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Abstract— Stockbridge dampers are increasingly adopted for mitigating wind-induced vibrations of suspension
bridge hangers, where their size and vertical installation differ substantially from traditional overhead-line applications.
Recent works reported cases of premature failure of these devices for this kind of application [1], [2]. Existing modelling
approaches are often calibrated for smaller, symmetric devices and rely on linear or black-box representations. This
paper presents a nonlinear dynamic model for asymmetric Stockbridge dampers intended for bridge applications, aimed
at preserving physical interpretability while remaining suitable for system-level simulations. The formulation employs
a four degree-of-freedom representation in which the hysteretic bending behaviour of the messenger cables is captured
through Bouc—Wen—type constitutive laws expressed in suitably defined generalised coordinates. Model parameters are
identified from laboratory tests on a full-scale damper installed in a vertical configuration representative of field
conditions. The calibrated model reproduces the amplitude-dependent shift of resonance frequencies and the variation
of force transmission observed experimentally, without resorting to amplitude-specific impedance functions. Validation
against both harmonic and broadband excitations demonstrates the capability of the model to predict the transmitted
force and internal damper dynamics over a wide frequency range. Compared to conventional impedance-based
approaches, the proposed framework enables consistent treatment of nonlinear effects under arbitrary excitation
histories and provides a practical tool for integration into hanger—damper vibration analyses.
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1 Damper modelling framework

Stockbridge dampers have been studied extensively in the context of overhead transmission lines, where their nonlinear
dynamic behaviour has long been recognised as a key factor governing vibration mitigation performance. Early
analytical models of Stockbridge dampers idealised the device as a linear two-degree-of-freedom system subjected to
base excitation, where the messenger cable behaviour is represented through equivalent linear stiffness and hysteretic
damping [3]. While this approach captures the main resonant behaviour, it does not account for the amplitude-dependent
dynamics observed in practice. Early phenomenological approaches, such as those introduced by Pivovarov and
Vinogradov [4], employed Bouc—Wen—type hysteresis models to represent the amplitude-dependent stiffness and
energy dissipation of the messenger cable in a single-degree-of-freedom formulation. Subsequent developments by
Sauter and co-workers [5] introduced beam-based descriptions of the messenger cable with hysteretic moment—
curvature relationships, enabling a closer connection between experimental observations and structural mechanics.
Building on the extensive experimental work of Sauter [6], Foti et al. [7] proposed a sectional Bouc-Wen model suitable
for dynamic simulations. Finite-element modelling has also been used with different kinds of elements and levels of
approximation [8]-[11], to culminate with the high-fidelity representation of Luo [12], incorporating contact and
friction effects at the wire level with nonlinear 3D elements. More recently, Bogani [13] proposed a preliminary version
of a two degrees-of-freedom global Bouc-Wen model for a Stockbridge damper in overhead line applications.

Despite these advances, all the mentioned formulations have been developed for dampers tested in horizontal

configurations and calibrated for overhead-line applications. The modelling of large, asymmetric Stockbridge dampers
installed vertically on suspension bridge hangers, therefore, remains comparatively underexplored. The formulation
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presented here addresses this gap by introducing a four degrees-of-freedom nonlinear Bouc-Wen model tailored to
asymmetric devices and suitable for direct integration into hanger—damper simulations.

1.1  Governing equations

We consider an asymmetric Stockbridge damper composed of a rigid clamp and two rigid inertial masses connected to
the clamp by flexible messenger cables of different lengths. The damper is installed vertically, as in typical suspension
bridge applications, with the clamp rigidly attached to the hanger. Motion is restricted to a vertical plane perpendicular
to the wind direction, consistent with the dominant direction of vortex-induced vibrations in hangers. Fig. 1a shows a
scheme of the considered damper. The excitation of the damper is provided by the horizontal displacement of the clamp,
denoted by y.(t). Each inertial mass i € {1,2} is described by two in-plane degrees of freedom: the horizontal
displacement of its centre of gravity relative to the clamp, d¢og,(t), and the rotation of the mass about its centroid,

0;(t). The absolute horizontal displacement of the centre of mass is therefore written as

Xcog;(t) = Y (t) + dcog, () (1)
The messenger cables transmit to each mass a horizontal shear force F;(t) and a bending moment M;(t) at the cable—
mass interface (Fig. 1b). These internal actions arise from the bending deformation of the messenger cable and are
responsible for both stiffness and energy dissipation. The mass of the messenger cable is neglected, as it is small
compared to the attached inertial masses. The equations of motion are obtained by enforcing the dynamic equilibrium
of each rigid mass. This leads to the following equations of motion.

"midci(t) + Fi(t) = —m; . (¢) ()

Ji 0i(t) + M;(t) — n; ecog, Fi(t) =0 3)
Where m; is the mass of the i-th inertial body and the right-hand side represents the inertial forcing induced by the
imposed clamp acceleration. /;is the mass moment of inertia of the body, ecog,is the distance between the cable

attachment point and the centroid, and ; = (—1)**! is a sign factor accounting for the opposite orientation of the two
masses with respect to the clamp. Eq. 4 defines the force that the damper exchanges through the clamp to the hanger
cable.
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Fig. 1 a) Modelling scheme of a four degrees-of-freedom Stockbridge damper. b) Force
equilibrium of the top mass.

Eq. 2 and 3 describe the coupled translational and rotational dynamics of each inertial mass driven by the clamp motion
and resisted by the nonlinear reaction forces of the messenger cables. The force F;and moment M; represent the complex
hysteretic behaviour of the stranded cable.

The original formulation of the Bouc—Wen model was originally conceived for systems with a single internal variable
[14]; several extensions to higher-dimensional settings have been proposed in the literature. These multi-dimensional
formulations, however, often require additional nonlinear coupling terms that complicate both parameter identification
and physical interpretation. In the present work, such complexity is deliberately avoided. The dynamic behaviour of a
Stockbridge damper is characterised by a small number of well-separated resonance phenomena, each associated with
large-amplitude motion of the inertial masses involving different combinations of translation and rotation. Experimental
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observations indicate that interactions between these resonant mechanisms are weak, making a fully coupled nonlinear
formulation unnecessary for the intended level of description.

Motivated by this observation and drawing an analogy with modal decomposition in linear structural dynamics, the
response of each inertial mass is described using two independent generalised coordinates, denoted g, ;(t)and g, ;(t).
These coordinates are defined as linear combinations of the relative horizontal displacement of the mass centroid
dcog,(t) and its rotation 6;(t), as shown in Eq. 5.

dcoai ‘hz ‘hz
( 91’ >_[i qu ¢l QZL) (5)

Here, ¢;is a transformation matrix parameterised by two coefficients a; and b;, which quantify the relative contribution
of translation and rotation in the deformation patterns associated with the dominant resonances of each mass. The q;
and b; parameters are identified from experimental data. Substituting Eq. 5 into Eq. 2 and 3, the equation of motion of
each mass i can be rewritten in terms of the generalised coordinates as in Eq. 6.

il o)) o)

Here ﬁl,iand F'Z,idenote the restoring forces associated with the generalised coordinates g, ;and g ;, respectively. These
forces represent the nonlinear contribution of the messenger cable expressed in the transformed coordinate system. To
capture the amplitude-dependent behaviour of the messenger cable, each generalised force I:"]l is modelled using a
Bouc—Wen framework. For each mass i and generalised coordinate j € {1,2}, the restoring force is expressed as

B = 1i™ aj + (k5™ =kji") 0 7 0
where q;;(t) is the generalised displacement and z;; (t) is a dimensionless internal hysteretic variable. The parameters

kM2 and kﬁin represent, respectively, the high- and low-amplitude limits of the effective stiffness associated with each
generalised coordinate, while ¢;; defines the characteristic displacement level at which the transition between these

regimes occurs. Eq. 8 shows the first-order differential equation that rules the evolution of the hysteretic variable.

. 1
Zji = [1 —sgn (QJ l) Zj, l]q] i (8)
Cji
This reduced Bouc-Wen formulation has been shown in previous studies to provide sufficient flexibility for modelling
Stockbridge damper dynamics while keeping the number of parameters minimal [13].
In the small-amplitude regime, when | q;; I ¢;;, the restoring force is approximately linear with stiffness k}f}axand
negligible energy dissipation. As the vibration amplitude increases and the displacement approaches ¢; ;, the hysteretic

component becomes active, leading to a progressive reduction of the effective stiffness toward k}ri’in

in energy dissipation. This mechanism reproduces the experimentally observed softening behaviour of the damper and
the amplitude-dependent shift of its resonance characteristics.

With two generalised coordinates per mass and an asymmetric configuration, the present formulation requires three
parameters for each (j, i) pair, resulting in a total of twelve hysteretic parameters. Because the transformation matrix
depends on the coefficients a;and b;, the calibrated model parameters are sensitive to their values. These coefficients
are therefore adjusted as part of the experimental identification process. Once the value of the parameters has been
fixed, the system in Eq. 6 is then rewritten in state-space formulation and integrated in time to obtain the time history
of the generalised state variables given an imposed clamp motion y,(t).

and to an increase

2 Experimental characterisation and parameter tuning

2.1 Laboratory testing description

An asymmetric Stockbridge damper specimen has been retrieved from the Halogaland suspension bridge in Norway.
Geometrical and inertial characteristics of the damper are summarised in Table 1. An experimental campaign was
conducted to characterise its dynamic behaviour. The objective of the tests was to identify the force—velocity
relationship at the clamp over a broad frequency range and for different excitation amplitudes, thereby providing a
reference for model calibration and validation.
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The damper was mounted vertically in a laboratory setup representative of its in-service configuration on a bridge
hanger. A modal vibration shaker was used to impose a prescribed horizontal motion at the clamp, while the damper
masses were left free to respond dynamically. The clamp was connected to the shaker through a low-friction guiding
system, and the reaction force transmitted by the damper was measured using load cells integrated into the clamp
assembly. A picture and a schematic overview of the setup are shown in Fig. 2.

Load cells

A\ r
Yua

Shaker

(a) (b)

Fig. 2 a) Schematic overview of the experimental setup. b) Picture of the experimental setup.

Table 1 Geometric and inertial parameters of the selected damper.

Parameter Symbol Value

Top mass my 4.6 kg

Bottom mass my 7.7kg

Mass of the clamp me 0.931 kg
Rotational inertia of top mass (about centroid) J1 0.02145 kg'm?
Rotational inertia of bottom mass (about centroid) J2 0.05234 kg'm?
Distance from tip of messenger cable to centroid (top mass) €coG1 0.034 m
Distance from tip of messenger cable to centroid (bottom mass) €c06.2 0.040 m

The shaker was operated in acceleration control to generate input signals with approximately constant clamp velocity
amplitude, in line with the procedure described in the European Standard for Overhead lines [15]. Logarithmic sine
sweeps covering the frequency range of interest were applied at several target velocity levels. The selected velocity
amplitudes range from 0.01 m/s to 0.05 m/s, based on vibration levels observed during field measurements on bridge
hangers [2]. While the European Standard for overhead lines recommends mono-amplitude tests at a clamp-velocity
level of 0.2 m/s, the present study adopts lower amplitudes to reflect the operational conditions of Stockbridge dampers
in suspension-bridge applications. This choice accounts for the different installation configuration and excitation levels
encountered in bridge hangers compared to overhead power lines.
For each test, the time histories of clamp velocity y.(t) and transmitted force F.(t), as well as the internal dynamics of
the damper (d¢og, (t), 8;(t)) were recorded. The damper response is quantified in terms of mechanical impedance at
the clamp in the frequency domain. This is consistent with the energy-based framework commonly adopted in
standardised testing procedures, in which damper performance is evaluated through the balance between input energy
and dissipated energy in the cable—damper system [16], [17], [18]. For a harmonic excitation at angular frequency w,
the impedance is defined as

F, c0 (](1))

Z(jw) = VGw) 9)

where F, and V. denote the complex amplitudes of the clamp force and clamp velocity, respectively. Applying this
procedure to the sine sweep data yields frequency-dependent impedance functions for each excitation amplitude. These
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functions are shown in Fig. 3 and they constitute the primary experimental output of the testing campaign. They exhibit
four distinct resonance peaks whose frequencies and magnitudes vary systematically with the imposed clamp velocity
amplitude, reflecting the softening behaviour and amplitude dependence inherent to the messenger cable mechanics.
Such amplitude-dependent shifts of the resonance frequencies have been reported in previous experimental studies on
Stockbridge dampers and are consistent with the nonlinear behaviour observed in the present measurements [16], [19].
In Fig. 3a, the locus of the four peaks of the impedance functions is highlighted with a broken line. This is used in the
following sections to tune the model’s parameters.

From the trends highlighted in Fig. 3a, it can be observed that for clamp-velocity amplitudes exceeding approximately
0.05 m/s, the resonance peaks exhibit progressively smaller shifts toward lower frequencies, while their magnitudes
continue to increase. This indicates that, for the investigated damper, the nonlinear behaviour manifests primarily
through frequency shifts at low velocity amplitudes and through amplitude amplification at higher levels. Consequently,
the amplitude-dependent softening behaviour of the device is most clearly observable at low excitation levels. If only
high-amplitude tests, such as the mono-amplitude excitation at 0.2 m/s recommended by the standard, had been
performed, the nonlinear response would have been more difficult to identify, as the resonance peaks would have
evolved predominantly in magnitude rather than in frequency.
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Fig. 3 Magnitude and phase of the experimentally obtained impedance Zy, (f) for five prescribed clamp velocity levels.
Dashed black curves highlight the amplitude-dependent evolution of the resonance peaks.

2.2 Identification of model parameters

In Fig. 4, the locus of the peaks of the experimental impedance functions is compared with the numerically derived one.
An initial estimate of the stiffness parameters k;** and k}f}in was obtained by associating the upper and lower
frequency limits of each trajectory with the high- and low-amplitude stiffness bounds of the model. The transition
parameter governing the onset of nonlinear behaviour ¢;; was inferred from the excitation level at which the peak
frequency departs from its upper bound and begins to shift toward lower values.

Thanks to the formulation in generalised coordinates, the four dominant resonances of the asymmetric damper could be
treated independently during the identification process. This decoupling allows each hysteretic element to be calibrated
using a small set of parameters, significantly simplifying the tuning procedure. The transformation coefficients linking
physical and generalised coordinates were adjusted concurrently to ensure consistency between the experimentally
observed deformation patterns and the numerical response.

The calibration was refined through iterative time-domain simulations of the damper response to the same sine sweep
excitations used in the laboratory tests, until satisfactory agreement was achieved between experimental and numerical
peak trajectories. The final parameter set is shown in Table 2. The resulting numerical impedance functions, shown in
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Fig. 5, closely match the experimentally measured counterparts in Fig. 3 and confirm the ability of the proposed model
to capture the dominant nonlinear features of the damper response.

Table 2 Calibrated parameters of the proposed nonlinear Bouc-Wen Stockbridge damper model derived from experimental
impedance data.

Top mass translation (i = Top mass rotation Bottom mass translation Bottom mass rotation
1,j=1) (i=1j=2) (i=2j=1) (i=2,j=2)
k}?in 4600 230 4800 140
ki 14500 500 12700 480
Cji 0.00036 0.0025 0.00055 0.0021
a; 0.01 - —-0.001 -
b; — —7 — 7
1400
I //’/
1200 - : -
i
€ 10001 model dg,»
% II exp dg,2
= I model dg,1
5 8001 ! exp do,1
model 6;
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-== exp6;
400 . . . . .
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Frequency [Hz]
Fig. 4 Locus of the four dominant resonance peaks of the damper impedance. Experimental results are shown with dashed
lines, while solid curves correspond to the response predicted by the calibrated Bouc—Wen model.
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Fig. 5 Magnitude and phase of the simulated impedance Z,,,,, (f) computed for five clamp velocity amplitudes using the
model parameters reported in Table 4. Dashed black lines indicate the systematic shift of the resonance peaks with increasing
excitation level.
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3 Relation with existing standards and analytical models

3.1 Generic input-output reconstruction

In current engineering practice, Stockbridge dampers are typically characterised through laboratory identification of
their mechanical impedance at the clamp, obtained from mono-amplitude harmonic or sine-sweep tests. Once identified,
this impedance function is treated as a linear transfer function and used to estimate the transmitted force under
operational conditions. While this approach is well established and codified in standards for overhead transmission lines,
it works as a black box approach and inherently neglects the amplitude-dependent nonlinear behaviour. To assess the
capability of the proposed nonlinear model to go beyond this framework, the damper response was evaluated under
multiharmonic excitation representative of field conditions. A clamp-motion time history recorded on a suspension-
bridge hanger was reproduced in the laboratory using the same experimental setup employed for parameter
identification. The signal contained energy distributed over multiple frequency bands, simultaneously exciting all four
resonances of the damper. Despite being calibrated exclusively using monoharmonic sine-sweep tests, the Bouc—Wen
model accurately reconstructed both the transmitted clamp force and the internal dynamics of the damper masses when
subjected to this multiharmonic input. The simulated time histories and spectra in Fig. 6 showed close agreement with
experimental measurements across the frequency range of interest. In particular, the model correctly captured the
relative contribution of the translational and rotational degrees of freedom of both masses, demonstrating its ability to
represent the coupled internal dynamics governing energy dissipation. This result is significant in view of practical
applications. Unlike linear black-box approaches, which provide only an external input—output relation, the proposed
formulation allows direct access to internal variables such as mass displacements and rotations. These quantities are
essential for assessing stress levels in the messenger cables and for investigating fatigue-related failure mechanisms,
which are of particular concern in bridge applications.
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Fig. 6 Response of the numerical model compared with experimental measurements in both the time and frequency domains
for a multiharmonic input.
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3.2 Other impedance-based models in literature

To further validate the model, the formulation developed in this work can be straightforwardly reduced to the symmetric
configuration, in which the two inertial masses are identical, and the messenger cables have equal length. This reduction
is achieved by enforcing identical model parameters for the upper and lower masses, except for the scaling parameters,
which must assume opposite signs (a, = —ay, b, = —b;) to account for the opposite orientation of the two masses.
This symmetry enables direct comparison with analytical models available in the literature. The reduced formulation
was validated against the experimental benchmark data of a symmetric damper for overhead powerline application
reported by Sauter et al. [6], which provides measurements of the real part of the mechanical impedance for two different
clamp-velocity amplitudes. Model parameters were identified following the same procedure adopted for the asymmetric
case and are reported in Table 3. Unlike the previous calibration, an initial estimate for the two scaling parameters was
not available for this benchmark. Therefore, the values identified for the asymmetric damper were used as an initial
guess and subsequently refined through iterative adjustment. The impedance predicted by the proposed model is
compared with two recent analytical formulations by Foti et al. [7] and Bogani et al. [13]. In Foti et al.’s approach, the
messenger cable is modelled as an Euler—Bernoulli beam, whose sectional moment—curvature relationship is governed
by a Bouc—Wen hysteresis law. Bogani et al., on the other hand, proposed a reduced global Bouc—Wen formulation
conceptually closer to the present work. However, in their model the equations of motion are written directly in terms
of tip displacement and rotation, and the inertial coupling between these degrees of freedom is neglected. In the context
of the present formulation, this assumption corresponds to omitting the inertial coupling term and adopting a diagonal
transformation matrix, resulting in a complete decoupling of translational and rotational contributions to the impedance.
Consequently, model parameters are identified by fitting individual resonance peaks independently.

In contrast, the formulation proposed here retains all inertial terms and applies the Bouc—Wen hysteresis model in the
space of generalised coordinates. This allows the coupled dynamics of all degrees of freedom to be represented
consistently within a single framework. The experimental data used for the comparison are the same benchmark
measurements employed by both Bogani et al. and Foti et al. in their work.

700
Experimental data 0.2 m/s

== Proposed model 0.2 m/s /‘\'\‘

600 —-—- Bogani's model 0.2 m/s r Y.
Foti's model 0.2 m/s \,

[ - Experimental data 0.05 m/s

2001 I \’ = Proposed model 0.05 m/s /
|

i ] —-- Bogani's model 0.05 m/s / N
/'y — AR
A /

) [N/m/s]
8
o

N
3 300
o
!
200 A {:
i

d

100 4 y
|

1

Frequency [Hz]

Fig. 7 Real part of the impedance for a symmetric Stockbridge damper at two clamp-velocity amplitudes: comparison
between the proposed model, literature models, and experimental data.

As shown in Fig. 7, the proposed model accurately reproduces the experimental impedance for a clamp-velocity
amplitude of 0.2 m/s, which was used for parameter tuning. Both the present formulation and the model by Bogani et
al. capture the amplitude-dependent variation of the impedance, whereas this feature is not explicitly reproduced by the
original formulation of Foti et al. It should be emphasised that the results for the latter two models are taken directly
from the literature and compared against the same experimental data, without any re-identification of parameters.

While the proposed model is formulated to accommodate asymmetric dampers, its reduction to the symmetric case
retains the same number of parameters as the model by Bogani et al., namely six in total, with three associated with
each degree of freedom. By contrast, the formulation by Foti et al. requires identification of multiple sectional
parameters along the messenger cable, leading to a substantially larger parameter set. Despite its compact
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parametrisation, the present model demonstrates improved predictive capability, particularly when evaluated at
excitation amplitudes different from those used during calibration.

Table 3 Calibrated parameters of the proposed nonlinear Bouc-Wen Stockbridge damper model tuned on experimental data
from Sauter [6].

Top mass translation (i = Top mass rotation Bottom mass translation Bottom mass rotation
Lj=1 (=1j=2) (=2j=1) (i=2j=2)
ki 3700 50 3700 50
ki 12000 165 12700 480
Cji 0.0011 0.0075 0.0011 0.0075
a; 0.001 - —0.001 -
b; — -10.5 — 10.5

4 Conclusions

This paper has presented a nonlinear modelling framework for asymmetric Stockbridge dampers intended for vibration
mitigation of suspension bridge hangers. The formulation captures the force transmitted at the clamp, as well as an
accurate description of the internal damper dynamics, including both translational and rotational motion of the inertial
masses. A detailed analysis of the prediction capabilities of the presented model, both in the time and frequency domains,
is presented by the authors in [20].

Unlike conventional approaches based on impedance functions identified at a fixed excitation level, the proposed model
explicitly accounts for the amplitude-dependent behaviour arising from hysteretic bending of the messenger cables.
This enables consistent prediction of response under arbitrary input histories and allows direct coupling with hanger
dynamics in time-domain simulations. Model parameters were identified using laboratory measurements performed on
a full-scale damper tested in a vertical configuration representative of field installations. The calibrated model
reproduces the experimentally observed shifts in resonance frequency and variations in response magnitude across a
range of excitation amplitudes. The resulting numerically calculated impedance functions show close agreement with
measurements.

Overall, this work offers an experimentally verified nonlinear model capable of capturing both the external force and
the internal dynamics of an asymmetric Stockbridge damper for bridge application. Offering a robust basis for the
analysis and the design of these devices in a field that differs from the one where they are traditionally employed.
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