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Abstract

Traditional cable vibration control mainly relies on dampers, whose effectiveness is often limited by installation
position. Tuned mass dampers can improve performance, but require additional mass. More recently, inerters
have been introduced to further enhance vibration mitigation performance, with the tuned mass damper inerter
being the most notable example. However, only a limited subset of possible tuned mass inerter absorber layouts
— comprising a reaction mass and a number of springs, dampers, and inerters — has been explored. In addition,
parasitic nonlinearities in practical implementations are often neglected, leaving their influence on performance
prediction unclear. This study presents a systematic synthesis and optimisation framework of tuned mass
inerter absorbers for cable vibration control. Generic immittance-function networks are used to generate and
evaluate all feasible layouts under the component constraints, while experimentally identified parasitic effects
are incorporated. A finite element cable model is developed, and the robustness of the proposed absorber
is assessed under seismic and wind loading. The results show that the optimal configuration outperforms
conventional tuned mass damper and tuned mass damping inerter, reducing maximum cable displacement by
up to 33.1% and 7.9%. The refined design also limits the performance loss caused by parasitic effects to less
than 5.4%.
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1. Introduction

The mitigation of stay cable vibrations has attracted wide research interest in recent years due to its sig-
nificance in the structural performance of cable-stayed bridges[Il 2]. These cables, known for their lightweight,
flexibility, and inherently low damping capacity, are highly susceptible to excessive vibrations under a variety of

5 dynamic loads, including seismic excitatons[3] and wind-induced forces[d]. Such vibrations may lead to fatigue
damage, cracking, or even failure, posing critical safety threats to the structural integrity of bridges. To address
this challenge, a range of vibration control techniques have been developed, including active systems[5], semi-

active devices like magnetorheological (MR) dampers[@], and passive energy dissipation mechanisms[7]. Among
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these, passive control strategies are particularly attractive due to their inherent stability, minimal energy de-
mand, and cost-effectiveness, making them widely adopted in practical engineering applications.

A common utilized passive control device for cable structures is the viscous damper (VD)[8HI0], which can
compensate for the inherent damping of the cables and improve their modal damping ratio to mitigate deleterious
vibrations. The optimal design of the VD for suppressing the rain-wind-induced vibrations of stay cables was
proposed in [IT], and its control capability was verified through full-scale experiment testing [I2], considering the
nonlinearity effect. However, the installed position of VDs—normally close to cable ends— significantly limits
their control effectiveness [13]. Other damping enhancement methods, such as the semi-active or active devices
[14, [15], were subsequently proposed, but the drawbacks, such as higher power requirements and potential
instability risks restrict their wide application on cables. As an alternative, the tuned mass damper (TMD)
offers a feasible passive vibration control strategy due to its adaptability to any location along the cable. Studies,
including those on a flexible cable[16] and the Oresund Bridge cable[IT], have demonstrated that TMDs can
offer enhanced damping effects compared to the VDs when tuned for specific vibration modes[I§], but for
multiple modes, the TMD has limited performance advantages [I9]. To overcome these limitations, recent
studies proposed combining TMDs with VDs to exploit the advantages of both devices and improve overall
damping characteristics of cables [20} 21I]. This hybrid strategy has been reported to yield better multi-mode
suppression and greater damping ratios than individual devices alone[22]. Some other new technologies have
also been proposed, such as the negative-stiffness damper [23] and the eddy-current damper [24].

Recently, the inerter - a dynamic component that exerts force based on relative acceleration between its
terminals, has been extensively adopted in passive control designs. The inerter based absorbers (IBA), formu-
lated by combining inerters with springs and dampers, have been employed in various civil structures, such as
buildings [25], bridges [26] and wind turbines [27], showing significant performance benefits. Hence, it has also
been applied to cables by replacing the VD. Lazar et al. [28] first adopted an IBA layout, tuned inerter damper
(TID), to suppress cable vibrations under earthquake excitation, suggesting that the TID provides better per-
formance than a traditional VD. The control effectiveness of TID was further verified for cables considering
different stiffness connections [29] and girder vibrations [30]. In addition to the TID, other IBA layouts, such
as the inertial damper [31), B2] or the inertial mass damper [33] [34] were also proposed for cables, showing the
control effectiveness of using inerters. By using a network-synthesis-based method, Luo et al. [35] [36] identify
the optimum configuration of inerter-based absorbers for cables, suggesting that the proposed IBA can signif-
icantly increase the damping ratio compared to the VD. Gao et al. [37] proposed a negative stiffness inerter
damper, providing a significant damping enhancement for stay cables.

Previous studies have confirmed that the inerter based absorbers can effectively enhance the vibration control
performance of stay cables. However, similar to conventional viscous damper, their control effectiveness is often
restricted by the installation position constraints. To overcome this shortcoming, the inerter-based absorbers can
be combined with the TMD, forming passive absorbers consisting of inerters, dampers, springs and a reaction
mass, termed as tuned mass inerter absorber (TMIA). By substituting the damper in the TMD with the IBA,

Hu et al. [38] proposed four TMIA layouts with one structural attachment point, suggesting that compared
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to the traditional TMD, TMIA can provide significant performance improvements for a single-DOF' structure.
Various structural systems, such as beams[39] and bridges[40], have been used to demonstrate the effectiveness
of such TMIA configurations. Beyond single-attachment designs, Marian and Giaralis [41] proposed a TMIA
layout with two structural attachment points by connecting an inerter in series with a TMD, which is termed
as the TMDI. Subsequent studies further investigated TMDI systems on buildings under seismic excitations,
controller optimization, and soil-structure interaction effects [4244]. Notably, the TMDI has been shown to
outperform the IBA-type absorber, the TID for buildings [45] and traditional TMD for beams when properly
optimized [46]. Recent studies have further expanded the application of TMDIs by considering soil-structure
interaction effects, multi-hazard wind—seismic excitations and nonlinear behaviour [47H5T]. These investigations
have demonstrated the effectiveness of TMIA-type systems in enhancing structural vibration mitigation under a
wide range of loading and operating conditions. Nevertheless, the majority of existing studies focus on a limited
number of predefined absorber layouts, while the broader range of potential TMIA configurations has received
comparatively little attention.

The significant advantages reported for these TMIA systems highlight the merits of employing mass-inclusive
designs that incorporate all three two-terminal mechanical elements — inerters, dampers and springs. Given the
numerous possible interconnections among these elements, a large design space of TMIA configurations exists,
potentially offering different levels of vibration mitigation performance. However, the potential benefits of
adopting TMIA-type absorbers to mitigate cable vibrations have yet to be thoroughly addressed. This work
aims to extend the successful application of TMIA into stay cables, exploring the potential vibration suppression
performance benefits. To this end, a systematic methodology based on the generic immittance-function networks
[62] and the structure-immittance approach [53] is used, facilitating comprehensive exploration across all possible
candidate layouts with a reaction mass and pre-determined number of springs, dampers and inerters. By
modelling the cable as a finite element system and maximising the damping ratio around the first fundamental
frequency, the optimal TMIA configurations—featuring one or two structural attachment points—are identified.
The effectiveness of the proposed designs is then assessed through numerical simulations under various external
excitations, including seismic and wind loads.

Typically, the spring and damper in vibration absorbers exhibit predominantly linear characteristics due
to their simple structures. However, the practical implementation of an inerter often introduces significant
nonlinearities such as friction and parasitic damping effects. Therefore, it is essential to investigate the vibration
suppression effectiveness of inerter-based devices considering the physical realisation. In Smith’s original design
[54], the primary realizations of inerter include the ball-screw type [55], rack-and-pinion type [56], and fluid
inerter [57, B68]. The fluid inerter, designed based purely on hydraulic principles, offers advantages such as
high load-bearing capacity and fast response speed. It simultaneously avoids issues inherent to mechanical
inerters, like transmission backlash and impact wear, making it a promising direction for the next generation
of inerter development. Chillemi et al. experimentally validated the vibration reduction performance of fluid
inerters [59, [60]. Shen et al. demonstrated the application of fluid inerters in suspension systems through

experimental testing [6I]. Concurrently, these experimental studies indicate that fluid inerters face significant
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nonlinear factors in practical applications, which need to be identified and mitigated through optimization.
To accurately characterize the parasitic effects of fluid inerters and describe their impact on the vibration
suppression performance of cables, this study further conducts a systematic performance investigation through
experimental and numerical analyses.

This paper is organized as follows. A cable model established by means of finite element method is presented
in section 2, where the performance measure is also proposed. Section 3 formulates the generic immittance-
function networks for enumerating all the candidate TMIA layouts with the structure-immittance approach.
Optimum absorber configurations are achieved in Section 4, and the absorber robustness with respect to the
change of parameter values and installation positions is checked. Performance verification is also carried out
by subjecting the cable model to both the earthquake excitation and wind loads. Section 5 focuses on control
effectiveness of the proposed absorber considering the physical realisation, where the parasitic effects of the fluid

inerter is identified and the absorber design is refined. Conclusions are drawn in section 6.

2. Mathematical model and performance measure

The development of a finite element model for the cable system is presented in this section, incorporating
a combined implementation of a viscous damper and a tuned mass inerter absorber (TMIA) for vibration
control. The modal damping ratio is adopted as the primary metric to assess vibration mitigation effectiveness.
Subsequently, the absorber parameters are nondimensionalized, and the model is validated by comparing the

numerical results with those reported in [35].

2.1. Cable model with a damper and a tuned mass inerter absorber

Consider a cable with the total mass of M and the total length of L, its first mode undamped natural circular

frequency is given by:

wo =7T/(ML) (1)

where T represents the tension of the cable. Using the finite element method, the cable is discretized into an
(n)-DOF lumped-mass model, as illustrated in Fig. Since the primary objective of this work is to develop
a systematic synthesis and optimisation framework for TMIA configurations rather than to establish a high-
fidelity cable model for a specific bridge, a simplified tension-dominated in-plane cable model is adopted. In this
model, effects such as cable sag, cable curvature, out-of-plane deformation, additional material-elasticity effects,
and inherent cable damping are not explicitly considered. These assumptions are commonly adopted in previous
cable vibration control studies [28, B3], [36], and allow different TMIA topologies and parameter combinations
to be efficiently assessed while maintaining computational efficiency. The adopted model is most applicable
to tension-dominated cables undergoing relatively small-amplitude vibrations, where the dynamic response is
governed primarily by the first few in-plane modes.

In the model shown in Fig. [I} the cable is represented by n number of masses m distributed along its span,

as well as two half-masses m/2 at each boundary directly attached to the supports. The total mass is thus
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Figure 1: A finite element model of cable with a VD and a TMIA.

divided into m = M/(n+1), and the element length becomes | = L/(n+1). The ith mass element has sociated
vertical displacement x; with equilibrium at x; = 0. The viscous damper c is connected to the ath element, and
the tuned mass inerter absorber is assumed to be installed to the cable with two attachment points, exerting
forces F,1 and F,5 on the mass elements a; and aso, respectively. Note that the TMIA can also be attached to
one mass element of the cable, which can be analysed by making one of the forces being zero. In this study,
a lumped model with n = 99 DOFs is adopted, following [35] [36], where the maximum relative difference in
the equivalent damping ratio between the 99-DOF and 999-DOF lumped-mass models was reported to be less
than 0.1% for modes below 6.5wy. Based on the model shown in Fig. [l the equation of motion for each mass

element can be obtained as Eq. in Laplace domain.

Fal (8)
M
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with Z;(s) being the displacement of ith mass in the Laplace domain and § representing the Kronecker delta
function; by defining the displacement vector as X = [y, %2, ¥3, ..., 4n|, the dynamic equations of the cable

can be represented in the matrix form as:
(Ms®*+Cs+K)X +F =0 (3)

where the mass matrix M is the diagonal matrix of order n, with 1/(n+ 1) as elements. The damping matrix C
is a n X n matrix with the element c,, equal to ¢/M and the others being zero, since the present study assumes
negligible inherent cable damping, which is in line with the previous works [28], [35]. And the stiffness matrix K

is:

2k k& 0 -~ 0 0 0]
Kk 2k —k -~ 0 0 0
K= (4)
0 0 0 - —k 2k —k
0 0 0 - 0 —k 2K

in which k = (n + 1) - (wo/7)?. In addition, F is a n x 1 matrix with each element as (8; 4, Fu, + 6;.0, Fa,)/M,
representing the forces exerted by the TMIA. It is worth mentioning that TMIA can also be attached to one
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mass element with one of the Fj,, and F,, equal to zero.

2.2. Performance measure and model validation

The issue of cable vibration control has been extensively explored in previous research. Consistent with the
findings in [62], this study focuses on enhancing the modal damping ratio to address the inherently low internal
damping of cables. It is well recognized that the lowest natural frequency (typically Mode 1) is most vulnerable
to vibration amplification [63]. Therefore, the objective of this work is to increase the damping ratio of modes
with frequencies close to the fundamental one, while ensuring that the damping performance of higher modes
is not inferior to that of a cable using a viscous damper only.

Following the performance measure adopted in previous cable vibration control studies [35] [36], the target
frequency range is selected as w; € (0, 1.5wg). The upper bound of 1.5wq is chosen to ensure that, in addition to
the fundamental cable mode, any nearby mode introduced by the absorber is also included in the optimisation
process. In addition, to prevent deterioration of higher-mode performance, damping constraints are imposed
on modes whose natural frequencies lie within the range w; € (1.5wg, 4.5wp). This follows the same philosophy
as previous studies [35], B6], where the damping performance outside the primary optimisation range is also
constrained to ensure that the absorber does not compromise higher-mode vibration mitigation. Accordingly,
the optimization objective is to maximize the minimum damping ratio within the specified target frequency
range w; € (0,1.5wp), denoted as (,,, and all modes within the frequency range w; € (1.5wo, 4.5wg) should not
have a lower damping ratio than those achieved by an optimised VD.The resulting optimisation problem can

be expressed as follows:

max (m,
gnz = HllIl(Cz) for w; € (O7 1.5&]0) (5)
Ci > Cie for w; € (1.5wq, 4.5wp)

where (; represent the damping ratio of the ith mode, (;. is the damping ratio with an optimised VD only, and

w; is the corresponding ith natural frequency. For the cable model, these can be calculated as:

_ Re(\i)
VRe(\)? 4+ Im()\;)2

G = . wi = VRe(\)2 +Im(\;)2 (6)
with \;(i = 1,2,3,...) being the complex eigenvalues of Eq. .

To verify the numerical implementation of the cable model and the performance measure adopted in this
work, the benchmark example reported in [35] is reproduced. Following [35], only a viscous damper is installed
at a location corresponding to 5% of the cable length, with no TMIA attached, i.e. F,; = Fys = 0. The
minimum damping ratio (,, within the frequency range w; € (0, 1.5wy) and the corresponding natural frequency
w are calculated using Eq. (6) and compared with the results reported in [35]. Here, following [35], we use
the non-dimensional damping coefficient ¢’ with the expression ¢/ = (¢/M)/(wp/7) to represent the damping ¢
and the natural frequency is also nondimensionalized as w’ = w/wg. The results suggest that the present model

agrees very well with the previous work. In addition, as shown in Fig. a), for the default cable system with a
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Figure 2: Comparison of (a) minimum damping ratio {m, and (b) corresponding natural frequency w’ with respect to the damping
coefficient ¢’.

single viscous damper, the optimal dimensionless damping coefficient is determined to be ¢’ = 6.35, resulting in
the minimum damping ratio as (,, = 0.0263. With the optimum damping coefficient, the damping ratio of the
cable modes with w; € (1.5wq,4.5wp) can also be calculated using Eq. @, which can be used as constraints for

further optimization.

3. Candidate absorber layouts using generic Immittance-Function Networks

The tuned mass inerter absorbers, consisting of inerters, dampers, springs and a reaction mass, have count-
less layouts, which could potentially provide preferred vibration suppression performance. In this section, a
systematic approach proposed in [52] is adopted to enumerate the candidate layouts of TMIA. Using this ap-
proach, the generic immittance-function networks (IF networks), with the ability to cover all layout possibilities,
are firstly formulated and subsequently used for further optimisation. Also considering the design simplicity,
the TMIA in this analysis is restricted to have a reaction mass and one each of two-terminal element (i.e. the
inerter, damper and spring). Furthermore, since the absorber can be installed to the cable with one attachment
point (1-AP) or two attachment points (2-AP), the candidate layout enumeration is carried out for two cases,

i.e. the 1-AP TMIA and the 2-AP TMIA.

3.1. 1-AP TMIA layouts

Consider the absorber with one attachment point, one typical example is the tuned mass damper, shown in
Fig. a), and the TMIA layouts with 1-AP can be represented using the generic immittance-function network
illustrated in Fig. b). In this network, the transfer function Y'(s) represents the mechanical immittance of the
absorber network consisting of one spring, one damper and one inerter. It characterises the dynamic relationship
between the force transmitted through the absorber and the corresponding relative velocity at its terminals,
and is defined as Y (s) = F(s)/v(s). By representing the absorber using a unified immittance function, different

combinations of these three elements can be described within the same mathematical framework, which enables
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the systematic synthesis and comparison of all feasible TMIA layouts. Note for the 1-AP TMIA, it is assumed
to be installed at the mass element as of the cable, exerting force Fy, subjected to the mass velocity z,, and

F,, shown in Fig. [T]is hence taken to be zero.

Faz ) T_xaz Faz % _T_xaz

kq G Y(s)
l
mg Mg
(@) (b)

Figure 3: Absorbers with one attachment point: (a) the TMD and (b) the generic IF-network for TMIA
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Figure 4: Networks (a) and (b) covering all layout possibilities consisting of one inerter, one damper, and one spring.

For the proposed generic IF-network of Fig. b)7 the dynamic relationship between force Fy, and velocity

T4, can be derived in laplace domain as:

- Y(s) - mgs =

Faz (S) = m ! jcaz (5) (7)

where s represents the Laplace domain variable, and m, denotes the reaction mass of the TMIA. Taking the
TMD as an example, the relationship between its exerted force and the velocity can be represented by Eq. @
with Y'(s) being ¢; + k1/s. Consider the case that Y (s) represents an inerter-based absorber comprising one
spring, one damper, and one inerter. In this case, eight 1-AP TMIA layout possibilities can be formed from
the generic IF network of Fig. 3(b) by considering all possible series—parallel interconnections with one of each
type of two-terminal element, which are formulated using the structure-immittance approach [53]. With this
approach, a full class of mechanical networks with a pre-determined number of inerters, dampers, and springs
can be covered by a limited number of generic networks. For the present 1-AP TMIA case, one inerter, one
damper, and one spring are considered for design simplicity. Following the formulation procedure in [53], the
two generic networks shown in Fig. [4] (a) and (b) are obtained under the condition that only one physical spring

is retained. The corresponding force—velocity transfer functions of these generic networks are then derived and
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substituted into the Y'(s) block in Eq. , allowing all feasible 1-AP TMIA layouts to be explored systematically

during optimisation. The transfer functions Y (s) for the two generic networks are given as:

B bic1s® + by (ks + ka)s + c1 (ko + k3)

Y, =
1(8) blCl(l/k2)83+b182+C13+k2+k3

(8)

y: (S) o blcl(l/kl + 1/]{32)83 + b1$2 +c18 + kg (9)
2 7bl(l/k'l+1/l{34>83+61<1/k‘2+1/k4)82—|—S

with the conditions by > 0, ¢; > 0,k; > 0, and Eq. requires that at least three of the four parameters ki,

1/ka, ks, k4 are zero, corresponding to the left-side network in Fig. |4l Similarly, corresponding to the right-side
network of Fig. Eq. @D requires at least three of the terms 1/ky , 1/ks k3 ,1/k4 equal to 0. Based on
these expressions of Y (s), the TMIA exerted force Fy, defined in Eq. , can then be adopted for further

optimisation to identify the optimum TMIA configuration for cables.

3.2. 2-AP TMIA layouts

For the tuned mass inerter absorber featuring two structural attachment points, the most widely used
configuration is the TMDI shown in Fig. a), which has been extensively applied to various structures and
has demonstrated significant vibration mitigation benefits. Nevertheless, numerous 2-AP TMIA possibilities
remain unexplored, some of which may offer more advantageous dynamic characteristics. It should be noted
that the TMIA configurations considered in this study employ the same set of physical components as the
TMDI, namely one reaction mass, one spring, one damper, and one inerter, thereby ensuring a comparable
level of implementation complexity. To systematically capture these possibilities, the method proposed in [52]
is employed to enumerate all possible absorber layouts composed of a reaction mass and three two-terminal

elements (one inerter, one damper and one spring). This leads to three generic IF networks, shown in Fig.

220 b—d)

225

1 Fal Faz Xa, xal Fa1 Fﬂz J.Caz

1 1 1 { % 1
ne | [ne] v [Be]

(b)

Figure 5: Tuned mass inerter absorbers with two attachment point: the TMDI (a) and the three generic IF-networks (b)(c)(d).

For the generic IF-network of Fig. b), it can cover in total 16 absorber layouts by distributing all the three
elements in one block and removing the other block. Here, block of Fig. b) is removed means its transfer
function Yi(s) or Ys(s) takes the value of infinity. To systematically analyse all the 16 network layouts, the
transfer function of the present block including one each of the three element is formulated using the structure-

immittance approach [53], which is shown as Eq. and @D Hence, for this generic IF-network, its generated
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force Fy,, Fi,, subjected to the cable velocity ,, andi,, can be derived in laplace domain as:

Foy(s) N o -1 Fay (5)
i Yi(s) + Ya(s) + mas vaiorims | |-
Fa2(s) -1 2?(5)& ia2(8)

with the condition that one of the transfer function Yi(s), Ya(s), takes the expression of Eq. or Eq. @,
and the other is infinity.

Considering the generic immittance-function network shown in Fig. c)7 the potential absorber layouts are
systematically generated by assigning the three two-terminal elements to two blocks, and the remaining block is
excluded with its transfer function being infinity. Among the two retained blocks, one is allocated with a single
element, and the other incorporates the remaining two, which can be connected in series or in parallel, forming
two network possibilities. Since there are three different types of two-terminal elements involved, interchanging
the positions of the present blocks will lead to different layouts, the IF-network of Fig. c) can cover in total
36 TMIA layout possibilities. For instance, the TMDI can be formulated by distributing the parallel-connected
spring-damper in block Y3(s), an inerter in Y3(s), and setting the transfer function of the remaining block Y (s)
to infinity. The force—velocity transfer function matrix for the IF-network of Fig. c), in Laplace domain, can

then written as:

Fa1 (S) :.Ca,l (S)
=L(s) (11)
FGQ (8) 17'042 (S)
and
Yz(s})/f(Y)m(s) 1
s
L(S) _ }/Q(S)Yg(s) 2 (12)
Ya(s) + Y3(s) + Yy (s) V()4 ()
3(s m (S
_1 Y3(S)

where Yy, (s) = Yi(s)mgs/(Y1(s) + mys) and one of the transfer functions Yi(s), Ya(s), Y3(s) must equal
infinity, one represents a single element, and the left one corresponds to the networks involving the remaining
two elements. These networks and the corresponding transfer functions can be formulated with the structure-
immittance approach [53] for systematic analysis. In the scenario where Y5 (s) represents an inerter b; and Ys(s)
contains one spring k; and one damper c;, the transfer functions of the IF-network are Y;(s) = oo, Ya(s) = bys,
and Y3(s) = ca(k1/s + c1)/(k1/s + ¢1 + c2), covering all the potential networks for one damper and one spring
under the condition that either ¢; or 1/¢o being zero.

For the generic IF-network shown in Fig. d)7 three elements are distributed across three blocks, with the
left block removed. In this case, for Yi(s), Ya(s) and Y3(s), its removal means the transfer function takes the
value of infinity, while removing the block Y;(s) should make Y;(s) = 0. Note that the layouts obtained by
removing Y>(s) or Y3(s) will be reduced to that coverd by Fig. [5fc), hence are omitted in this case. As a result,
a total of 12 TMIA layout possibilities can be enumerated with Fig. (d), and the generated forces of the two

10
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attachment points can be derived as:

= (L(s) + Ya(s)) (13)
F,,(s) -1 1 Zay(S)

where either Yi(s) = oo or Yi(s) = 0 and each of the remaining three transfer functions represents a single
two-terminal element, i.e. the damper, spring and inerter.

These obtained forces F, (s), Fy,(s) of the tuned mass inerter absorber with one or two attachment points
shown in Eq. and Eqgs. can then be substituted to the dynamic equations of the cable of Eq. , from
which the damping ratio can subsequently be obtained and used for optimisation based on Eq. . The four
generic [F-networks presented in this study enable the enumeration of a total of 72 possible TMIA layouts com-
prising a reaction mass, one spring, one damper, and one inerter. Instead of establishing and optimising these
layouts as independent dynamic models, they are represented by the four generic immittance-function networks,
each described by a corresponding transfer function. Using these generic IF-network representations together
with the structure-immittance approach, all candidate TMIA layouts can be systematically analysed, and the
optimum TMIA configuration can be identified through four optimisation problems. This representation signif-
icantly reduces the modelling effort and improves computational efficiency. For computational implementation,
MATLAB is used throughout this work. A hybrid optimisation strategy is adopted, in which the derivative-free
optimisation algorithm patternsearch is first used to explore the design space and identify promising candidate
solutions, followed by fminsearch for local refinement. This strategy combines broad design-space exploration
with efficient local optimisation, providing a practical balance between computational cost and solution ac-
curacy. While alternative optimisation algorithms may also be suitable for this problem, the adopted hybrid
strategy was found to be sufficiently efficient and robust for the present study. To reduce the possibility of
convergence to local optima, multiple optimisation runs with different initial starting points were performed for
each generic network, and repeated runs converged to the same optimum. In addition, the absorber parameters
are nondimensionalized in this study for generality, where the nondimensional inertance b}, damping coefficient
¢}, stiffness k} and reaction mass m/, are given as b} = by/M, ¢} = (/M) /(wo/7), ki = (k1/M)/(wo/T)?,
ml, = mgy/M and the absorber position relative to the total cable length, defined as a;, are also presented in
nondimensional forms as a} = a;/(n + 1), with ¢ = 1,2 representing the two attachment point positions of the

TMIA. The optimized parameters obtained in the following section are all provided in the nondimensional form.

4. Optimum results and performance verification

This section identifies the optimal absorber configurations for both single-attachment and two-attachment
point layouts, using the generic immittance-function networks together with the structure-immittance approach.
The robustness of the proposed absorbers is also assessed through sensitivity analysis, considering changes in

absorber component values and installation positions. Note a single viscous damper and that with a TMD or a
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Table 1: Optimization results and the corresponding parameter values

TMIA t
Daratherers VD parameter

Damping ratio

Types Configurations Damping Stiffness  Inertance

Gm & K, W ¢

Default VD 0.0263 — — — 6.3753
LAP TMD 0.0939 0.0711 0.5273 — 4.6124
C1 0.1165 0.0716 0.5266 0.5295 5.1442

TMDI 0.2548 3.3526 5.3992 0.8567 6.3753

9 AP 24 0.0273 4.1336 0.0615 1.4037 6.3280
C2q 0.2770 3.8252 1.1254 1.4367 6.3753

23 0.2883 3.9302 1.1510 1.3706 6.3753

TMDI are also optimized for the sake of comparison.

4.1. Identification of optimum absorber configurations

Consider the cable model with absorbers shown in Fig. the damper is mounted in a fixed position, 5%
along the span of the cable. For the TMIA with one attachment point, the absorber is placed at 20% length
from one end of the cable, i.e. af = 0.2, and for the TMIA with two attachment points, one point is attached
to the position as af = 0.1, and the other attachment point is also placed to the cable with af, = 0.2. Note that
the absorber can be installed in other positions, and here we select the above position as an example to explore
the potential benefits of applying the proposed method for absorber design.

C1 C2, C2, C23

(a) (b) (c) (d)

Figure 6: Optimum configurations for the TMIA with one attachment point (a)C1, and two attachment points (b) C21, (c)C22
and (d) C23.

The optimization problem expressed in Eq. is now used, and the added reaction mass m, is taken as 5% of
the total cable mass, i.e. m/, = 0.05, which is in line with [64] for using the TMD to suppress the cable vibration.
The cable model with VD only is also optimized, suggesting that with a single viscous damper, the minimum
damping ratio (,, of 0.0263 is achieved around the first mode when the non-dimensional damping coefficient
¢ is set to be 6.375. To ensure the required damping value ¢’ is no larger than the default one, the damping
coefficient of the viscous damper is limited as ¢’ < 6.375 during the optimisation process. The optimization
results, together with the obtained absorber configurations are shown in Table [ and Fig. [6] respectively. It
should be noted that Fig. @(a) represents the optimal 1-AP TMIA configuration, denoted as C1, obtained
from the generic IF-network shown in Fig. [3l Fig. @(b)f(d) represent the optimal 2-AP TMIA configurations,
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Table 2: 2nd to 4th modes damping ratio

Mode VD TMD C1 TMDI  C2;
2 0.0206 0.0366 0.0352 0.1004 0.0830
3 0.0148 0.0288 0.0272 0.0546 0.0571
4 0.0111 0.0208 0.0194 0.0152 0.0225

denoted as C21, C25, and C23, which are obtained from the three generic IF-networks shown in Fig. b)f(d)7
respectively. To obtain the optimum results reported above, a complete optimisation run with a single set of
initial values requires approximately 285 min in total. The reported computational time was obtained using
MATLAB on a standard desktop computer equipped with an Intel Core i7 processor and 32.0 GB RAM, with
the optimisation performed on a single core. To reduce the possibility of convergence to local optima, multiple
optimisation runs with different initial starting points were also conducted. The repeated runs converged to
the same optimum, indicating satisfactory convergence repeatability for the present optimisation problem. It
should also be noted that the optimisation of different generic networks and the multi-start optimisation runs
are independent of each other. Therefore, the computational time could be further reduced by using parallel
computing, multi-core implementation, or more efficient global optimisation strategies. The TMD and TMDI,
which are widely used as benchmark 1-AP and 2-AP absorber systems, respectively, are also optimised for
comparison.

For the optimum 1-AP TMIA configuration, C'1 shown in Fig. @(a), the minimum damping ratio is increased
from 0.0939 for the classical TMD to 0.1165, corresponding to an improvement of approximately 24.1%. This
improvement is achieved with only limited additional implementation complexity compared with the classical
TMD. Considering the optimum 2-AP TMIA absorbers, C21, C2; and C23 shown in Fig. |5 the C'2; provides
ignorable better performance than a default viscous damper, this is because the reaction mass m, is directly
attached to the cable and the relative movement between the absorber’s two terminals is relatively small,
resulting in limited vibration suppression performance. The TMDI configuration is encompassed within the
generic IF network of Fig. b)7 while the optimum absorber is C25, shown in Fig. @(c), with which the value
of (,, is obtained as 0.277. Compared with the TMDI, C2, can result in 8% performance improvement. C23,
the optimum configuration obtained from the generic IF-network of Fig. (d), is the most effective absorber
among all the 72 layouts possibilities consisting of one reaction mass, one damper, one inerter and one spring.
From Table it can be noted that C23 outperforms C'1 with 147% performance improvement in (,,, suggesting
that the absorber with two attachment points can provide better vibration suppression performance than that
of one attachment point containing an equal quantity of each component type. It can also be noted that
C23 outperforms the conventional TMDI, providing a 13.1% improvement in the damping ratio. The superior
performance of C23 can be attributed to its distinct interconnection topology. Compared with the conventional
TMDI, the spring is located between the reaction mass and the intermediate node connecting the inerter and
damper, introducing additional flexibility into the absorber subsystem. This modified dynamic coupling alters

the interaction among the absorber components and allows a more effective utilisation of the inerter and damper
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effects. As a result, a higher attainable damping ratio can be achieved within the target frequency range. In
addition, the damping ratio of other three modes of the cable model are also analyzed and summarized in Table
[2l suggesting that the obtained configurations will not deteriorate the damping ratio of higher modes within

w; € (1.50.)0 — 4.5(4)0).

4.2. Parametric sensitivity analysis

(a) TMD (b) C1

0.8 1 1.2 0.8 1 1.2
dc/l dc/l

Figure 7: Minimum damping ratio {,, with respect to the deviation of stiffness k] and damping ¢} for the absorbers: (a) TMD,
(b) C1, (c) TMDI and (d) C2s.

In the previous research, the TMIA parameters were determined as specific values by optimisation ap-
proaches. However, the parameters may have deviations in practical engineering due to installation error and
component wearing, which may deteriorate the vibration suppression effectiveness of the system. Therefore, it
is essential to evaluate the robustness of the absorbers versus the parameter changes. For the analysis, absorber
parameters are varied between +20% of the default values provided in Table[ll The deviation rate of parameters
is defined as a deviation factor d within the range of [0.8, 1.2]. In the sensitivity analysis, the optimal config-
uration for the 1-AP TMIA (C1) and the 2-AP TMIA (C23) are considered. The performance of traditional
absorbers, the TMD and the TMDI are also considered for comparison. Fig. [7] presents the contour plot of the
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minimum damping ratio (,, from Eq. 7 with respect to the absorber stiffness k] and damping ¢} .

The optimum damping ratio ¢, and the corresponding parameter values are marked as red asterisks in Fig.
m, where the blue cross symbol indicates the performance for dy; = 0.9 and green plus sign shows performance
for de; = 0.9. From Fig. it is evident that the performance measure (,, is more sensitive to the changes
of absorber stiffness k{ for the 1-AP TMIA (C1) and the TMD, while the 2-AP TMIA (C23) and the TMDI
are more sensitive to the damping variations. For the case that the absorber damping varies to 90% of the
default value, i.e. dx = 0.9 and all other parameters are maintained at their default values (as indicated by the
green plus sign), the value of (,, for the TMD and the C1 can be obtained as 0.079 and 0.103, approximately
15.1% and 11.2% lower than their respective optimum values. It can also noted from Fig. [f{a) and (b) that
C1 consistently provides higher damping performance than the TMD within the considered ranges of stiffness
and damping deviations. For the 2-AP TMIA, the TMDI and the optimum configuration C23, the minimum
damping ratio (,, is respectively decreased to 0.175 and 0.188. It can be seen that the C23 can still provide
performance benefits than the TMDI, approximately 7.4% larger value of (,,. Consider the case that the
absorber stiffness varies by —10% of the default value, i.e. d; = 0.9 (shown as blue cross sign in Fig. , the
minimum damping ratio (,, of the TMDI and the C23 is decreased by 27.3% and 4.5% of the default optimum
value, to 0.185 and 0.272. While for the absorber with one attachment point, the value of (,, is changed to
0.058 for the TMD and 0.072 for the C'1, significantly smaller than that of the C23. From Fig. [7] it can also be
noted that the proposed optimum TMIA C23 is most robust to the absorber stiffness &, and provides the best
vibration mitigation performance compared to the other absorbers, in the whole range of absorber stiffness and
damping values.

Considering that cable tension may be affected by temperature variations and long-term service conditions,
the robustness of the proposed absorbers against cable tension variation is also investigated. Since cable tension
directly affects the cable stiffness, its influence is represented by varying the cable stiffness (k) by +£20% from
the nominal value. Fig. (a) plots the minimum damping ratio (,, for the different absorbers, i.e., TMD,
TMDI, C1, and C23, as a function of the cable stiffness variation ratio dy. It is observed that C23 consistently
maintains the highest minimum damping ratio among all considered absorbers throughout the investigated
range. This demonstrates that C23 retains its superior vibration suppression capability under the considered
cable stiffness variations. In addition, the influence of reaction-mass variation is examined, as shown in Fig. b).
In this analysis, the reaction mass is varied from -20% to +20% relative to its nominal value, while the other
optimised absorber parameters are kept unchanged. The results show that C'23 maintains the highest minimum
damping ratio among all considered absorbers throughout this moderate mass-variation range. Notably, when
the reaction mass is reduced by 20%, i.e., m), = 0.04, C23 still achieves (,, = 0.251, indicating that its
performance degradation under moderate reaction-mass reduction is limited. However, the performance gap
between C'23 and TMDI becomes smaller as the reaction mass decreases. To further examine lower reaction-mass
conditions, additional cases with m/ = 0.03 and m/, = 0.02 were also considered. The results are summarized
in Table It should be noted that these additional cases are also evaluated using the absorber parameters

optimised at the nominal mass ratio, without re-optimisation for the reduced mass ratios. The results show
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that under these substantially reduced mass ratios, the performance advantage of the nominally optimised
C23 becomes less pronounced, and the conventional TMDI can provide a higher minimum damping ratio.
This suggests that C23, when optimised at the nominal mass ratio, may become less favourable under very
low reaction-mass conditions. Therefore, when a substantially lower reaction mass is imposed, the absorber

parameters and possibly the topology need to be re-optimised.
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Figure 8: Minimum damping ratio {,, with respect to the deviation of (a) cable stiffness k and (b) reaction mass m/,

Table 3: Minimum damping ratio for the selected smaller mass ratio.

minimum damping ratio (,,
T™™D C1 TMDI C(C23
0.03 0.029 0.035 0.241 0.237
0.02 0.024 0.029 0.236 0.228

mass ratio m/,

Effects of absorber location on the cable performance are also considered in this work, where for the absorber
with two attachment points, one terminal is fixed at the position of a} = 0.1 and the other terminal is attached
to different positions. The absorber’s location is represented by a) within the range of [0.2,0.5]. Note that in
this analysis, the parameter values of absorber are kept unchanged, and the performance measure, the minimum
damping ratio (,, with various absorber locations are shown in Fig. [0] It can be seen that the value of (,, of all
the considered absorbers decreases with the installation position af, increasing, which means a worse vibration
mitigation performance. The optimum one attachment point TMIA, the C1, provides similar performance of
the TMD for all the installation positions. Consider the absorbers with two attachment points, the C'23 has the
minimal reduction rate, which indicates a superior robustness to the absorber location. In addition, it can be
noticed that the C'23 can provide the best damping enhancement performance amongst all the absorbers in the

whole position range.

4.8. Numerical Verification

This section demonstrates the performance improvements of the proposed absorbers by subjecting the cable

model to earthquake excitations and wind loads. Specifically, three earthquake ground motions are considered,
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Figure 9: Minimum damping ratio {;, with respect to the changes of absorber location.

while the wind loads are simulated based on the Kaimal spectrum for the along-wind direction.

4.8.1. FEarthquake excitation

To illustrate the effectiveness of the proposed TMIAs with one or two attachment points in cable vibration
suppression, i.e. TMD, C'1, TMDI and C23, the established cable model is firstly subjected to the earthquake
excitations. The cable parameters are taken from [4], listed in Table |4 Three earthquake records, namely the
El-Centro, Tohoku, and Kobe records, are adopted in the analysis, with their detailed information summarized
in Table )] These records are selected to represent different seismic characteristics. Specifically, the El-Centro
record is a widely used benchmark ground motion with pronounced low-frequency content, the Tohoku record
represents a large-magnitude long-duration subduction earthquake with broadband frequency content, and the
Kobe record represents a near-field high-PGA earthquake with impulsive characteristics, thereby enabling the
proposed TMIA configurations to be evaluated under different seismic inputs. Earthquake excitations are
applied to the 1st and the nth mass elements of the cable model shown in Fig. The mid span displacement
(gc(nH) /2) is considered as the performance measure, for which the root mean square and maximum values

(RMS((5,41)/2) and MAX(2(,41)/2)) are calculated and summarized in Table @

Table 4: Parameters of the cable model

Length Mass Diameter Tension Angle deck height
L(m) m(kg/m) D(m) T(kN) o) zo(m)
334.2 64.5 0.128 4182.5 34 72

As shown in Table [0} all the four absorbers notably enhance the cable’s vibration suppression performance
compared to the default response with only a viscous damper installed. For the TMIA with one attachment
point, the midspan response x(,11)/2 of the C1 is similar to that of the TMD, showing slightly performance
benefits. The traditional absorbers with two attachment points, i.e. the TMDI, can strengthen the vibration
alleviating performance, reducing at most 38.7% and 27.4% smaller value of RMS(z(,,4-1)/2) and MAX((;,41)/2)
compared to the TMD for all the three earthquakes. In addition, the optimum TMIA with two attachment
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Table 5: Information of Earthquake excitations.

Earthquake Station Year Magnitude (Mw) PG (g) Component
El-Centro  Imperial Valley Irrigation District 1940 6.9 0.348 NS
Tohoku Fukushima (MYGO004) 2011 9.0 0.270 NS
Kobe Kobe University (JMA) 1995 6.9 0.821 NS

Table 6: Root mean square and maximum values of cable midspan displacement under earthquake excitations.

Earthquake T(ny1)/2 Absorber configurations

type x1073m VD TMD C1 TMDI C2;
Tohoku RMS 5.27 3.80 (27.9%/—) 3.76 (28.7%/1.1%) 2.50 (52.6%/34.2%) 2.36 (55.2%/37.9%)
MAX  19.8 17.5 (11.6%/—) 17.4 (12.1%/0.6%) 12.7 (35.9%/27.4%) 11.7 (40.9%/33.1%)
Kobe RMS 5.20 4.50 (13.5%/—) 4.48 (13.8%/0.4%) 3.91 (24.8%/13.1%) 3.70 (28.8%/17.8%)
MAX 329 31.3(4.9%/-) 31.2(5.2%/0.3%) 28.3 (14.0%/9.6%) 26.2 (20.4%/16.3%)
Elcentro RMS  8.11 6.49 (20.0%/—) 6.32 (22.1%/2.6%) 3.98 (50.9%/38.7%) 3.69 (54.5%/43.1%)
( )

MAX  23.2 21.6 (6.9%/—) 21.4(7.8%/0.9%) 16.0 (31.0%,/25.9%) 14.9 (35.8%/31.0%

points, the C23, outperforms the other three absorbers, and comparing with the TMDI, the C23 can further
reduce the RMS and maximum midspan displacement by at most 7.3% and 7.9% under all the earthquake
types. Table [7] shows the maximum stroke of the considered absorbers, i.e. the TMD, the C1, the TMDI and
the C23, suggesting that the C'1 and the TMD have similar mass displacement, and although the TMDI can
provide better vibration mitigation performance, its stroke is significantly larger than that of the TMD. For
the optimum 2-AP TMIA, the C23, its stroke is even smaller than that of the TMD, further illustrating the
vibration suppression superority of the proposed absorber.

Taking the El-centro earthquake shown in Fig. (a) as an example, Fig. b) shows the midspan dis-
placement, x(,,1)/2, of the cable subjected to this excitation. The PSD of the z(,41)/2 is plotted in Fig.
110|(c), which is achieved using MATLAB Pwelch function with flat top weighted window. For the traditional
viscous damper, the maximum PSD value of z(,41)/2 is 0.0148m?/Hz, which can be significantly suppressed
by adding an additional absorber, for example, with an additional TMD, the PSD value of z(,4+1)/2 can be
reduced to 0.0118m?/Hz, approximately 20.3% smaller than that of the VD. The optimum 1-AP TMIA, the C1,
provides slightly smaller response of midspan displacement for the El-centro earthquake. Consider the 2-AP
absorbers, the maximum PSD values of z(,1)/2 for the TMDI and the C23 are respectively 0.0064m? /Hz and
0.0059m? /Hz, providing 45.7% and 50.0% performance improvement compared to the TMD. The corresponding

Table 7: Maximum absorber stroke subjected to earthquake excitations.

Earthquake Maximum absorber stroke x1073 m
type T™MD (C1 TMDI C2;
Tohoku 241 23.6 102.0 7.5
Kobe 23.0 227 1143 10.2
El-centro 247 240 96.7 7.4
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Figure 10: Midspan displacement of the cable subjected to the El-centro earthquake (a) in time domain (b) and frequency domain

(c).

midspan displacement responses in time domain are plotted in Fig. b), where the maximum displacement
of the C23 is 0.0149m, approximately 31% and 6.9% smaller than that of the TMD and the TMDI. In terms of
the root mean square value of x(,41)/2, the C23 also outperforms the other absorbers, as illustrated in Table@
These obtained results suggest that the optimum TMIA with two attachment points, the C23 can significantly
enhance the vibration suppression performance of the cable under earthquake excitations compared to the ex-
isting absorbers, demonstrating the effectiveness of the design methodology proposed for tuned mass inerter

absorbers.

4.8.2. Wind excitation
In this subsection, the effectiveness of the proposed absorbers in mitigating cable vibrations is further

validated under wind loads, for which the along wind speed is expressed by|[65]:

where U;(z;) denotes the mean wind velocity, u(z;,t) is the wind velocity fluctuations and z; is the vertical
coordinate of the ith mass element. By assuming that the wind speed and height of the bridge deck are U and

zg, for the ith element of the FEM cable model, the mean wind speed can be written as:

U; = UO(%)Q (15)

and

(L
z; = nZi—i—l -sinf + zg (16)
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where 6 is the cable inclination angle, « is dimensionless exponent, selected as 0.12 which is in line with [66].

The wind velocity fluctuations u(z;,t) is generated based on the Kaimal spectrum, simulated by:

Wy Su(Ziywy) 200 f
p— 1
u? (1+50f)5/3 (17)
and
Wy Zi
— U 18
r=2 (18)

with w, being the wind velocity frequency, u, being the friction velocity of wind and f representing the Monin
coordinates.

Based on the Egs. time histories of the wind velocity U;(z;,t) can be generated using the discrete
frequency function in conjunction with the Fast Fourier Transform method. Following field test data of Sutong
Bridge[66], the wind friction speed is taken as u, = 0.7394, and by setting the mean wind velocity at the bridge
deck Uy as 13.97m/s, the time domain wind velocity of any mass element of the cable can be obtained. For
instance, Fig. (a) shows the wind velocity of the mass element located at 0.1L, 0.5L, and 0.9L of the cable,
where the wind velocity at the position of 0.1L is also shown in frequency domain as an example, see Fig. b).
With the obtained wind velocity, the wind force acting on the ith element of the cable model can subsequently
be obtained by:

1 L

where p is air density, D is the diameter of cable, Cp is the drag coefficient.

(a) 4 ; ‘ (

[—o9L —osL 0.1L
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Figure 11: The time domain wind speed on the cable location of 0.9L(blue), 0.5L(red), 0.1L(yellow) (a) and the corresponding PSD
of an example loacation, i.e.0.1L.

For the load case with the mean wind velocity Uy = 13.97m/s, the dynamic responses of midspan displace-
ment, T(,41)/2, With the proposed absorbers subjected to the wind forces can hence be simulated, shown as
Fig. a) in time domain and Fig. ¢) in frequency domain. Fig. b) shows the time domain response
of the cable midspan in a narrowed time window. The default response with a single VD is also presented in

Fig. for the sake of comparison. Table [8| summarizes the RMS and peak value of the time domain midspan
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displacement of the cable, as well as the corresponding Power Spectral Density (PSD) in the frequency range of
[0.2Hz, 0.8Hz]. Fig. (c) shows that the C'1 has similar performance with the TMD, providing approximately
53% performance improvement in the maximum amplitude around 0.38Hz compared to the default system with
a single VD. It is also noted that the tuned mass inerter absorbers with two attachment points, i.e. the TMDI
and the optimum C23 have better vibration suppression performance than the 1-AP TMIA, resulting in 60.5%
and 69.3% smaller values of the maximum PSD. For the root mean square value of the PSD, the TMDI can
reduce the response by 52.1% compared to the TMD, and the C23 can further reduce the RMS of the PSD
by 59.3%. The maximum value of the time domian midspan dispacement of the cable with a VD is 5.74 mm,
which is slightly larger than that with an additional TMD and the C'1. The TMDI can mitigate the maximum
displacement to 5.42 mm, with 5% performance improvement than the TMD. The optimum TMIA, the C23
outperforms the other absorbers, providing 8.8% and 4.2% smaller value of MAX(2(,,41)/2) compared to the
TMD and the TMDI. It can also be noted from Table 8| that the C23 is also superior in RMS value of x(,,41)/2-
Furthermore, the stroke of the considered absorbers under wind loads is also studied, and the results suggest
that the maximum stroke of the optimum 1-AP absorbers, the C1, is slightly smaller than that of the TMD,
and the C23 results in the maximum stroke as 3.5mm, which is smallest among all the considered absorbers,

approximately 87.6% smaller than the TMDI.
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Figure 12: Midspan displacement of the cable subjected to the wind loads in (a) time domain, (b) a narrowed time window and (c)
frequency domain.

Table 8: Midspan response of the cable subjected to the wind loads

Performance VD TMD C1
MAX (4172 (x107%m) 5.74 5.70 (0.7%/—) 5.68 (1.0%/0.4%) 5.42 (5.6%/5.0%)  5.20 (9.4%/8.8%)
RMS z(41y/2 (x1073m) 3.01 2.97 (1.3%/—) 297 (1.3%/—)  2.94 (2.3%/1.0%)  2.91 (3.3%/2.1%)
MAX PSD (x107*m?/Hz) 13.0 6.15 (52.7%/—) 6.07 (53.3%/1.3%) 2.43 (81.3%/60.5%) 1.89 (85.5%,/69.3%)
RMS PSD (x107*m?/Hz) 4.56 2.36 (48.2%/—) 2.33 (48.9%/1.3%) 1.13 (75.2%/52.1%) 0.96 (78.9%/59.3%)

TMDI 02,

Taken together, the above results further demonstrate the engineering applicability of the proposed TMIA

configurations. Compared with the conventional TMD, the optimal configuration C'23 provides substantial vi-
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Table 9: Maximum absorber stroke subjected to wind excitations.

Excitation Maximum absorber stroke x1072 m
type ™D (C1 TMDI C23
wind 8.93 7.68 28.4 3.51

bration mitigation improvement under both earthquake and wind excitations. Although the response reduction
achieved by C2j3 relative to the conventional TMDI is more modest, C23 requires a much smaller maximum
absorber stroke under the considered loading cases, as shown in Tables [7] and [9] This indicates that the pro-
posed configuration offers a favourable trade-off between vibration mitigation performance and implementation
requirements. The superior performance of C23 is also consistently observed under earthquake records with
different characteristics as well as under stochastic wind excitation, demonstrating satisfactory robustness with
respect to loading conditions. While only a representative stochastic wind field is considered in the present

study, the influence of different wind characteristics on TMIA performance warrants further investigation.

5. Design refinement with experimentally verified parasitic effects

The optimal configuration C23 can be physically realised using two cable attachment points connected
through a spring, a damper, an inerter, and a reaction mass. The spring, damper, and reaction mass are
conventional mechanical components that can be implemented using technologies similar to those adopted
in existing TMD and TMDI systems [67, 68]. As the inerter represents the most challenging element for
practical realisation, this study focuses exclusively on its nonlinear characteristics. The parameters of the
optimal configuration C23 are then refined to maintain the vibration suppression performance. Finally, the

performance of the refined design is verified under earthquake and wind excitations.

5.1. Parasitic effects identification

(a) Ommm

LR o

(b) Inlet Piston

Helical tube Outlet

Figure 13: Prototype (a), schematic (b) and mechanical (¢) model of a fluid inerter
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The physical realisation of the inerter is schematically shown in Fig. a),(b), known as the fluid inerter
with the advantages of improved durability, inherent damping and simplicity of design. The corresponding
mechanical model is also provided in Fig. ¢). The inertance of the fluid inerter is formed by the fluid passing

through the helical tube due to the movement between the piston and the cylinder, derived as

b=pl=L (20)

where p is the fluid density, [ is the helical tube length, A; is the piston area and As is the tube area. In addition
to the inertance, the fluid inerter has parasitic effects due to the prototype design, these are the helical tube
damping cp,, the inlet-outlet damping c¢;,, the effective stiffness ks and the friction f. The helical tube damping

is caused by the viscous effects in the helical tube, which can be expressed as

20l A3 .
cp = fcm((ﬂg — xl) (21)
with f. being the Fanning friction factor, equal to
—1/4 Dy,
fe =0.08Re +0.012 SR (22)

where Re = pDp Ay (i35 — #1)/(pAs) is the Reynolds number of the helical tube flow, Dy, is the tube diameter,
R is the helix radius and g is the fluid viscosity at reference temperature. In addition to ¢y, the other damping
effects of the fluid inerter occur at either end of the fluid channel (inlet and outlet), formulated as

Cio = 0.75'014/5(:1':3 — 1) (23)
The effective stiffness ks of the fluid inerter is mainly caused by the fluid compressibility and the air dissolved
in the fluid, which is identified by matching the theoretical model with the experimental results, and the
friction f is also captured experimentally. In this study, a fluid inerter prototype with the parameters listed
in Table |10|is built and tested shown in Fig. a), where the friction force is firstly identified by selecting the
10mm displacement triangle wave with 0.01Hz frequency as the excitation input (see Fig. b)) It can be
seen from Fig. c), the friction of this prototype is approximately 40N. To capture the effective stiffness,
sinusoidal displacements with 5mm amplitude and various frequencies in the range of [0Hz, 5Hz| are selected
as the excitation input. Note that the frequency range is selected based on the vibration frequency of the stay
cable, which is normally between 0.25Hz and 5Hz. The force exerted by the inerter can then be recorded via
experiment, and the correlation method [69] is applied to achieve the force to velocity transfer function of the
device at each tested frequency. The magnitude and phase of the calculated transfer function are shown as
red cross marks in Fig. [[5] which are subsequently used to identify the effective stiffness ks by matching the

theoretical results with the experimental ones. A metric H is introduced to quantify the root mean square
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Table 10: Parameters of the fluid inerter prototype.

Description Value
Area of piston A; (m?) 4.5 x 1073
Area of tube Ay (m?) 5x107°
Helix radius R (m) 0.081
Length of helical tube [ (m) 5.19
Diameter of tube Dy, (m) 0.008
Density of working fluid p at 30°C (kg - m™3) 995.6

Viscosity of working fluid p at 30°C (Pa-s)  7.98 x 1074
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Figure 14: Experiment setup (a), displacement input (b) and the exerted force (c) of the fluid inerter.

discrepancy between experimental and theoretical results, as

N
1 . . 2
H= E_:l T (ks jei) — E(jes)|

where N is the number of frequencies, T'(ks, jw;) and E(jw;) are the admittance function obtained based on
the numerical simulation and experimental test. By minimising the value of H, the effective stiffness can hence
be obtained as ks, = 815.6kN, with which the theoretical results are shown as solid lines in Fig. [[5] Very good
agreement can be noticed. The force-time histories and hysteretic loops of the fluid inerter are also checked
to illustrate the validity of the theoretical model, and Fig. shows the theoretical and experimental inerter
forces at frequencies of 0.75 Hz and 2 Hz, suggesting that the mechanical model in Fig. with the identified

parasitic effects, can accurately predict the characteristics of the fluid inerter.

5.2. Design refinement

In Section 4, a significant performance improvement in vibration suppression of the cable model has been
achieved with the proposed 2-AP TMIA configuration, the C23. However, the absorber components are assumed

to be ideal, i.e. no parasitic effects associated with physical realisation are considered. To check the impact of
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Figure 15: Theoretical and experimental results with identified effective stiffness from dynamic tests subjected to sinusoidal dis-
placements with 5mm amplitude.
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Figure 16: Force time histories (a) and hysteretic loops (b) of the fluid inerter prototype subjected to sinusoidal displacements with
a 5 mm amplitude and 0.75 Hz, 2 Hz frequencies.

the identified parasitic effects on the performance, the mechanical model of the fluid inerter shown in Fig. [13]is
used to replace the ideal inerter in C'23 configurations. Note in this analysis, the inertance of the fluid inerter,
defined in Eq. [20] is designed to be the optimum value reported in Table 1. As shown in Fig. the mid-span
displacements of the cable model subjected to the El-centro earthquake and wind load are significantly enlarged
compared to that of the ideal C23, even larger than that of the TMD for the wind load case.

To this end, the absorber C'23 needs to be refined by re-optimising the component parameter values, including
the stiffness k1, the damping ¢; and the fluid inerter design. The design of fluid inerter involves seven parameters:
Ay, As, R, I, Dy, p, pu, where Dy, is the tube diameter given by Dy, = \/ém Previous works [70] [71] have
described that the charateristic of fluid inerter is most sensitive to the three parameters, i.e. Ay, As and [, hence
the other parameters (R, p, p) are fixed to the values shown in Table Since the parasitic effects of fluid
inerter have nonlinear terms, for example the helical tube damping shown in Eq. , the performance matrix,
the minimum damping ratio of the cable system is not applicable to select the optimal parameter values. In

this optimisation, the root mean square value of the free decay midspan displacement with an initial condition
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Figure 17: A comparison of the midspan displacement of the cable subjected to the El-centro earthquake (a) and the wind load
(b) with the TMD, the ideal C23 and the non-ideal C23 including the parasitic effects.

of 0.01m is selected as the objective function, and the optimum parameter values are shown in Table The
performance of the cable subjected to the earthquake excitations and the wind loads are also verified, for
which the RMS and the maximum values of the midspan displacement with the refined C'235 are calculated

and illustrated in Table By comparing with the optimized TMD, the performance improvements are also

Table 11: Optimum results of the refined C23 considering parasitic effects

Parameter values x("jgl )/2 Tohoku Kobe El-centro Wind
x107% (m)
2.40 3.73 3.89 2.93
A} =674.9cm?, Ay = 28.9cm?, RMS
I = 16.6m, ¢ — 3.1 kNs/m, (36.8%1/1; 1.7%) (17.1(?25/ 1—20.8%) (40.1‘7;/ 1— 5.4%) (1.4%/ 1—2047%)
ks = 91.9 kN/m MAX . 7. 5.10 5,
(42.4%/2.6%) (17.3%/ — 3.8%) (30.1%/ — 1.3%) (10.2%/1.6%)

summarized in Table suggesting that the vibration mitigation performance of the cable can be significantly
improved by the non-ideal C23, with at most a 42.4% improvement for the Tohoku earthquake and at least a
17.1% improvement for the Kobe earthquake. Table[11|also presents a comparison of the performance between
the ideal and non-ideal C23. It is found that the performance benefit of the ideal C23 is slightly reduced
due to the introduction of more detailed parasitic effects, with up to 5.4% degradation. Taking the El-Centro

earthquake excitation and wind loads as examples, the midspan displacement of the cable in the frequency

domain is shown in Fig. [I8] indicating the same conclusion as Table [IT]

6. Conclusion

This study presents a systematic synthesis and optimisation framework for identifying tuned mass inerter
absorbers for suppressing cable vibrations. A systematic approach was used to enumerate all the possible

candidate layouts with a reaction mass and one inerter, one damper, one spring. Unlike existing studies
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Figure 18: A comparison of the frequency domain midspan displacement of the cable subjected to the El-centro earthquake (a)
and the wind load (b) with the TMD, the ideal C23, the unrefined non-ideal C23 and the refined non-ideal C23.

that focus on a limited number of predefined absorber configurations, the proposed methodology enables a
comprehensive exploration of the TMIA design space and provides a rational basis for identifying optimal
absorber topologies. A finite element model of the cable was established, and the minimum damping ratio
around the first fundamental frequency was selected as the performance measure for optimisation, where the
damping ratio of up to four modes were also considered as the optimisation constraints. With the proposed
method, two optimal tuned mass inerter absorbers with one attachment point and two attachment points were
identified, termed as C1 and C23. It was found that the tuned mass inerter absorbers with two attachment
points outperform those with one point and the optimum configuration, the C23, can provide approximately
twice the first-mode damping ratio compared to the TMD. Robustness verification was also conducted to confirm
that the proposed absorbers maintain vibration suppression effectiveness under changes in system parameters
and locations.

To further evaluate the control capability of the proposed tuned mass inerter absorbers, earthquake excita-
tions and wind loads generated using the Kaimal spectrum were adopted. The time-domain and the correspond-
ing PSD of the cable midspan displacements were simulated, for which the maximum and root mean square
values were calculated. The results indicated that the proposed tuned mass inerter absorber configurations
apparently mitigate the midspan vibration amplitudes compared to the traditional absorbers, the TMD and the
TMDI, under both the earthquake and wind loads. It has been shown that for the three earthquake excitations,
the optimum C23 can reduce the maximum midspan displacements by up to 33.1% and 7.9% compared to
the TMD and the TMDI. Considering the wind-induced vibrations, the C'23 can provide approximately 8.8%
and 4.2% smaller value of the maximum midspan response than the TMD and the TMDI, further illustrating
the superior control effectiveness of the identified tuned mass inerter absorbers based on the proposed design
methodology. In addition to the improved vibration mitigation performance, the optimal C'23 configuration also
requires a smaller absorber stroke than the conventional TMDI under the considered loading cases, indicating
a favourable trade-off between control effectiveness and practical implementation requirements. Consider the

physical realisation of the identified optimum absorber, a fluid inerter setup is adopted given that the spring and
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damper components have been extensively developed and validated in engineering practice. The key parasitic
effects of this setup are experimentally identified, and it is found that the parasitic effects significantly degrade
the control effectiveness. It is also illustrated that by refining the parameter values of the identified absorber,
the vibration suppression benefits are still preserved.

Although the proposed framework demonstrates promising performance, several limitations should be ac-
knowledged. The present study adopts a simplified tension-dominated in-plane cable model and considers only
stochastic along-wind excitation generated using the Kaimal spectrum. Consequently, the findings are most
directly applicable to tension-dominated cables undergoing relatively small-amplitude vibrations. Future work
will investigate the influence of different wind characteristics and develop more realistic cable—wind interaction
models incorporating different wind directions, and extend the proposed framework to more complex cable
models. Further experimental validation of the complete cable-"TMIA system will also be pursued to support

practical implementation of the proposed methodology.
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