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Abstract

This study investigates the use of viscoelastic (VE) material layers, reinforced with steel
plates, for the seismic retrofitting of reinforced concrete (RC) frame structures. Conven-
tional retrofitting approaches predominantly aim to enhance structural strength, which can
undesirably shift the dynamic characteristics away from their original design intent. In
contrast, the present work emphasises energy dissipation as the primary mechanism for
improving seismic performance. A practical and efficient material characterisation method-
ology, based on Dynamic Mechanical Analysis (DMA) test data and subsequent derivation
of Prony Series coefficients, is employed for numerical modelling, offering substantial
advantages over traditional time-intensive techniques such as stress relaxation experiments.
In this study, VE material properties are determined through a combination of DMA testing,
curve-fitting approximation, and numerical validation. Once the material behaviour has
been characterised, numerical simulations are conducted in both the frequency and time
domains to assess the efficacy of the proposed retrofitting scheme in reducing resonant re-
sponse and lateral displacements. The novelty of the retrofitting technique proposed in this
research involves direct application of VE materials in the form of layers backed by metal
plates. The results demonstrate that VE layers, combined with steel plates at beam-column
joints, enhance the seismic performance of RC frames by increasing damping and reducing
vibration amplitudes. The findings highlight the potential of VE-layer-based retrofitting as
an effective strategy for controlling seismic responses while avoiding excessive stiffening
and associated unfavourable shifts in dynamic response. Furthermore, DMA-based Prony
series modelling implemented in Abaqus provides an effective and time-efficient approach
for capturing viscoelastic behaviour and can be beneficial at an early stage of research.

Keywords: viscoelastic layers; reinforced concrete frames; seismic retrofitting; Dynamic
Mechanical Analysis (DMA); Prony series; beam—column joints; earthquake response;
numerical simulation

1. Introduction

Reinforced concrete (RC) frames remain the predominant structural system for mid-
rise residential and commercial buildings in many seismically active regions worldwide.
This is particularly true in densely built urban areas of low- and middle-income countries,
where RC construction has been favoured for decades due to the apparent simplicity of
cast in situ frames and the widespread availability of concrete and reinforcing steel [1-3].
However, limited design supervision, poor construction quality, and incomplete implemen-
tation of seismic detailing provisions have resulted in a large stock of vulnerable existing

Appl. Sci. 2026, 16, 1712

https:/ /doi.org/10.3390/app16041712


https://crossmark.crossref.org/dialog?doi=10.3390/app16041712&domain=pdf&date_stamp=2026-02-09
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0009-0003-4834-5999
https://orcid.org/0000-0003-2851-3433
https://doi.org/10.3390/app16041712

Appl. Sci. 2026, 16,1712

2 0f 23

RC buildings. Post-earthquake reconnaissance and analytical studies repeatedly document
brittle failures of columns and beam—column joints, soft-storey mechanisms, and severe
damage to infilled frames in such structures, even under moderate ground motions [4-6].

In these contexts, outright demolition and replacement of damaged buildings is often
economically and socially infeasible. Instead, owners and public authorities are frequently
forced to keep damaged RC buildings in service, sometimes after only rudimentary repairs.
A particularly critical subset of this building stock comprises frames in which beam—column
joints have experienced cracking, bond deterioration, and loss of confinement during
previous earthquakes [4-6]. These joints are highly stressed regions where axial forces,
bending moments, and shear forces from beams and columns intersect; once damaged,
they can become the weakest links of the lateral-load-resisting system. There is a clear need
for retrofit solutions that (i) repair or mitigate existing joint damage and (ii) enhance the
seismic performance of the frame under future earthquakes, without imposing prohibitive
costs or requiring highly specialised workmanship.

Over the past decades, a wide range of local and global retrofit strategies for RC frames
has been proposed and implemented. Local schemes include jacketing of columns and
joints with reinforced concrete or steel, fibre-reinforced polymer (FRP) wraps, enlarged
joint regions, and polymer-modified mortar overlays [7-20]. Global schemes comprise
the addition of steel bracing, shear walls, and base isolation systems, as well as more
recent “fuse-type” concepts and replaceable links designed to concentrate damage in sacri-
ficial components [21-27]. These methods have demonstrated their effectiveness in many
applications, but they also present important drawbacks in the context considered here.
Jacketing and added shear walls may be difficult to implement in occupied, densely built
environments; they add mass and stiffness, potentially shifting the dynamic characteristics
of the building and leading to higher floor accelerations and unfavourable redistribution of
demands. Bracing systems and fuse devices often require substantial steelwork and careful
detailing, and they may alter the intended failure mechanism in ways that are not always
desirable for non-ductile RC frames [28,29].

In parallel, a substantial body of research has focused on the use of VE dampers and
layers as passive energy dissipation devices in building and bridge structures. VE devices
have been employed to control wind- and earthquake-induced vibrations of tall buildings,
floor systems, and connected structures [30,31]. Comprehensive recent reviews summarise
the development of VE dampers, their configurations, materials, and applications in civil
engineering structures, including practical design procedures and code provisions [30,32].
Classic and more recent studies have demonstrated that properly designed VE devices can
significantly reduce structural responses under seismic and wind actions while preserving
the overall stiffness and functionality of the primary structure [31,33-35].

Most of this work, however, considers VE dampers as discrete devices placed at
storey levels, between adjacent structures, or as part of tuned mass damping systems.
Relatively fewer studies have explored the use of thin VE layers embedded directly in
RC frame components or joints, particularly in the context of seismic retrofit of existing,
damaged buildings. Experimental and numerical investigations have been reported on VE
interfaces in beams and on beam—column joints retrofitted by viscoelastic steel-enveloped
elements [36,37], as well as on novel VE devices and interlayer connections [24,25]. Nonethe-
less, applications specifically targeting damaged beam-column joint regions in non-ductile
RC frames, representative of structures in densely built, resource-constrained urban areas,
remain limited. This motivates the present study, which focuses on simple, constructible
interventions at the joint level: thin, lightly compliant VE layers introduced into the beam-—
column joint region to dissipate energy and reduce local damage concentration during
seismic events.
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A robust assessment of such a retrofit concept requires an accurate representation of
the VE material behaviour over the frequency range relevant for structural vibrations. In
structural dynamics, VE materials are commonly modelled using Generalised Maxwell
chains (Prony series) or related rheological models, where the complex modulus is rep-
resented as a sum of exponential relaxation terms. The appearance of fractional-order
derivatives in the constitutive equations of real materials has been recognised since the
seminal work of Torvik and Bagley [38] and has led to a rich theoretical framework for
linear viscoelasticity based on fractional calculus, as systematically presented by Mainardi
and Podlubny [39,40]. Fractional viscoelastic models provide compact descriptions of
power-law relaxation and creep and have been successfully applied to soft materials and
beams with fractional rheology [14,19,27,29,38].

For civil engineering applications, recent reviews emphasise the role of VE dampers
and layers in the dynamic response of frames, floors, and plates, combining experimental,
numerical, and analytical approaches [16,30,41]. These works discuss rheological models
used in practice, including Generalised Maxwell and fractional Zener models, and survey
identification procedures based on Dynamic Mechanical Analysis (DMA) or vibration tests.
Identification typically proceeds by fitting the storage and loss moduli, or the complex shear
modulus, in the frequency domain, sometimes within uncertainty-aware or nonlinear opti-
misation frameworks [12-18,41-46]. Examples include the calibration and validation of VE
constitutive models for dampers, adhesives, shape-memory polymers, and hybrid polymer
composites, with parameters identified over wide ranges of frequencies and temperatures
and subsequently implemented in finite element (FE) models [20,21,28,38,42,45,46].

Within this broader context, the present study adopts a pragmatic approach tailored to
the retrofit of RC frames with damaged joints. The one-bay, one-storey RC frame considered
in this study represents a typical frame segment extracted from a multi-storey RC building.
Such sub-assembly modelling is adopted to investigate global dynamic characteristics at
the frame level while maintaining computational efficiency. The present numerical investi-
gation should therefore be interpreted as a frame-level case study, aimed at isolating the
influence of joint condition and viscoelastic strengthening on the dynamic response, rather
than as a full building-scale assessment. A VE polymer is characterised experimentally
by DMA over a frequency range representative of structural vibrations; a Generalised
Maxwell (Prony series) model is fitted to the complex modulus using standard identifica-
tion procedures; the resulting rheological model is validated by comparing experimental
and numerical hysteresis loops; and the calibrated material model is then implemented
in a three-dimensional FE model of a single-storey, single-bay planar (portal) RC frame
sub-assembly. Although the FE discretisation is three-dimensional, the response is evalu-
ated for in-plane excitation and in-plane displacements only (out-of-plane vibration is not
considered). The frame is analysed in three configurations: (i) undamaged, (ii) damaged
without retrofit, and (iii) damaged but retrofitted with VE layers at beam—column joints,
under both harmonic excitation and selected earthquake records. The overarching aim is
to quantify the potential of thin VE layers to reduce joint demands and global response
parameters in a realistic, yet computationally tractable, setting, for buildings representative
of densely built, low- to middle-income urban areas. The specific objectives and scope of
the research are outlined in the next section.

2. Objectives of the Research

The primary aim of this research is to evaluate the potential of viscoelastic (VE) layers
as a retrofitting solution for enhancing the dynamic resistance of reinforced concrete (RC)
frame structures, with a specific focus on beam-column joints where stress concentrations
and damage typically initiate under dynamic loading. The study concentrates on existing
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RC frames representative of seismically exposed, densely built urban areas, in which
joint damage and deterioration may significantly reduce the structural reliability and
safety margin.

To achieve this aim, the research first characterises the mechanical behaviour of the
selected VE material by means of Dynamic Mechanical Analysis (DMA), capturing its
frequency-dependent response in terms of storage and loss moduli. The experimentally
obtained data are then processed to identify the parameters of a Generalised Maxwell
model expressed in Prony series form, which serves as the basis for constitutive mod-
elling in the numerical analyses. The rheological model derived from the DMA data is
subsequently verified by comparing finite element (FE) simulations with experimental
force—displacement hysteresis responses, ensuring that the adopted Prony representation
accurately reproduces the dissipative behaviour of the VE material.

The identified Prony series parameters are implemented in finite element simulations
conducted in Abaqus to model the dynamic response of an RC frame in three configurations:
an undamaged frame with monolithic beam—column joints, a damaged frame with de-
graded joint stiffness, and a retrofitted frame incorporating VE layers at the beam—column
joints. The numerical analyses are performed in both the time and frequency domains
in order to evaluate the effectiveness of the VE layers in reducing lateral displacements,
attenuating resonant response, and modifying key dynamic characteristics such as natural
frequencies and modal amplitudes.

Despite the growing interest in the use of viscoelastic materials for structural
retrofitting, the literature still lacks comprehensive studies that directly quantify their
effectiveness when VE layers are applied specifically at the beam—column joints of RC
frames under dynamic loading. This study addresses that gap by integrating experimen-
tally derived VE material properties into a validated finite element framework and by
systematically comparing undamaged, damaged, and retrofitted RC frames in both time-
and frequency-domain analyses. In doing so, the research provides new insights into how
effectively VE layers can contribute to vibration mitigation, displacement reduction, and
the improvement of the dynamic performance of critical joint regions, thereby offering a
more rigorous understanding of their practical retrofitting potential.

3. Research Methodology

This study employs a combined experimental-numerical methodology to assess the
effectiveness of viscoelastic (VE) layers in improving the dynamic performance of rein-
forced concrete (RC) frame structures. In line with the objectives outlined in Section 2, the
workflow is organised into three main phases: (i) material characterisation by Dynamic
Mechanical Analysis (DMA), (ii) constitutive modelling of the VE material using a Gener-
alised Maxwell (Prony series) model, and (iii) structural simulation of RC frames with and
without VE retrofitting.

In the first phase, DMA is carried out on a laboratory specimen composed of four VE
layers bonded between aluminium plates. Under sinusoidal loading over a range of excita-
tion frequencies representative of structural vibrations, the force-displacement response
is recorded and processed to obtain the storage modulus G'(w) and loss modulus G”(w).
These frequency-dependent moduli characterise the elastic and dissipative components of
the VE response and form the experimental basis for subsequent model identification.

In the second phase, the VE material behaviour is represented using a Generalised
Maxwell model expressed in Prony series form, compatible with standard finite element
(FE) implementations. The experimental storage and loss moduli are post-processed in
MATLAB R2024b to identify the Prony parameters in the frequency domain. Both G'(w)
and G”(w) are normalised to improve numerical conditioning, and a two-term Prony
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Data Acquisition:

model is adopted as a compromise between accuracy and parsimony. Nonlinear least-
squares optimisation (MATLAB’s Isqcurvefit routine) is used to simultaneously fit the
storage and loss moduli by adjusting the relaxation strengths and relaxation times of
the Maxwell elements within prescribed bounds. The quality of the fit is assessed using
the root mean square error (RMSE) for both moduli, and the fitted curves are compared
visually with the experimental data to verify that the main stiffness and damping trends
are adequately reproduced.

Model validation is carried out by reproducing the DMA test in Abaqus/CAE 2025
and comparing numerical force-displacement hysteresis loops with their experimental
counterparts. Agreement between the simulation and experiment confirms that the adopted
rheological model captures the dissipative behaviour of the VE material with sufficient
accuracy for use in frame-level analyses.

Once the VE behaviour has been characterised and modelled, the identified mate-
rial parameters are implemented into an FE framework using Abaqus. The viscoelastic
properties are defined in the time domain via the Prony series formulation, which enables
simulation of stress relaxation and hysteresis behaviour without requiring direct use of
experimental time histories. This strategy allows a computationally efficient FE representa-
tion of the VE material based solely on a compact set of identified parameters, rather than
on full experimental response curves.

A schematic workflow illustrating the major steps of the procedure followed in this
study for the material characterisation is shown in Figure 1 below.

Postprocessing Experiment: Initial Assumption of Number Curve Fitting for Prony Series
of Maxwell Terms: e.g. i=1 Terms:
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Figure 1. Workflow for obtaining Prony series terms and validation using DMA data.

The workflow establishes a closed-loop link between experimental characterisation
and numerical modelling. The experimentally obtained force—-displacement hysteresis is
post-processed to derive frequency-dependent viscoelastic properties, which are then rep-
resented using a Prony series formulation based on an assumed number of Maxwell terms.
The fitted storage and loss moduli are subsequently implemented in the numerical model,
and the simulated response is directly compared with laboratory results. If discrepancies
are observed, the Prony series complexity is iteratively refined by increasing the number of
terms used in the material model.
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In the structural phase, three RC frame configurations are modelled independently,
taking into account the degrees of freedom at the beam—column joints: (i) an undamaged
frame with monolithic joints, (ii) a damaged frame exhibiting stiffness degradation and
cracking in the joint regions, and (iii) a retrofitted frame incorporating VE layers at critical
beam—column connections, defined by the Prony series parameters obtained from the
DMA-based identification. Time-domain simulations are performed by applying recorded
earthquake ground motion to quantify the transient displacement response. In parallel,
harmonic loading is used in the frequency domain to investigate changes in dynamic
characteristics such as natural frequencies, mode shapes, and frequency response functions.
Overall, this multi-stage methodology provides a consistent framework to evaluate the
feasibility, accuracy, and structural benefits of VE layer-based retrofitting systems for
RC frames.

3.1. Experimental Setup

Dynamic Mechanical Analysis (DMA) was carried out using an ElectroPuls E10000
All-Electric Dynamic Test Instrument (Instron, Norwood, MA, USA) equipped with a
servo-hydraulic actuator capable of applying precisely controlled cyclic loads over a
wide frequency range. The system allows accurate measurement of both force and dis-
placement, enabling a reliable determination of viscoelastic material properties under
harmonic excitation.

The test specimen was constructed with known geometrical dimensions, consisting of
four layers of viscoelastic (VE) material bonded between aluminium plates in a symmetri-
cal configuration designed to undergo predominantly shear deformation during testing.
The layer thicknesses and bonded surface areas were predefined during specimen fab-
rication and measured prior to testing, providing accurate geometric input data for the
subsequent evaluation of mechanical behaviour and for the conversion of the measured
force—displacement histories into shear stresses and strains.

The DMA tests were conducted under controlled sinusoidal displacement loading
to record the force-displacement response of the specimen over a range of excitation
frequencies. The applied angular frequencies were 1 rad/s, 5 rad/s, and subsequently
from 10 rad/s to 200 rad /s in increments of 10 rad/s. This excitation range is relevant for
the intended application and covers the dynamic response of frame sub-assemblies and
structural components; the associated frequencies may exceed typical fundamental building
frequencies but remain appropriate for joint-level and local frame vibration assessment.
Furthermore, the extended frequency range was selected to improve the robustness of
the viscoelastic material parameter identification for numerical analysis. Including higher
frequencies enables better conditioning of the curve-fitting process used to derive the Prony
series coefficients by constraining short-term viscoelastic response. All tests were performed
at room temperature (approximately 24 °C), without any additional heat treatment or
thermal conditioning of the shear specimen. The ambient laboratory temperature was
maintained constant throughout the tests, and no temperature-dependent effects were
intentionally introduced. Accordingly, the identified Prony series parameters should be
interpreted as valid for approximately 24 °C. Extending the model to a broader service-
temperature range would require DMA at multiple temperatures and, if needed, time—
temperature superposition.

The DMA tests were carried out using an Instron testing machine, and the testing pro-
tocol was controlled via the WaveMatrix software in a displacement-controlled harmonic
loading mode. The viscoelastic specimen was subjected to cyclic loading with an imposed
deformation amplitude of 0.1 mm. The linear-viscoelastic assumption is therefore tied to
the small-strain regime used in the DMA programme. If larger shear strains are expected
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in practice, amplitude-dependent (nonlinear) viscoelasticity should be considered. Dis-
placement control was adopted to prevent specimen damage and to ensure stable testing
conditions. The selected deformation level was sufficiently small to maintain the material
response within the linear viscoelastic range. For each excitation frequency, the response
was monitored until steady-state conditions were reached, after which the corresponding
hysteresis loops were extracted.

Repeatability of the measurements was verified by observing that stable hysteresis
loops were obtained after a few initial conditioning cycles and that differences between
subsequent cycles were negligible, indicating a consistent and repeatable material response.
From the steady-state hysteresis loops, the storage modulus G'(w) and loss modulus
G”(w) were derived, characterising the elastic and dissipative components of the material
behaviour over the investigated frequency range.

These experimentally obtained moduli form the basis for frequency-domain fitting
and derivation of the Prony series parameters used in the subsequent material modelling.
Figure 2 shows the DMA experimental setup, where an Instron 10000 testing machine ap-
plies cyclic loading to a specimen composed of four VE layers bonded between aluminium
plates. This configuration allows controlled shear deformation and enables accurate mea-
surement of the force—displacement response across the selected frequency range. Figure 3
presents the corresponding storage (G') and loss (G”) moduli of the VE specimen as func-
tions of frequency, providing the reference curves for the identification of the Generalised
Maxwell (Prony series) model discussed in Section 3.2.

3.2. Material Modelling

The viscoelastic behaviour of the material used in this study is represented by a Gen-
eralised Maxwell model, a commonly adopted rheological model for linear viscoelasticity.
The model consists of a set of Maxwell elements, each composed of a spring and a dash-
pot connected in series, assembled in parallel with an equilibrium spring. The overall
stress—strain response is therefore governed by the combined action of an instantaneous
elastic contribution and time-dependent viscous effects, allowing the material to reproduce
both stress relaxation and hysteresis under cyclic loading. The rheological structure of the
Generalised Maxwell model adopted in this study is illustrated schematically in Figure 4.

Figure 2. Instron testing machine and VE specimen during testing.
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Figure 3. Frequency-dependent storage (G’) and loss (G”) moduli of the viscoelastic (VE) specimen
obtained from DMA testing.
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Figure 4. Schematic representation of the Generalised Maxwell model used to describe the viscoelastic
behaviour of the material.

In the Generalised Maxwell model, the total stress response is obtained by superim-
posing the contributions of all Maxwell branches and the equilibrium spring. Each Maxwell
element is characterised by a relaxation shear modulus contribution G; and a relaxation
time T;, which control the rate at which stress in that branch decays under constant strain.
Using several branches with different relaxation times allows the model to reproduce a
broad spectrum of viscoelastic responses across the relevant loading frequencies. In the
time domain, the shear relaxation modulus G(f) can therefore be written in the Prony
series form

N t
G(t) = Goo + ) Gie(——) 1
i=1 T
where Gy is the long-term (equilibrium) shear modulus, G; and T are the relaxation
modulus and relaxation time of the i-th Maxwell element, respectively, and N is the total
number of Maxwell branches.
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For frequency-domain analysis, the complex shear modulus G*(w) is derived from
the Fourier transform of the relaxation modulus G(t) and can be written as

G*(w) = G'(w) +iG" (w) ()

The relationship between the time-domain relaxation modulus and the frequency-
domain complex modulus is thus established through the Fourier transform, which allows
the material behaviour to be characterised over different frequency ranges. The standard
integral form of the complex modulus is

G* (W) = iw /0 " Gt)etar 3)

To take into account the non-zero equilibrium modulus, Ge (Which represents the
long-term, purely elastic response), the Fourier transform integral is modified by adding
and subtracting Geo,

G*(w) = ia)[/o (G(F) — Geo)e dt + Goo) @

To obtain the frequency-domain model, the modified term (G(t) — Go) is isolated and
substituted back into the Fourier integral in Equation (4).

S

N
G(t) = Geo =) _ Gie T ()
i=1

Substituting this result into the expression for complex shear modulus G*(w) yields

o N ot .
G*(w) = icw( /0 (Y. Gie @) e"itdt + Guo) ©)
05
By recognising that
[ t i © 41
/ e T e*“"tdt:/ e T T gy 1 1, (7)
0 0 T tiw

By separating complex shear modulus G*(w) into its real part (storage modulus,
G'(w)) and imaginary part (loss modulus, G’ (w)), the frequency-domain Prony series
model is obtained

N 2
) = - (wT)”
G'(w) = G Jri:Z%Gll+ ) (8)
I _ . wT;
G ((U) 1:21 Gl 14t (wTi)z (9)

In this study, the Prony series parameters defining the Generalised Maxwell model
were identified through MATLAB-based fitting of the experimental DMA results. The
storage and loss moduli G’(w) and G” (w) obtained from the laboratory tests were fitted
simultaneously to the frequency-domain Prony series model given by Equations (8) and (9).
Nonlinear least-squares optimisation (MATLAB'’s Isqcurvefit routine) was used to minimise
the difference between the experimental and theoretical values by adjusting the relaxation
moduli and the corresponding relaxation times of the Maxwell elements within prescribed
bounds. The resulting fitted curves closely reproduce the experimental trends for both
the storage and loss moduli, as illustrated in Figure 5, and provide a compact rheological
description suitable for implementation in finite element analyses in Abaqus.
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Figure 5. Experimental storage and loss moduli and fitted Prony series curves.

3.3. Numerical Modelling

All numerical simulations in this study were carried out using the finite element
software Abaqus/CAE 2025. The analyses were designed to fulfil two main objectives.

First, a detailed finite element (FE) model of the Dynamic Mechanical Analysis (DMA)
specimen was developed to reproduce the shear deformation test performed on the Instron
10000 machine. In this model, the viscoelastic (VE) material was defined by the Prony
series parameters identified from the DMA data, as described in Section 3.2. The purpose
of this simulation was to assess whether the adopted number of Prony terms is sufficient to
capture the dynamic behaviour of the VE layer. For this reason, the force-displacement
hysteresis loops obtained numerically were compared directly with the experimental DMA
curves. The final model employed two Maxwell terms. The root mean square error
(RMSE) values for the storage and loss moduli were evaluated alongside comparisons of
experimental and numerical hysteresis curves. Adding more terms improved the numerical
fit but caused the force-displacement hysteresis to show signs of overfitting relative to
the experimental response. Since hysteresis behaviour reflects the combined effect of the
storage and loss moduli, a two-term Prony series was considered sufficient to capture the
essential viscoelastic response without introducing unnecessary model complexity. The
Prony series parameters for the two Maxwell elements are summarised in Table 1.

Table 1. Prony series coefficients optimised from curve fitting.

Prony Term G; [MPa] T; [s] gi [-] ki [-]
1 2.3016 0.0094 0.5054
2 1.2754 0.1071 0.2801

In Table 1, G; and T; denote the relaxation shear modulus contributions and relaxation
times of the Maxwell branches, respectively. The dimensionless coefficients g; correspond
to the normalised shear Prony terms used in Abaqus (typically g; = Gi/Go, where Gy is
the instantaneous shear modulus). Bulk viscoelasticity was neglected in this study (k; = 0),
assuming a time-independent volumetric response. This assumption is commonly adopted
for polymer-based viscoelastic materials, as their time-dependent behaviour is governed
mainly by shear deformation, while the bulk modulus exhibits negligible time dependence.

https:/ /doi.org/10.3390/app16041712
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To evaluate the quality of the viscoelastic parameter identification, the fitted storage
and loss moduli were compared with the experimental dynamic modulus data using
the RMSE. The fitted storage modulus exhibits an RMSE of 0.09 MPa, indicating a good
representation of the elastic response. The loss modulus shows a higher RMSE of 0.50 MPa,
which is in line with previous studies that note Prony series fits often match storage
modulus more closely than loss modulus because the loss values are much smaller and have
higher experimental uncertainty. It is well established that for many solids, loss modulus is
typically significantly smaller than storage modulus, making it more prone to relative error
when fitted simultaneously with the dominant storage modulus [47,48]. The higher RMSE
for the loss modulus reflects its smaller magnitude and higher experimental uncertainty
compared with the storage modulus; however, when the experiment is combined with
numerical simulations to generate force-displacement curves, comparison between them
can provide insight into whether this higher RMSE leads to over- or underestimation of
energy dissipation.

Once satisfactory agreement between experiment and simulation had been achieved,
the same material model was used in frame-level analyses. In the second stage,
three-dimensional FE models of one-bay, one-storey reinforced concrete (RC) frames were
constructed to evaluate the effectiveness of the proposed retrofitting scheme. The frames
were analysed in three configurations: an undamaged frame with monolithic joints (FR.01),
a damaged frame with degraded joint stiffness (FR.02), and a retrofitted frame incorporat-
ing VE layers at the beam—column joints (FR.03). For each configuration, both frequency-
domain and time-domain simulations were performed to quantify changes in dynamic
characteristics and displacement demands.

3.3.1. Validation of Simulation Results with Experiment

To validate the VE material model implemented via the Prony series parameters, the
DMA test setup was reproduced in Abaqus. The VE behaviour in this simulation was
defined using the Prony coefficients obtained from the frequency-domain fitting of the
experimental storage and loss moduli. The numerical model was used to generate force—
displacement hysteresis loops, which were then compared with the corresponding curves
from the DMA test.

Figure 6 shows a three-dimensional FE model of the shear specimen in Abaqus, along
with the front and top views of the test sample, with dimensions indicated in mm.

The model consists of aluminium plates separated by an interlayer of VE material.
The aluminium components were modelled as linear elastic solids, while the VE interlayer
was represented using the time-domain Prony series formulation. Multiple instances of
the aluminium and VE parts were assembled and connected through tie constraints to
ensure full continuity at the interfaces. The tie constraints idealise perfect adhesion and
neglect interfacial slip or debonding. This is appropriate for the laboratory specimen and
the present calibration step, but interface failure mechanisms should be addressed when
transferring the concept to real retrofitting details.

The lower aluminium plate was fully restrained (encastre boundary condition),
whereas a harmonic vertical displacement was imposed on the upper plate by means
of a periodic amplitude function, reproducing the cyclic shear loading applied in the labora-
tory tests. A dynamic implicit analysis step was used, with geometric nonlinearity enabled
to capture the time-dependent response of the VE layer. Reaction forces were extracted
at the supports, and displacements were monitored on the loaded surface to obtain the
simulated force—displacement hysteresis loops.
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Figure 6. FE model of the shear specimen and front/top views of the DMA sample (dimensions
in mm).

The comparison between the numerical and experimental curves, presented in Figure 7,
shows very good agreement in terms of loop shape, stiffness, and energy dissipation. This
confirms that the adopted number of Prony terms and the identified parameters provide a
sufficiently accurate representation of the VE material for subsequent frame-level analyses.
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Figure 7. Force—displacement hysteresis comparison between DMA test and Abaqus simulation.

3.3.2. FEM Analysis in Abaqus Using Prony Series Representation

In this paper, the term frame refers to a single-storey, single-bay planar (portal) RC
frame analysed in-plane; the FE discretisation is three-dimensional, using C3D8R (8-node
linear brick, reduced integration) solid elements. To investigate the influence of damage
and retrofitting on the dynamic performance of RC frames, a comparative numerical study
was performed for three representative configurations: undamaged (FR.01), damaged
(FR.02), and retrofitted (FR.03). This arrangement enables a systematic assessment of how
the frame response evolves from an intact monolithic system to a damaged structure with
degraded joints and finally to a retrofitted system with VE layers.
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FR.01: undamaged frame FR.02: damaged frame FR.03: retrofitted frame

A three-dimensional FE model of a one-bay, one-storey RC frame was developed in
Abaqus. Although the FE discretisation is three-dimensional, the excitation and evaluated
response quantities are restricted to the plane of the frame (in-plane behaviour only). In all
frames, concrete was assumed to behave as a linear elastic material. This research focused
on the global dynamic response of the frame systems under relatively small deformation
levels, where linear material behaviour provides an effective representation of structural
stiffness. Accordingly, local nonlinear effects such as cracking, crack propagation, and
concrete material nonlinearity were not explicitly modelled in Abaqus. The geometry of all
three models was identical and consists of two RC columns and a connecting RC beam;
only the joint behaviour at the beam-column interfaces was varied. In the undamaged
configuration FR.01, the joints were modelled as fully rigid, representing an intact mono-
lithic connection. In the damaged configuration FR.02, the joints were idealised as pinned
connections to reflect the loss of stiffness caused by cracking and crushing of concrete
in the joint region, with the remaining load transfer assumed to occur mainly through
the reinforcement.

The retrofitted frame FR.03 was derived from the damaged configuration by inserting
VE layers at the beam—column interfaces, thereby restoring continuity and introducing
additional damping. The VE layers were assigned the same Prony series material model as
calibrated from the DMA tests. Concrete was modelled as a homogeneous linear elastic
material, as the intent of this initial analysis was to build a simple model in order to evaluate
whether the proposed retrofitting technique can improve the overall structural response
of the RC frame. The VE layers were bonded to the concrete surfaces using tie constraints,
while rigid body constraints and reference points were used to apply boundary conditions
and control the loading. The column bases were fully fixed.

To evaluate the dynamic behaviour, steady-state harmonic response analyses (fre-
quency sweeps) were carried out to identify resonant response characteristics. In addition,
time-history analyses with ground-motion records were performed to obtain displacement
histories at selected nodes. This modelling strategy enables a direct comparison between
FR.01, FR.02 and FR.03, and thus a quantitative assessment of the efficiency of the VE
retrofitting scheme in restoring stiffness and enhancing the energy-dissipation capacity
of the RC frame. The geometry of the analysed one-bay, one-storey RC frame and the
locations of the VE layers in configuration FR.03 are shown in Figure 8.

Figure 8. Numerical models of undamaged (FR.01), damaged (FR.02), and retrofitted (FR.03) frames.
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The damaged reference frame FR.02 was intentionally modelled with hinge-like beam-
column joints to represent a limit case of severe joint degradation. This modelling as-
sumption corresponds to an extreme damage scenario in which the rotational stiffness of
the connection is almost entirely lost by crushed concrete in the beam—column interface.
As such, FR.02 does not aim to reproduce a typical damaged joint condition but rather
provides a conservative lower-bound stiffness and load-carrying capacity of the frame.
Any real damaged reinforced concrete joint is therefore expected to exhibit stiffness and
performance equal to or higher than that of FR.02.

4. Results

Numerical analyses were conducted in the frequency and time domains to evaluate
the effectiveness of the proposed retrofitting technique. Three frame configurations were
examined: the undamaged frame (FR.01), the damaged frame (FR.02), and the retrofitted
frame (FR.03) by comparing their dynamic responses. The geometry of the retrofitted frame
is illustrated in Figure 9, where a viscoelastic (VE) layer and a thin steel layer are introduced
in combination at the beam—column joint region, representing the proposed retrofitting
technique. In the damaged frame configuration, these additional layers were omitted to
represent the loss of joint integrity, while the undamaged frame was modelled with fully

intact joints.
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Figure 9. Geometric layout of the RC frame (units in mm).

In the frequency domain analysis, each frame was subjected to harmonic loading
over a range of excitation frequencies to obtain their corresponding frequency response
functions. This approach allowed the identification of dominant resonant frequencies
and the evaluation of how retrofitting influenced the overall stiffness and damping of
the structures.

In the time-domain analysis, the frames were subjected to base excitation in the form
of ground acceleration derived from a recorded earthquake seismogram. The structural
responses were assessed in terms of top-node displacements over the duration of the
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ground motion. By comparing these time histories among the three frame configura-
tions, the effectiveness of viscoelastic retrofitting in reducing lateral displacements was
quantitatively evaluated.

4.1. Frequency-Domain Analysis

To investigate the dynamic characteristics of the frames, a steady-state harmonic
response analysis was performed in Abaqus. This procedure enables a direct evaluation of
resonant displacement amplitudes over a prescribed frequency sweep while accounting
for the energy-dissipative behaviour of the viscoelastic layers through the Prony series
material definition.

For comparison, all three frame configurations, undamaged (FR.01), damaged (FR.02),
and retrofitted (FR.03), were analysed under identical boundary and loading conditions.
The frames were analysed under their self-weight; however, additional masses were taken
into account to represent the slab resting on the RC frame. A concentrated (lumped) mass
of 1000 kg was assigned at each beam-end top node to represent the tributary floor mass
and associated non-structural masses.

From each frame, three representative nodes were selected for detailed examination
of their resonant frequency response characteristics. Node 1 is located at the outer corner
of the beam—column joint. Node 2 is situated on the outer face of the column at mid-level
along its clear height. Node 3 is positioned on the top surface of the beam, at a distance
equal to one-quarter of the beam’s clear span from the column faces. All these nodes are
positioned in the mid-plane between the front and back faces of the frame. These nodes
were strategically chosen to detect the global and local vibration responses of the structure,
particularly around the beam—column joint region. The locations of the analysed nodes are
illustrated in Figure 10.

Figure 10. Nodes examined in the frequency domain analysis.

In the frequency-domain analysis, a uniform harmonic pressure load of 1.0 kPa was
applied at the top corner of the frames to simulate the effect of in-plane horizontal excitation.
The excitation frequency varied from 0 Hz to 40 Hz in steps of 0.02 Hz to capture the wide
response spectrum of each frame configuration. As a result, the resonant frequencies of
the selected nodes were analysed by identifying the peak displacement amplitudes, which
served as indicators of the frames” dynamic characteristics. The comparison among the
three configurations allowed the assessment of whether the retrofitted frame contributed to
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the reduction in displacement amplitudes at resonance. In this way, the effectiveness of
the viscoelastic retrofitting in improving the dynamic performance of the RC frame was
quantitatively evaluated. Figure 11 shows the resonant frequency response of each frame
for the nodes presented in Figure 10.
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Figure 11. The resonant frequency response of each frame for the three examined nodes 1 2 3.

The peak displacement amplitudes reported in Table 2 correspond to the maximum
values obtained from the discrete frequency sweep (step 0.02 Hz) in the vicinity of the
first resonance. Therefore, the reported peaks represent the maximum among sampled
frequency points near the resonance. All displacements listed in Table 2 are in-plane
displacement amplitudes at the respective nodes under harmonic excitation.

Table 2. Comparison of first resonant frequencies and corresponding maximum in-plane displacement
amplitudes of the analysed frames at selected nodes.
First Resonant Maximum
Node Frequency (£;) Displacement Relative Displacement Changes (%)
Number Frame 1 vyt Amplitude at (f;)
[Hz] [mm] vs. FR.01 vs. FR.02
FR.01 12.54 0.891 Ref. —
Node 1 FR.02 7.45 2.93 +228.91 Ref.
FR.03 8.23 1.19 +33.68 —59.36
FR.01 12.54 0.432 Ref. —
Node 2 FR.02 7.45 0.961 +122.38 Ref.
FR.03 8.23 0.413 —4.56 —57.02
FR.01 12.54 0.864 Ref. —
Node 3 FR.02 7.45 2.65 +207.03 Ref.
FR.03 8.23 1.09 +25.68 —58.87

Table 2 above highlights the first resonant frequencies and the trends in the maximum
in-plane displacement amplitudes at the first resonant frequency across the frames for each
selected node. The first resonant frequency is 12.54 Hz in FR.01, decreases to 7.45 Hz in
FR.02, then rises to 8.23 Hz in FR.03. For Node 1, the displacement amplitude increases
by 228.91% from FR.01 to FR.02, followed by a further 33.68% increase relative to FR.01 in
FR.03 (equivalent to a 59.36% decrease relative to FR.02). For Node 2, the amplitude rises
by 122.38% from FR.01 to FR.02, then decreases by 4.56% relative to FR.01 in FR.03 (or by
57.02% relative to FR.02). For Node 3, it increases by 207.03% from FR.01 to FR.02, and by
25.68% relative to FR.01 in FR.03 (corresponding to a 58.87% decrease relative to FR.02).
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Overall, FR.02 produces the greatest amplifications at all nodes compared to the reference
FR.01, while FR.03 displays changes that are generally improved relative to FR.02.

Based on the observations made for mode shapes, for the single-bay, single-storey
frame considered in this study, the addition of VE layers did not alter the in-plane mode
shapes in a way that produces undesirable dynamic or torsional effects.

The results of frequency domain analysis demonstrated that the retrofitted frame
(FR.03) exhibited a reduction in the amplitude of resonant vibrations at all three analysed
nodes compared to the damaged (FR.02) configuration. This attenuation in displacement
amplitude indicates the potential of viscoelastic layers in dissipating energy and enhancing
the overall damping capacity of the RC frame structure.

4.2. Time-Domain Analysis

To assess the seismic performance of the RC frames, dynamic analyses were per-
formed in Abaqus in the time domain. The procedure involved direct evaluation of
the structural response of the frames under real earthquake loading. The three frame
configurations—undamaged (FR.01), damaged (FR.02), and retrofitted (FR.03)—were
subjected to one-directional base excitation defined by a recorded earthquake ground
acceleration [49]. The selected ground motion, the 2023 Kahramanmaras earthquake with
moment magnitude (Mw) 7.8, was applied at the ground level to reproduce conditions
of seismic excitation in the plane of the RC frame. The ground motion record was ob-
tained from the Engineering Strong Motion (ESM) database [49] and used in the numerical
analyses in its processed form as provided by the database. The accelerogram is instrument-
corrected and baseline-adjusted according to the ESM processing protocol; therefore, no
additional baseline correction was applied. No further high-pass or low-pass filtering was
introduced in order to preserve the original frequency content of the record. The ground
motion was applied without amplitude scaling, using its original peak ground acceleration
of PGA = 578.14 cm/s?. The seismogram record of the applied earthquake and its pseudo
acceleration response spectrum for 5% damping can be seen in Figure 12.

The record selection and the use of an unscaled accelerogram are intended for a
comparative case study assessment of the three frame configurations. The frames were
subjected to the ground motion over the selected time interval between 30 s and 50 s, which
contains the largest-amplitude segment of the record used in this study. The adoption of
a shortened time window can be justified by the short and relatively stiff nature of the
analysed frames, which develop their dominant dynamic response over a short period
compared to more flexible, slender structures. As the study focuses on a parametric
comparison of frame configurations, the time interval with the highest energy input was
selected to maximise excitation demand and comparability across cases. Although this
window captures the largest-amplitude segment of the accelerogram and activates the
governing response mechanisms, it may not represent the worst-case scenario; full record
and/or multiple ground motion analyses are left for future work. It should also be noted
that, as only a single unscaled ground motion (Kahramanmaras 2023) was used, the present
results are limited to this case study scenario; extending the analysis to additional ground
motions would further strengthen and validate the proposed solution.

The viscoelastic properties of the retrofitted frame were modelled using a time-
dependent Prony series formulation to account for energy dissipation during ground
motion. The dynamic responses of all frames were evaluated in terms of the horizontal
displacement histories of the top node. This comparison enabled the assessment of how
viscoelastic retrofitting influences the overall in-plane displacement of the frame under
earthquake excitation. The selected monitoring point (top corner node) used for tracking
the dynamic response is highlighted in Figure 13.
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Figure 12. Acceleration time history of the 2023 Kahramanmaras (Mw 7.8) earthquake and its Pseudo
acceleration response spectra (Network: TK, Station code: NAR) [49].

Figure 13. Location of the monitored top node in the 1-bay, 1-storey RC frame.

The horizontal displacement responses of the top node for the three frame configura-
tions are presented in Figure 14.
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Figure 14. Horizontal displacement time histories of the top node for the undamaged (FR.01),
damaged (FR.02), and retrofitted (FR.03) frames.
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In Table 3, the analysis of the peak horizontal displacement of the top node within the
30 s-50 s time window shows important variations across the three frame configurations.
Relative to the reference frame FR.01, the FR.02 configuration exhibited a substantial
increase of 295.55% in peak displacement. In contrast, the FR.03 configuration achieved a
significant mitigation of this increased response. While FR.03’s displacement remains
172.72% higher than the undamaged FR.01 baseline frame, it represents a significant
31.05% reduction when compared directly to the excessive peak movement observed
in FR.02.

Table 3. Peak horizontal displacements of the top node and relative changes across frames (time
window: 30 s-50 s).

Peak Horizontal Displacement of the Top Node

Relative Displacement Changes (%)

Frame for the Analysed Time Window 30-50 s

[mm] vs. FR.01 vs. FR.02
FR.01 2.98 Ref. -
FR.02 11.8 +295.55 Ref.
FR.03 8.13 +172.72 —31.05

As seen in Table 3, the retrofitted frame (FR.03) exhibited a clear reduction in dis-
placement amplitude throughout the duration of the applied ground acceleration when
compared to the damaged (FR.02) frame. The damaged frame showed the largest response
amplitudes due to the lack of joint stiffness and energy dissipation. This reduction in
displacement highlights the capability of the proposed retrofitting technique in control-
ling vibration amplitude and enhancing the damping behaviour of the RC frame under
seismic excitation.

Overall, both frequency- and time-domain analyses indicated that the damaged frame
(FR.02) exhibited reduced stiffness and increased displacement responses compared to
the undamaged frame (FR.01). The retrofitted frame (FR.03) consistently demonstrated
improved dynamic performance, with higher modal frequencies, lower displacement
amplitudes, and enhanced energy dissipation. These results confirmed the effectiveness of
the proposed viscoelastic steel retrofitting technique in controlling seismic responses of the
RC frame.

5. Conclusions

The findings of the present study directly address concerns raised in previous research
regarding conventional stiffness- and strength-based retrofitting strategies. As highlighted
by Zhao et al. [28] and Tahamouli-Roudsari et al. [29], while such conventional interventions
can effectively enhance lateral resistance, they may also lead to increased acceleration
demands, unfavourable force redistribution, and a reduction in global ductility, potentially
transferring additional stresses to existing structural components and accelerating damage
under seismic loading. In contrast, the retrofitting approach investigated in this study
focuses on enhancing the ductility and energy dissipation capacity of the RC frame through
the incorporation of viscoelastic layers at beam—column joints, rather than significantly
increasing structural stiffness or strength. This strategy allows the structure to respond
in a manner more consistent with its original seismic design philosophy, limiting force
amplification and reducing the risk of interaction effects.

Dynamic Mechanical Analysis (DMA) tests were conducted to develop an effective
viscoelastic (VE) material model for numerical simulations in Abaqus. The experimentally
obtained curves were approximated in MATLAB and implemented in terms of a Prony
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series representation to define the VE material behaviour in the finite element software
Abaqus. The obtained material model was verified through the simulation of the experi-
mental DMA test in an identical finite element model simulation. The integration of DMA
data, curve fitting, and Prony series implementation establishes a systematic and advanced
methodology for viscoelastic material characterisation, enabling rapid optimisation of
different geometrical and/or material configurations during the initial stages of research.
Once the effective material model had been verified and established for the considered
VE material, an RC frame in three states—undamaged, damaged, and retrofitted—was
subjected to both frequency-domain and time-domain analyses. Comparative analyses of
these three models were performed to evaluate the effectiveness of the retrofitting technique
using VE layers backed by steel plates.

The use of the Prony series to define viscoelastic materials in finite element software
such as Abaqus provides a powerful approach to significantly reduce computational cost
while maintaining high accuracy of the results for the analysed one-bay, one-storey frame
and the considered VE material. The complex behaviour of viscoelastic materials can
be effectively modelled using the Maxwell model by increasing the number of Maxwell
terms; however, special attention must be paid during curve fitting, as an excessive number
of terms may lead to overfitting and deviations from the actual material behaviour. We
therefore recommend adopting an iterative approach, gradually increasing the number of
Maxwell terms. Moreover, the methodology applied in this study, comparing experimen-
tal DMA tests with numerical DMA simulations via the Prony series definition obtained
through curve fitting, represents a simple yet robust procedure for tuning the material be-
haviour. One key advantage of using DMA-derived Prony series is the efficiency: it allows
rapid characterisation of viscoelastic properties compared with conventional stress relax-
ation or other time-dependent experiments, which can take hours or even days depending
on the material and test protocol.

At this stage, the contribution of viscoelastic layers to the global dynamic behaviour
of RC frames has been investigated for the proposed retrofitting technique. The results
demonstrated that, under the examined loading conditions and modelling assumptions, VE
layers applied at beam—column joints can effectively damp vibrations and reduce in-plane
horizontal displacements of the one-bay, one-storey RC frame considered in this study.

6. Limitations of the Current Study and Future Work

While the present investigation focuses on global dynamic behaviour under linear
elastic assumptions, it may be regarded as a benchmark case study aimed at understanding
the direct application of viscoelastic layers and their influence on the overall dynamic
response of RC frames. Building upon these findings, future work is planned to extend
the proposed retrofitting technique to nonlinear concrete models incorporating progressive
damage development in beam—column joint regions. This progressive modelling strategy
will be investigated through both advanced numerical simulations and laboratory experi-
ments. While laboratory testing may initially rely on idealised damage states, numerical
models will be developed to explicitly simulate damage evolution under dynamic loading.
Such an approach will allow systematic assessment of the effectiveness of the proposed
retrofitting method across intermediate joint stiffness levels and varying damage states,
thus providing a more realistic evaluation of its applicability to existing RC structures.

The one-bay, one-storey frame analysed in this research represents a typical frame
segment extracted from a multi-storey RC building and should therefore be viewed as an
analysis of a representative sub-assembly. Accordingly, the findings should be interpreted
in light of certain limitations, including a single frame geometry, one viscoelastic mate-
rial configuration, and a single ground motion record. A comprehensive building-scale
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assessment, accounting for multi-storey effects, infill walls, and interaction or coupling
phenomena, constitutes an important direction for future research. Further studies could
explore a wider variety of viscoelastic materials, temperature effects, different joint configu-
rations, and multiple seismic scenarios to better understand the broader applicability and
robustness of the proposed retrofitting technique.
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