t 9169(�8.3) 9034(�9.7) 9139(�8.6)
500 t 9089(�9.1) 8961(�10.4) 9126(�8.7)
750 t 9031(�9.7) 8920(�10.8) 9069(�9.3)

Standard deviation
250 t 1099(�25.1) 1129(�23.0) 1088(�25.9)
500 t 1066(�27.4) 1077(�26.6) 1060(�27.8)
750 t 1049(�29.5) 1053(�28.2) 1049(�28.6)

Mz node 20,002 (kN m) Hyb. TMD + passive hyb. TMD + SA low Hyb. TMD + SA UPP

Max
250 t 95,760(�9.4) 93,800(�11.2) 95,270(�9.8)
500 t 95,100(�10.0) 93,480(�11.5) 95,350(�9.7)
750 t 94,780(�10.3) 93,270(�11.7) 94,770(�10.3)

Standard deviation
250 t 13,341(�25.2) 13,700(�23.1) 13,179(�26.1)
500 t 12,939(�27.4) 13,076(�26.6) 12,848(�27.9)
750 t 12,746(�28.5) 12,788(�28.3) 12,719(�28.6)

Table 4
Hybrid: maximum values and standard deviation of response in terms of mid-span displacement, shear force along the wind 
loading direction and related bending moment at leeward tower column base.
It is worth underlining that the structural responses (displace-
ment and internal forces) have been collected subsequently to 
the wind loading application, after the initial dynamic transition, 
when the stationary motion of the bridge is established. 
Furthermore, at such stationary conditions, the responses are 
strongly asymmetric due to the asymmetric input loading repre-
sented by the wind action, transversal to the deck longitudinal 
axis. In this light, the maximum value of a variable represents 
the maximum intensity (maximum absolute value of the response) 
and it is calculated, as is the standard deviation, in stationary 
dynamic conditions.

Namely, Table 3 is devoted to TMD systems or dampers imple-
mentation, Table 4 to hybrid control systems (percentage reduc-
tions in brackets). Mean values are not reported remaining quite 
equivalent among the different configurations. From Table 3 a 
similar performance among the exclusive different imple-
mentation arises; only the TMD control system with the highest 
mass seems slightly more efficient than the others.

As detailed in Table 4, hybrid systems allow an interesting per-
formance in terms of response reduction, sometimes revealing 
themselves as the best performers with respect to the simple TMD 
configurations or simple dampers implementations. Reductions of 
about 30% and 50% of the standard deviation of mid-span 
displacements have been obtained. Benefits arise also in terms of 
shear forces and bending moments reductions.

Semi-active dampers perform similarly to the passive scheme at 
the design wind velocity. However, their efficiency comes up at dif-
ferent excitation levels, where they have been proved to be very 
effective, adapting themselves on line with the loading variation 
[8,9,14].

Vertical deck displacements at the position of the TMD mass and 
the relative TMD maximum lateral displacement are also 
monitored during the transient analyses. An increase of 9% with 
respect to the vertical deflection at mid-span due to the dead-load
is reached with the 750 t TMD. Relative mid-span transversal dis-
placements between optimal-designed TMD mass and the bridge 
deck give a maximum value of 3.9 m for the 250 t TMD mass. 
Displacements of 2.50 m and 1.80 m are obtained for the 500 t 
and 750 t TMD mass, respectively.

In order to achieve a more profound comprehension of the 
bridge behavior with control devices under wind loading, the 
power spectral density of the lateral mid-span bending moment 
has been calculated.

As shown in Fig. 16a, the application of the TMD (to which it 
corresponds a mass increase of the bridge) does not reduce the fre-
quency content but strongly reduces the amplitudes near the fre-
quency corresponding to the main lateral mode shape. On the 
other hand, the exclusive presence of dampers (Fig. 16b) makes 
the bridge stiffener and again reduces the response amplitude. 
Positive outcomes due to the presence of both TMD and dampers 
have been detected by the hybrid control system with a 500 t 
TMD, showing a very interesting reduction in the bridge deck 
response (Fig. 16c).

An important observation of practical interest, related to the 
employment of hybrid control systems, can be summarized for the 
bridge control problem in subject. The adoption of distributed 
passive and semi-active dampers, between the bridge towers and 
the deck, in parallel to the TMD, allows to improve the capacity of 
the structure to preserve desirable levels of performance. Such a 
control scheme, which belongs to the hybrid typology combining 
different control devices, may reduce the influence of an out-of-
order state for one of them. Under this condition, the reduction in 
performance due to failure of the Tuned Mass Damper should be 
more easily counteracted. This aspect, even if typical of the con-trol 
theory [5], will be demonstrated in detail by the following section.

Finally, it is worth noting that the results herein reported are 
related to new control implementations against wind loading for



Fig. 16. Power spectral density of lateral mid-span bending moment: TMDs (a), dampers (b), and hybrid (c) control scheme.
large part (TMD solutions and their hybridization). However, when 
the control system is represented exclusively by hysteretic passive 
and semi-active dampers, the outcomes corroborate previous 
observations [13,14]. This is even more interesting considering the 
wind loading generation, herein developed by the approach in [7], 
as detailed in Section 3, instead of the different approach 
implemented in [13,14]. Both numerical solutions, being consis-
tently compared in the hysteretic dampers only configuration, 
result equivalent.
Table 5
Simple TMD implementation. Peak responses.

Configuration Mid-span response Tower response

Displ.
(M)

Bending
moment (kN m)

Shear
force (kN)

Bending
moment (kN m)

Uncontrolled 1.52 456,467 8894 92,166
TMD 500 t 1.23 379,431 8044 82,148
TMD 500 t out-

of-order
1.54 463,661 8882 91,734
7. Robustness of the implemented control systems

From a general point of view, robustness can be seen as a speci-
fic property of a structure to preserve the same, or a similar, level of 
performance even if local failures occur [26]. Robustness of con-trol 
systems on long-span bridges was preliminarily investigated at the 
numerical level in [8], where the positive outcomes stemming from 
the devices redundancy and distribution was highlighted. Device 
redundancy and distribution are also the features exploited in this 
work to assure presence of the robustness property.

The analyses investigate the deterioration of the response when 
the TMD is in an out-of-order state, moving jointly with the bridge 
deck. Variation of the response is tested in two different config-
urations: first, only with a mid-span TMD; secondly with an hybrid 
control system in which hysteretic devices at the towers are com-
plemented with a mid-span TMD. In this last option, malfunction-
ing of the TMD and of the hysteretic dampers are separately 
modeled.

From a robustness point of view, the control scheme which 
implements a single device (here the TMD) at mid-span represents 
the worst arrangement. Failure of the TMD system is simulated as a 
fixed additional mass on the bridge main girder and it is expected 
to degrade the performance of the whole system, but being still 
close to that of the uncontrolled bridge version.
The adoption of distributed passive and semi-active dampers,
between the bridge towers and the deck, in parallel to the TMD,
it is expected to improve the capacity of the structure to preserve
desirable levels of performance. Such control schemes, which
belong to the hybrid typology combining different control devices,
may reduce the influence of an out-of-order state for one of the
devices. Under this condition, the reduction in performance due
to failure of the Tuned Mass Damper should be more easily coun-
teracted. Furthermore, hybrid passive control systems have the
positive features to assure their passive functioning even if semi-
active devices lose their efficacy. This quality is also an interesting
feature catching the attention of designers.

Results selected to quantify robustness are presented as abso-
lute values and as variations, mainly with respect to the uncon-
trolled case (i.e. without any control device). When the hybrid
control system is tested, variations with respect to the imple-
mentation with only the TMD are also evaluated. Results presented
pertain to different response parameters. The lateral dynamics of
the bridge deck is monitored by observing the values of displace-
ments in the horizontal plane and the bending moment in the
bridge deck in the same plane as well. Base shear forces in the
along wind direction, and bending moment about an axis parallel
to the deck (i.e. related to the previous shear force) are evaluated
for the most stressed tower leg.



Table 6
Simple TMD implementation. Response standard deviation.

Configuration Mid-span response Tower response

Displ. (M) Bending
moment
(kN m)

Shear
force (kN)

Bending
moment
(kNm)

Uncontrolled 0.34 103,020 1249 15,021
TMD 500 t 0.24 72,826 1058 12,425
TMD 500 t out-of-order 0.35 109,540 1322 15,686

Fig. 18. Time histories of the displacements at deck mid-span for the uncontrolled
structural configuration, for the one with only a 500 t TMD active, for the hybrid
system TMD – semi-active dampers having low damping capacity (‘‘SA low’’) and
for the one with high damping capacity (‘‘SA upp’’).

Table 7
Passive dampers + 500 t TMD. Extreme values of response.

Configuration Mid-span response Tower response

Displ.
(m)

Bending
moment (kN m)

Shear
force (kN)

Bending
moment (kN m)

Working hybrid
system

1.08 339,160 8224 83,731

TMD o-o-o 1.21 372,900 8314 84,824
ST o-o-o 1.09 337,791 8119 83,440

Note: o-o-o stands for ‘‘out-of-order’’.

Table 8
Passive dampers + 500 t TMD. Standard deviation values of response.

Configuration Mid-span response Tower response

Displ.
(m)

Bending moment
(kN m)

Shear force
(kN)

Bending
moment (kN m)

Working
hybrid

0.17 56,430 985 11,451

TMD o-o-o 0.22 71,774 1077 12,601
ST o-o-o 0.19 58,751 959 11,237

Note: o-o-o stands for ‘‘out-of-order’’.
7.1. Schemes with a TMD

Firstly, the damped response caused by presence of the TMD is 
evaluated. The main response parameters are listed in Tables 5 
and 6. The TMD is proven effective also for the base reactions, 
although the reductions are less important.

It appears that the rigid connection between the TMD and deck 
(that simulated the TMD out of order state) deteriorates the 
response in comparison with the situation of a TMD correctly 
working, since the rigid connection does not allow the relative 
motion of the TMD mass end hence the correct explication of its 
control forces. It is worth noting in comparison with the uncon-
trolled case, which is very similar for masses and boundary condi-
tions, that the response worsens a little.

Fig. 17 compares the time history for mid-span displacements 
for the uncontrolled case, for the TMD correctly working and for 
the out-of-order state of the TMD.

By looking at the values in Tables 5 and 6 it can be concluded 
that, in comparison with the reference case (the uncontrolled 
one), the TMD on one hand substantially improves the system’s 
response when it is working, while on the other hand it does not 
excessively deteriorate it when it is in an out-of-order state. It is 
thus an appealing solution form this point of view.

7.2. Hybrid control scheme

When the TMD is supplemented with longitudinal and transver-
sal hysteretic dampers, an hybrid control system is achieved.

Fig. 18 shows a comparison in terms of displacements of the 
deck mid-span between the uncontrolled bridge, the bridge with 
only the TMD control system and different passive, semi-active 
(ST only, see Section 5) low damping and high damping hybrid 
solutions. It clearly appears that the last options give a better per-
formance than the tuned mass damper only. Moreover, the best 
performances are reached with the semi-active control system
Fig. 17. Time histories of the deck mid-span displacements for the uncontrolled
case, the case of a correctly working TMD and the case of a TMD out-of-order state.

Table 9
Semi-active dampers ‘‘SA low’’ + 500 t TMD. Extreme values of response.

Configuration Mid-span response Tower response

Displ.
(m)

Bending moment
(kN m)

Shear force
(kN)

Bending
moment (kN m)

Working
hybrid

1.10 343,870 8089 82,134

TMD o-o-o 1.31 397,640 8247 83,444
ST o-o-o 1.12 341,893 7965 81,156

Note: o-o-o stands for ‘‘out-of-order’’.
characterized by high dissipation capabilities (‘‘SA upp’’). This is 
confirmed by the outcomes listed in Tables 7–12.

In the same tables, the extreme values of the response parame-
ters and the standard deviations of the selected response variables 
are listed for the case of an out-of-order of the TMD part of a whole 
hybrid system, together with malfunctioning of one transversal 
device (either ST passive or semi-active with low or with high 
dissipation capabilities).



Table 10
Semi-active dampers ‘‘SA low’’ + 500 t TMD. Standard deviation values of response.

Configuration Mid-span response Tower response

Displ.
(m)

Bending moment
(kN m)

Shear force
(kN)

Bending
moment (kN m)

Working
hybrid

0.19 59,670 987 11,477

TMD o-o-o 0.24 79,204 1114 13,058
ST o-o-o 0.20 62,173 974 11,401

Note: o-o-o stands for ‘‘out-of-order’’.

Table 11
Semi-active dampers ‘‘SA upp’’ + 500 t TMD. Extreme values of response.

Configuration Mid-span response Tower response

Displ.
(m)

Bending moment
(kN m)

Shear force
(kN)

Bending
moment (kN m)

Working
hybrid

1.07 349,730 8163 83,365

TMD o-o-o 1.14 357,060 8278 84,326
ST o-o-o 1.09 345,228 7982 81,611

Note: o-o-o stands for ‘‘out-of-order’’.

Table 12
Semi-active dampers ‘‘SA upp’’ + 500 t TMD. Standard deviation values of response.

Configuration Mid-span response Tower response

Displ.
(m)

Bending moment
(kN m)

Shear force
(kN)

Bending
moment (kN m)

Working
hybrid

0.17 55,756 984 11,430

TMD o-o-o 0.20 69,781 1075 12,558
ST o-o-o 0.18 57,648 952 11,154

Note: o-o-o stands for ‘‘out-of-order’’.

Table 13
Robustness Indexes RI for the hybrid system with passive devices.

Values used RI type

A B C D E

Max values 1.07 1.05 1.03 1.04 1.03
Standard deviations 1.15 1.16 1.09 1.10 1.10

Table 14
Robustness Indexes RI for the hybrid system with ST ‘‘SA low’’ devices.

Values used RI type

A B C D E

Max values 1.10 1.08 1.05 1.05 1.05
Standard deviations 1.17 1.19 1.12 1.12 1.12

Table 15
Robustness Indexes RI for the hybrid system with ST ‘‘SA upp’’ devices.

Values used RI type

A B C D E

Max values 1.03 1.00 1.01 1.01 1.01
Standard deviations 1.14 1.14 1.08 1.09 1.09
The TMD malfunctioning implies always a deterioration of the
response. On the contrary, the ST damper malfunctioning results
of minor significance.

7.3. Robustness index

As a measure of robustness, the results from the previous analy-
sis are recast in terms of a robustness index (RI). In principle, it
describes the variation of the response, on more than one parame-
ter (i.e. the global base reaction force, or the displacements in dif-
ferent points of the deck), of the out-of-order configuration with
respect to the intact structural configuration of the control system.
It is evaluated with the extreme values and the standard deviations
of the structural variables.

Its analytical expression is defined as:

RI ¼ 1
No-o-o

XNo-o-o

i¼1

XNRp

j¼1

Rpj;i

Rpj
ð18Þ
where No-o-o is the number of out-of-order scenarios envisaged (e.g. 
malfunctioning of the TMD and intact SL and ST tower-deck dam-
pers, malfunctioning of one ST tower deck damper with intact the 
other ST ad SL ones and TMD also, etc.), Rpj,i is the j-th response 
parameter coming form the i-th out-of-order scenario, Rpj is the 
same response parameter coming from the structural configuration 
without malfunctioning, NRp is the number of response parameters 
considered in the RI. It is worth noting that only one malfunctioning 
at a time is herein considered.

Different structural variables are considered, combining dam-
per and TMD failures: case A uses the mid-span displacements, 
while case B uses the lateral mid-span bending moment. Case C 
combines the mid span displacement and base shear reaction 
force, while case D substitutes the shear force with the base bend-
ing moment reaction. The Last case E is a combination of the all 
four structural variables. RI indexes are listed in Tables 13–15.

The function of the RI is mainly at design level for evaluating the 
best solution in term of robustness among several control systems, 
coming from preliminary analysis. In this light, from Tables 13–15, 
the hybrid system with ST ‘‘SA upp’’ devices is the best performer 
for both extreme responses and standard deviation.

Finally, it is worth underling that when the bridge is equipped 
with only a TMD the out of order reflect 100% of the control sys-
tem. Conversely, when the hybrid system is considered, the out-of-
order state involve about 10% of the control system (1 device over 
total 9 ones).
8. Conclusions

Structural control solutions implementing tuned mass damper
systems for a suspension bridge are herein detailed through a
refined FE model. This is freely inspired to the Shimotsui–Seto
Bridge in Japan. A strong wind excitation is simulated as spatial
correlated process, acting transversal to the bridge axis in the hori-
zontal plane, accounting also for the steel frame deck motion
induced wind forces.

Passive, semi-active and hybrid control schemes are evaluated
and their effectiveness is established. The results obtained in part
of this study highlight as the presence of a single TMD, positioned
at mid-span of the main girder, is able to reduce the bridge
response, while not inducing a too large response in case of an
out-of-order state of the same TMD. Dampers connecting towers
with the deck perform also in satisfactorily way. The hybrid system
finally demonstrates itself as the best performer, being able to
mitigate both deck displacements and internal forces (lateral bend-
ing moment in the steel frame deck, transversal shear with related
bending moment at the towers base).



As demonstrated in literature by several research works, the
effectiveness of semi-active and hybrid control strategies arises
from their capability to adapt to the loading fluctuation allowing
better performances when compared to the simple passive ones.
Besides, such a type of control solutions guarantees also a residual
operational efficiency, as a passive device, if failures occur in the
power source.

The use of an hybrid system, encompassing a TMD and passive
or semi-active devices, is even more effective in case of a TMD mal-
functioning. In fact, there is no response deterioration with respect
to the uncontrolled case, but only a reduction in the control system
effectiveness. In particular, semi-active devices of high dissipation
capacity present the best performances in terms of response reduc-
tion and robustness indexes. This trend can also be detected ana-
lyzing the values of the robustness index herein firstly proposed
for design.
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