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Decarbonization is a key priority in the global effort to promote sustainable development and mitigate climate
change. A significant contribution can be made by renovating the existing European building stock, which is
largely characterized by low energy efficiency and inadequate structural performance. To address this challenge,
integrated and sustainable renovation strategies based on Life Cycle Thinking principles have been proposed,
aiming to enhance both structural safety and energy performance. In this paper, cold-formed steel panels with
burring holes are proposed as earthquake-resistant elements for the integrated renovation of existing reinforced
concrete (RC) buildings. These shear walls are used in Japan as lateral force-resistant systems for new lightweight
buildings. The proposed retrofit solution offers key advantages, including lightness, ease of installation, and the
possibility of disassembly and component reuse, thereby enhancing overall sustainability. Three finite element
modelling strategies with varying levels of complexity are presented to capture the behaviour observed in
previous experimental campaigns. A design methodology for a retrofit solution for RC buildings is developed,
incorporating the stringer-panel model to derive forces in individual elements. Finally, both the modelling
approach and design method are validated through application to a reference case study building representative
of existing RC structures not designed according to earthquake-resistant provisions. Vulnerability analyses have
been performed, demonstrating the effectiveness of the designed retrofit solution involving perforated metal

panels.

1. Introduction

In line with the main objective of the European Green Deal to achieve
carbon neutrality by 2050, sustainability must become a priority in the
development of all economic sectors, including construction. The con-
struction sector is known to have significant environmental impacts,
accounting for 40% of energy consumption and 36% of CO, emissions in
Europe [1]. The European post-Second World War reinforced concrete
(RC) building stock was primarily constructed to address the urgent
housing demand of that period. Building materials often had poor per-
formance, and non-specialized labourers lacked the necessary knowl-
edge and experience, resulting in inadequate execution of structural and
non-structural elements and leading to early obsolescence. Additionally,
these structures were designed before the implementation of the first
comprehensive codes for earthquake-resistant buildings. They are
characterized by one-way RC frames with poor structural details and
interacting masonry infills. Floors were typically made of one-way
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composite RC-masonry ribbed slabs, often without an RC overlay. A
pilotis configuration at the ground floor was frequently used, intro-
ducing a significant discontinuity in stiffness and strength between
stories. The considerable vulnerability of these buildings has been
clearly demonstrated by the devastating effects of past earthquakes,
which have caused substantial structural damage, economic losses, and
human casualties. In Italy, the significant economic and social impacts
of seismic events over the past 50 years have been highlighted by the
Italian Department of Civil Protection [2]. In addition to their structural
deficiencies, these buildings also have poor energy performance, further
contributing to their overall obsolescence and underscoring the need for
comprehensive assessment. Despite the clear structural and thermal
deficiencies affecting these buildings, demolition and reconstruction are
usually not sustainable options due to raw material depletion and haz-
ardous waste production [3-5]. Currently, the renovation of existing RC
buildings is typically addressed through limited and local interventions
that do not resolve all the issues affecting the building, or it focuses only
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on energy aspects, such as external wall insulation or boiler replace-
ment. However, the structural vulnerability of existing buildings, which
can lead to severe damage during strong earthquakes, could signifi-
cantly undermine the energy savings achieved through energy retrofit
interventions alone [6].

In recent years, holistic renovations based on the principle of Life
Cycle Thinking (LCT) have been proposed [7,8], aiming to address all
building deficiencies through comprehensive interventions. The concept
of LCT is applied to the design of retrofit solutions, with the goal of
maximizing performance and minimizing environmental impacts and
costs throughout the building’s life cycle. The addition of an exoskeleton
enhances both structural and energy performance and also improves the
building’s aesthetics. According to a World Bank analysis [9], earth-
quake prevention measures that include energy refurbishment are
cost-effective and provide immediate benefits to inhabitants, even if a
seismic event does not occur. Furthermore, the proposed intervention
can be carried out entirely from the outside, allowing continuous use of
the building and eliminating one of the main barriers to renovation: the
need to relocate inhabitants. Retrofit solutions that use standardized and
prefabricated elements optimize the installation process and improve
the dismantlability of the system, thereby increasing its sustainability.
Several configurations have been proposed as integrated solutions for
building renovation, such as steel diagrid exoskeletons [10], pre-
fabricated timber shell panels [11-14], two-dimensional orthogonal
steel exoskeletons [15], and steel sandwich panels with structural and
energy functions [16]. Other solutions include pin-supported walls [17,
18], which enable the linearization of frame deformation along the
height and inhibit the development of a soft-storey collapse mechanism.

In this context, cold-formed steel (CFS) panels may be used as a
structural layer in integrated renovation strategies. These shear walls
are already widely employed worldwide as lateral force-resisting sys-
tems for new structures [19-21] due to their light weight, ease of
installation, and favourable mechanical properties. Conversely, despite
their potential, limited research has focused on the application of
cold-formed steel members for the seismic energy retrofitting of ma-
sonry [22,23] and reinforced concrete buildings [24,25]. At the Nagoya
Institute of Technology, a specific configuration of cold-formed steel
panels with burring holes was proposed as a seismic-resistant system in
new low- to mid-rise buildings. These shear walls consist of a thin steel
sheet with burring holes aligned vertically, mechanically fastened to the
frame members. The presence of burring holes enhances the
out-of-plane stiffness and energy dissipation capacity of the panel,
making the system suitable for resisting lateral seismic loads while
maintaining light weight and ease of installation, key advantages in
modern construction practices. Experimental and numerical in-
vestigations were conducted to determine the seismic behaviour and
resistance mechanism, based on the concentration of stresses in the in-
tervals between the holes [26-29]. These panels may also be coupled
with steel rocking podium frames for new buildings or for the seismic
retrofit of existing buildings, as preliminarily investigated in [30,31].

In this work, the effectiveness of CFS panels with burring holes for
the integrated renovation of existing reinforced concrete buildings is
assessed. The study aims to contribute to the development of a new type
of sustainable exoskeleton for buildings, leveraging the advantages of
prefabrication and standardization to expedite construction and reduce
costs. The retrofit system is designed to be demountable, allowing for
disassembly and reuse at the end of the building’s nominal life, thus
enhancing sustainability. Given the growing interest in lightweight steel
solutions, it is significant that the current edition of Eurocode 8 (EN
1998) [32] lacks a dedicated section on cold-formed steel. Conse-
quently, the design of such structures relies on the general provisions for
hot-rolled steel elements, with necessary adaptations. The upcoming
edition of EN 1998, to be released in the next few years, will introduce a
specific section with design rules for lightweight steel systems [33]. This
development reinforces the feasibility of CFS solutions for seismic design
and will provide practitioners with practical design formulations. To
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evaluate the proposed system, this research combines numerical and
analytical methods. Finite element (FE) models of the panel are devel-
oped to simulate the monotonic behaviour observed in previous exper-
imental tests. An analytical design procedure involving the
stringer-panel model is proposed to determine the optimal configura-
tion of the retrofit system. A case study building is then analysed to
validate both the modelling approach and the proposed design meth-
odology. The paper is organized as follows: 2 provides an overview of
the experimental background and the characteristics of the perforated
CFS panel. 3 presents the development of three finite element modelling
strategies. 4 outlines the analytical procedure proposed for the design of
the retrofit system. In 5, the methodology is applied to a case study
building, and the effectiveness of the intervention is evaluated through a
vulnerability assessment of the building before and after the retrofit
system is applied.

2. Panel characterization and experimental results

Steel sheet shear walls with burring holes are currently used as
lateral force resisting systems in low- to -mid rise buildings in seismically
active and typhoon-prone regions of Japan. Real applications of these
shear walls are shown in Fig. 1. The burring holes are produced through
a cold-pressing process. The standard configuration of these walls con-
sists of 2.73 m-high and 0.91 m-wide sheets with 200 mm diameter holes
aligned with a pitch of 321.6 mm, attached with self-drilling screws to
vertical studs, rails and cross-rails made of cold-formed steel box and
channel shapes with and without lips. The steel sheet is made of a zinc-
aluminium-magnesium alloy-coated steel, JISG3323 SGMC400, with a
nominal yield strength of 295 MPa (280 MPa is used for the design yield
strength) and a nominal thickness of 1.2 mm. The four edges of the sheet
are connected to the frame elements with 4.8 mm-diameter self-drilling
screws spaced at 50 mm. The geometrical properties of the system are
shown in Fig. 2, while the details of the cross-sections of the elements are
summarized in Table 1. The distribution and dimensions of the burring
holes (200 mm diameter with a 321.6 mm vertical pitch) follow the
configuration previously developed and experimentally validated by
Kawai et al. [26-29] for steel sheet shear walls with burring holes. This
layout was shown to promote controlled stress localization in the steel
sheet intervals between the holes and the development of stable diag-
onal tension fields, while the 10 mm curved burring ribs provide local
out-of-plane stiffening that delays local buckling of the steel sheet in-
tervals. The hole geometry was therefore maintained unchanged in the
present study in order to preserve the experimentally validated me-
chanical behaviour of the system.

In terms of adaptability to existing RC buildings, the retrofit strategy
relies on the modularity of the system rather than on customization of
the hole size or spacing. Architectural compatibility is achieved by
combining standard modular panels, introducing vertical slits for span
adjustment, and varying the frame height according to the storey ge-
ometry. Therefore, the adaptability of the retrofit system is achieved
through modular assembly while maintaining the reliability of the
standardized components. Alternative panel geometries and hole lay-
outs may be investigated in future studies through dedicated experi-
mental and numerical validation.

The specimen was tested under cyclic loading in displacement con-
trol in a cantilever configuration with a point load applied at the top of
the panel and both studs connected at the bottom to the testing frame
through hold-down and anchor bolts. It was observed that under
medium-to-large seismic loads, corresponding to the serviceability limit
state, the walls exhibited stress concentrations in the intervals between
the holes and displayed almost elastic behaviour. The primary failure
mechanism was identified as local shear buckling of the steel sheet in-
tervals between the burring holes, initiating at a storey drift angle of
approximately 1/150 (Fig. 3, point 2). With increasing deformation,
diagonal tension fields progressively developed within the sheet at a
drift angle of approximately 1/100 (Fig. 3, point 3), allowing the panel
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Fig. 1. Examples of real applications of steel sheet shear walls with burring holes.
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Fig. 2. a) Geometrical details of the frame elements and the steel sheet with burring holes (unit: mm), b) three-dimensional representation of the shear wall system
and c) cross-sectional view of the panel with details of cold-formed profiles.
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Table 1
Details of the cross-sections of the elements of the shear walls.

Element Dimensions

Steel sheet with burring
holes

Vertical perimetral 2BOX:75x75x2.2mm + C: 150 x 75x 15 x 3mm + C:
studs 142 x 50 x 3mm

Horizontal tracks C: 155 x 40 x 2.0 mm

Cross-rails C: 60 x 30 x 1.6 mm

Vertical central stud C: 150 x 44.5 x 12 x 2.2 mm

Width: 455 mm; Height: 2730 mm; Thickness: 1.2 mm

to maintain stable post-buckling lateral resistance, as shown by the
hysteretic response in Fig. 3a. At larger deformation levels, the steel
sheet exhibited progressive out-of-plane deformation, while the stift-
ened edges of the burring holes limited excessive local instability. The
experimental observations showed that the inelastic response was pri-
marily concentrated within the steel sheet intervals, whereas the sur-
rounding frame members and screw connections remained effective in
transferring forces without exhibiting dominant brittle failure mecha-
nisms. Consequently, the global response was governed predominantly
by structural instability and tension-field development rather than by
material strain hardening. Based on the experimentally observed
behaviour, an allowable design strength formulation was proposed in
[29] to compute the seismic resistance as a function of the mechanical
properties of the material and the geometrical characteristics of the in-
tervals between the holes.

3. Numerical models

The first step of this research was the development of alternative
shear wall models to provide tools with varying levels of complexity for
different contexts. The first model, referred to as Model A, was devel-
oped using Simulia Abaqus [34] and is intended to capture stress con-
centrations in the regions between the holes and reproduce the system's
monotonic behaviour. The second and third models, referred to as Model
B and Model C, were developed in the commercial software MidasGen
[35], with decreasing levels of complexity. Model B uses shell elements
with plastic behaviour, while Model C, the simplest model, employs
elastic beam elements. In Model C, the inelastic behaviour of the panel is
represented through calibrated concentrated plasticity. The conceptual
schemes of the three models are illustrated in Fig. 4. The purpose of
these numerical investigations, in addition to replicating the
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S120-100 -80 -60 -40 =20 0 20 40 60 B0 100 120
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experimental behaviour, is to develop a practical tool for professional
engineers modelling this type of panel for the seismic retrofit of existing
buildings.

3.1. Model A

3.1.1. Model definition and nonlinear static analysis

The first model, Model A, was developed using Simulia Abaqus and
accounted for geometric nonlinearities. The conceptual scheme of the
model is shown in Fig. 4a. Frame elements were modelled as elastic
beam elements (E = 210000 MPa) and pin-connected to each other. The
two 0.455 m-wide sheets with burring holes were modelled using con-
tinuum shell elements with an elastic perfectly plastic material
(E = 210000 MPa, cy=295 MPa). The out-of-plane lips of the burring
holes were explicitly modelled in Model A to account for the localized
stiffness effects associated with the burred geometry. Furthermore, a
non-uniform mesh strategy with local refinement around the holes and
along the burred edges was adopted to adequately capture the stress
distribution and local buckling patterns observed experimentally. The
frame was connected to the ground through two absolute pinned sup-
ports located at the lower corners. Out-of-plane constraints were
imposed on all frame elements to simulate the restraining effect of the
existing structure. Beam and shell elements were connected through
nonlinear spring cartesian-type connectors spaced at 50 mm, consis-
tently with the screw spacing adopted in the experimental specimen.
The connectors were assigned an elasticity and plasticity behaviour with
a nonlinear shear-slip constitutive law derived from the experimental
characterization of the self-drilling screw connections reported by Kawai
etal. [26-29]. The value of 6800 N/mm corresponds to the initial elastic
stiffness of the connector response. No explicit connector fracture cri-
terion was introduced, as the experimental tests showed that the global
response was governed by local shear buckling and tension-field
development in the steel sheet, while the screw connections remained
effective in transferring forces even at large panel displacements. In the
out-of-plane direction, rigid connector behaviour was assumed to
reproduce the experimental restraint conditions and prevent artificial
separation between the sheet and the frame.

To ensure consistency with the experimental setup described in 2,
the horizontal action was applied to the upper track of the panel and
uniformly distributed to its nodes through displacement-controlled
loading. A preliminary linear buckling analysis was performed in Aba-
qus to identify the dominant local instability modes of the steel sheet. A

1: 0.5%

2: 0.67%

b)

Fig. 3. a) Experimental hysteresis loops and envelope curve used for numerical analyses; b) visual evolution of the steel sheet buckling and diagonal tension field

development at different drift levels (adapted from [26]).
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Fig. 4. Conceptual scheme of a) Model A, b) Model B and c) Model C.

combination of the first four buckling modes was subsequently intro-
duced with equal weights as an initial geometric imperfection in the
nonlinear static analysis to trigger the experimentally observed insta-
bility mechanisms. A mesh sensitivity analysis was also conducted to
evaluate the influence of shell discretization on the numerical response.
Different mesh densities were investigated, with local refinement
adopted in the regions surrounding the burring holes to accurately
capture stress localization and local buckling phenomena. The final
mesh configuration was selected after verifying the convergence of the
global force-displacement response and the plastic strain localization
patterns, while maintaining a satisfactory balance between numerical
accuracy and computational demand. A nonlinear static analysis, using
the “Static, General” procedure, was carried out until a displacement of
105.16 mm was reached. The monotonic force-displacement curve ob-
tained from the analysis is shown in Fig. 8, where it is compared with the
experimental curve. By analysing the two curves, it was observed that
the numerical model accurately reproduces the experimental behaviour
of the shear wall under testing conditions. The yielding point closely
coincides in both cases, while the ultimate resistance is slightly over-
estimated in the numerical simulation. The numerical model was able to
reproduce the dominant failure mechanisms observed during the
experimental tests. As the imposed displacement increased, stress and
strain localization developed within the steel sheet intervals between
the burring holes (Fig. 5). The simulations reproduced the development
of the tension-field mechanism together with the associated local
buckling patterns observed experimentally. At large displacement

levels, significant out-of-plane deformations developed within the steel
sheet, confirming the influence of the burring holes on the instability
mode shapes. Furthermore, the connector elements exhibited nonlinear
deformation behaviour while remaining effective in transferring forces
between the steel sheet and the surrounding frame.

The apparent post-elastic hardening observed in both the experi-
mental and numerical responses is not related to material strain hard-
ening, since the steel sheet was modelled with an elastic-perfectly plastic
constitutive law. Instead, this behaviour is associated with the pro-
gressive development of tension-field actions within the steel sheet and
the consequent activation of the flexural contribution of the boundary
studs through the nonlinear screw connections.

3.1.2. Parametric analysis and design formulations

(a) Resistance and elastic stiffness

Following the validation of the numerical model, a sensitivity anal-
ysis was conducted to investigate the influence of the steel sheet thick-
ness (t) on the mechanical properties of the panel. The thickness was
varied from 1 mm to 2 mm with increments of 0.1 mm, while the stiff-
ness and strength of the connections were calibrated proportionally for
each configuration. The resulting force-displacement curves are illus-
trated in Fig. 6a. The primary objective of this analysis was to derive
analytical formulations for both the shear resistance and the initial
elastic stiffness as a function of the sheet thickness. These expressions
serve as a practical design tool, enabling an informed selection of the
panel properties based on the target design capacity. The design shear
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Fig. 5. Numerical results at 20 mm (0.7% drift) and 54.6 mm (2% drift) displacements: (a-b) Von Mises stress in MPa and (c-d) Equivalent Plastic Strain (PPEQ).
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sion analysis.

resistance (Fyp) was calibrated at a top displacement of 20 mm, corre-
sponding to a drift ratio of 0.7%. Experimental observations showed that
this deformation level marks the onset of significant shear buckling and
stiffness degradation within the burring holes intervals. Consequently,
F5p was adopted as a design-oriented resistance threshold representative
of the transition between predominantly elastic behaviour and the onset
of post-elastic instability and yielding mechanisms. The proposed
formulation is intended to support the retrofit design procedure by
determining the required sheet thickness as a function of the target
seismic demand. A quadratic polynomial regression was performed to
correlate the shear resistance with the thickness, yielding the following
expression (where t is in mm and Fgy in kN):

Fyo = 12.3t> +8.1t+5.6 (€8]

As expected, the initial elastic stiffness (k¢;) followed a linear trend
with respect to the thickness. The resulting formulation (with k; in kN/

mm) is:
kg =4t—1.3 (2)

It should be noted that Eq. (1) represents an empirical design-
oriented relationship calibrated for the specific panel configuration
investigated in this study, in which the geometry and arrangement of the
burring holes were kept constant. Within the proposed retrofit meth-
odology, the steel sheet thickness represents one of the most direct and
practically adjustable parameters for calibrating the lateral strength and
stiffness of the panel according to different seismic demands. For this
reason, the parametric investigation was intentionally focused on the
variation of sheet thickness within the investigated range. Additional
sensitivity analyses showed that variations in the flexural stiffness of the
boundary studs mainly influence the post-elastic response, while the
panel resistance at the selected yielding threshold remains only
marginally affected. Consequently, Eq. (1) should be considered valid
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for the investigated range of sheet thicknesses and panel geometries
adopted in the present study.

(b) Influence of stud stiffness on post-elastic behaviour

During the numerical simulations, it was observed that the post-
elastic hardening behaviour of the panel is predominantly influenced
by the flexural contribution of the vertical boundary studs. In particular,
variations in the second moment of inertia of the studs (Isn4s) mainly
affected the post-yield stiffness and the ultimate resistance of the panel,
while the initial elastic stiffness and the design resistance evaluated at
the conventional yielding displacement remained only marginally
affected.

In practical retrofit applications, it may become necessary to increase
the stud dimensions or adopt alternative stud cross-sections to satisfy
stud buckling verifications. Consequently, an additional sensitivity
analysis was conducted by progressively increasing the stud inertia up to
four times the reference configuration. Based on the obtained numerical
results, a corrective coefficient § was derived to account for the influ-
ence of stud stiffness on the post-elastic response:

B _ kpoxt,rev
k

post,standard

=1+ (1.35 - 0.61t)In(n) 3)

where n is the ratio between the modified and reference stud inertia
values.

The results showed that the influence of stud stiffness becomes
progressively less significant as the sheet thickness increases. Further-
more, the sensitivity analysis highlighted that the variation of stud
stiffness produces only limited modifications of the design resistance Fzg
(e.g., approximately 5% for a 1.2 mm sheet with doubled stud inertia).
The applicability of the formulation should be interpreted within the
investigated range of panel geometries, sheet thicknesses and stud
inertia values.

3.2. Model B

Based on the experimental data and test setup, a second modelling
approach was developed in MidasGen to reproduce the global experi-
mental response through a simplified shell-based finite element formu-
lation. In a previous study by Gualdi et al. [36], various different FE
models were preliminary investigated using this software, each with
increasing complexity, to identify a modelling strategy suitable for
practical engineering applications. For brevity, only the final calibrated
configuration adopted in the present study is presented here. The steel
sheet was modelled using plastic plate elements with a uniaxial yield
stress of 295 MPa and a thickness of 1.2 mm. Frame members were
modelled as elastic beam elements, pin-connected to each other. A
nominal Young’s modulus of 210000 MPa was assigned to all elements.
Holes without burring were inserted in the model at their actual posi-
tions, and two pinned supports were attached to the base. A
quad-dominated shell mesh consistent with the discretization strategy
adopted in Model A was used. Unlike Model A, the connections between
the steel sheet and the surrounding frame were represented through an
equivalent simplified arrangement of rigid links, whose number and
distribution were calibrated to reproduce the global experimental
force-displacement response. The conceptual scheme of Model B is
shown in Fig. 4b.

To obtain the capacity curve, a nonlinear static analysis was per-
formed by controlling the displacement of the centre of the highest part
of the plate. As in Model A, the maximum allowable displacement was
set at 105.16 mm, corresponding to the displacement capacity observed
in the experimental test. As shown in Fig. 8, Model B provides a satis-
factory representation the global experimental force-displacement
response.

Unlike Model A, Model B does not explicitly include geometric im-
perfections or out-of-plane instability effects. Consequently, the
compression stress paths remain active during loading and the stress
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redistribution associated with local buckling phenomena is not directly
reproduced. Therefore, the local stress distribution obtained from Model
B should not be interpreted as physically representative of the actual
local instability mechanisms occurring in the steel sheet. To compensate
for this simplification and achieve consistency with the observed global
behaviour, the number and arrangement of the connectors between the
plate and frame elements were calibrated. Specifically, 11 connections
were adopted along the horizontal tracks and 5 along the vertical
boundary studs.

Compared to the refined Abaqus model, this shell-based approach
significantly reduces modelling complexity and computational demand
while remaining implementable within a commercial structural analysis
software commonly used in engineering practice. The main objective of
Model B is not the accurate reproduction of local stress or instability
phenomena, but rather the development of a simplified engineering-
oriented model capable of reproducing the global lateral response of
the panel system with reduced computational effort. However, despite
its simplified formulation, Model B still requires a non-negligible
computational effort for large-scale structural analyses. For this
reason, a further simplified macro-model (Model C) was subsequently
developed.

3.3. Model C

To provide a computationally efficient tool for large-scale structural
simulations, a simplified macro-element model, denoted as Model C,
was developed using MidasGen. While Model A and Model B rely on
refined shell discretization, Model C is based on an equivalent beam-
based framework. The objective of this approach is to reproduce the
global force-displacement response of the panel through a simplified
formulation suitable for engineering-oriented structural analyses,
without explicitly modelling local instability phenomena.

3.3.1. Model definition
Model C is characterized by a dual-component assembly with beam
elements:

e Boundary frame: the external studs and tracks modelled with elastic
beam elements, pin-connected to each other;

e Equivalent bracing system: the steel sheet, represented through
cross-arranged beam elements pinned to the boundary studs.

The post-elastic response of the panel, including the effects associ-
ated with shear buckling and tension-field development within the steel
sheet, is phenomenologically reproduced through lumped plastic hinges
located at the midspan of the internal horizontal members, at the
intersection between the internal horizontal and vertical members. As
illustrated in Fig. 4c, the geometry of the equivalent internal mechanism
induces a linear bending moment distribution within the elements, with
maximum bending demand occurring at midspan, where the calibrated
hinges were introduced.

3.3.2. Elements calibration and general applicability

The cross-section of the internal cross-arranged elements was cali-
brated to reproduce the initial elastic stiffness of the panel (k) observed
experimentally. The equivalent second moment of inertia (I) required
for the cross-arranged elements is therefore:

keh?(a+h)

I=
12E

“@
where a and h are the width and the height of the panel, respectively.
To ensure consistency between the analytical formulation and the
numerical response of the macro-model, the external studs are modelled
as axially rigid members. The nonlinear response is introduced through
a trilinear moment-rotation (M-0) hinge law (Fig. 7). The characteristic
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Fig. 7. Trilinear skeleton curve for plastic hinges in Model C.
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hinge moments (M; and My) are derived from the panel shear resistance
(F) through the equilibrium relation M=Feh2. The observed stiffness
degradation is incorporated through the reduced post-elastic stiffness
branches defined by the coefficients @; and az. The elastic rotational
stiffness (ko) of the plastic hinges is computed as 3EI/(a/2).

The calibration procedure integrates the analytical regression laws
derived in 3.1. (Egs. 1, 2, 3), allowing the model to be adapted to
different sheet thicknesses and stud cross-sections within the investi-
gated ranges. Although local mechanisms are not explicitly reproduced,
Model C provides an accurate phenological representation of the global
panel response with significantly reduced computational demand
compared to refined shell-based models.

4. Methodology for the design of a retrofit system with panels

This section presents an iterative methodology for the design of
retrofit interventions based on cold-formed steel panels for existing RC
buildings. The proposed approach combines spectrum-based seismic
analysis, equivalent lateral force distributions and simplified analytical
formulations to provide a practical design-oriented procedure suitable
for engineering applications.

The methodology was developed with reference to low-rise RC
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residential buildings within the investigated range of panel geometries
and sheet thicknesses. The design philosophy assumes that the CFS
panels provide the primary contribution to the lateral stiffness and
strength of the retrofitted building to limit interstorey drift demand and
reduce damage concentration in the existing RC frame and masonry
infills. For buildings characterized by severe torsional irregularities,
highly non-uniform stiffness distributions or very high seismic demand,
additional detailed analyses and potentially alternative retrofit strate-
gies may be required. Since the retrofit intervention modifies the global
stiffness distribution and modal properties of the structure, the final
retrofitted configuration needs to be verified through detailed modal
and nonlinear analyses.

The proposed methodology consists of four steps. In Step 1, a pre-
liminary sizing of the retrofit system is performed based on spectrum
analysis. In Step 2, the strength of the retrofit system is analytically
derived, while Step 3 involves a preliminary global assessment in the
Acceleration-Displacement Response Spectrum (ADRS) domain through
an equivalent SDOF representation of the retrofitted building. Finally, in
Step 4, the stringer-panel model (SPM) is employed to evaluate the in-
ternal force distribution and perform member-level buckling verifica-
tions of the CFS components.

4.1. STEP 1: spectrum analysis and preliminary sizing

The seismic input is determined according to Eurocode 8 [32] pro-
visions through the horizontal response spectrum corresponding to the
life safety limit state. For the investigated class of low-rise RC buildings,
the fundamental periods are typically relatively short and the retrofitted
configurations generally remain within the constant-acceleration region
of the response spectrum. The seismic base shear force F; is evaluated as:

Fp = Sq(Ty)-m-A ()

where m is the total mass, 4 is the correction factor for the number of
storeys. A behaviour factor equal to 1.5 is adopted to account for the
limited ductility capacity of the existing RC structure. The lateral forces
are distributed along the height assuming a first-mode proportional
distribution of the retrofitted configuration:

Zi-m;

F, —F,
MY gm,

©

where z; and m; are the height and mass associated with the i-th storey.

At this preliminary stage, the retrofit panels are sized assuming that
they provide the primary contribution to the lateral stiffness and
strength of the retrofitted structure. This assumption is intentionally
adopted as a conservative drift-control-oriented criterion aimed at
limiting deformation demand and damage concentration within the
existing RC frame and masonry infills. If the steel sheet thickness is
predefined, the required number of panels is estimated by dividing the
storey shear demand by the design panel resistance Fgp. Alternatively,
the number and arrangement of panels may first be selected according to
geometric and architectural constraints, while the corresponding sheet
thickness is subsequently determined. A double-panel configuration
may also be adopted when the required resistance exceeds the capacity
achievable through a single-sheet solution within the investigated
thickness range. In this configuration, perforated steel sheets are
installed on both sides of the same CFS frame. Within the proposed
simplified modelling approach, the two sheets are assumed to act in
parallel, resulting in approximately doubled values of both the elastic
stiffness k. and the design resistance Fyp, while the post-elastic stiffness
is conservatively assumed to remain unchanged since the hardening
response is primarily governed by the flexural stiffness of the boundary
studs.
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Fig. 9. Backbone curves of the three considered systems.

4.2. STEP 2: evaluation of the retrofit system capacity

The equivalent stiffness of the retrofit system is evaluated by
assuming that the panels installed at each storey act in parallel. The total
lateral stiffness at the i-th storey is therefore:

ki = z": kij )
=)

where k;; is the elastic stiffness of the j-th panel at the i-th storey.
Given the storey shear force V; derived from Step 1, the storey
displacement is estimated as:

Y

A
ki

®
The total roof displacement, Ay, is obtained by the summation of
the individual storey displacements. The equivalent global stiffness of
the retrofit system, kg, is then defined as:
Fy

k2 - Amof (9)

The global lateral resistance of the retrofit system is estimated
assuming that the response is governed by the panels installed at the first
storey:

Rys = Zon,j (10)
)

where Fyj is the design shear resistance of the j-th panel evaluated
through Eq. 1.

It should be noted that the proposed formulations represent simpli-
fied analytical estimates intended for preliminary retrofit sizing within
the investigated range of panel configurations.

4.3. STEP 3: global assessment of the retrofitted structure

The retrofitted building is subsequently represented through an
equivalent SDOF system to perform simplified global performance
checks within the ADRS domain.

Assuming rigid connections between the retrofit panels and the RC
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structure, the initial stiffness of the retrofitted system is evaluated as the
combination of the stiffness of the existing structure k; and the retrofit
contribution ky. The structural response is represented through a
simplified trilinear backbone curve (Fig. 9) describing the initial elastic
response of the combined system, the post-yield response after activa-
tion of the existing RC frame nonlinearities, the subsequent nonlinear
response governed by the retrofit panels. Following a low damage design
approach, herein the retrofit configuration is considered satisfactory if
the interstorey drift demand at the LSLS remains below the target value
of 0.3%, selected to limit damage to non-structural components [37]. In
this step of the procedure, it is recommended that the retrofit stiffness k2
is at least 1.5 times greater than k;.

The proposed methodology follows an iterative refinement process.
If the target drift performance is not achieved, the retrofit configuration
is modified by increasing the number or stiffness of the panels.
Conversely, if the retrofit system appears excessively over-resistant, the
panel configuration can be recalibrated by redistributing the seismic
forces between the retrofit system and the existing structure according
to their relative stiffness contributions. The final retrofit solution must
always be verified through detailed modal analyses and nonlinear static
analyses of the complete retrofitted structure.

4.4. STEP 4: stringer-panel model for the distribution of forces among
elements

The SPM is adopted as the final step of the proposed design pro-
cedure to evaluate the internal force distribution within the CFS panels.
Originally developed for aeronautical engineering [38-40], and later
extended to structural reinforced concrete [41] and seismic diaphragm
design [42,43], the SPM decomposes planar systems into
one-dimensional stringers resisting axial forces and two-dimensional
panels transferring shear flows. According to equilibrium, the shear
transfer at the panel-stringer interface produces a linear variation of
axial forces within the stringers. While the global design procedure
defines the required panel configuration, the SPM allows the internal
forces acting on studs and cross-rails to be estimated in a computa-
tionally efficient manner. Once the axial demands (Ngg) acting on studs
and cross-rails have been determined, member-level buckling verifica-
tions can be performed according to the Eurocode 3 provisions for
cold-formed steel elements (EN 1993-1-1, EN 1993-1-3 and EN
1993-1-5) [44]. This approach allows the local instability mechanisms
governing the steel sheet behaviour to be treated separately from the
global instability verification of studs and tracks. Fig. 10 illustrates the
application of the method to a three-storey configuration. Internal studs
located between adjacent panels are subjected to equal and opposite
axial forces generated by the shear flows, resulting in negligible net axial
demand under horizontal loading.

5. Application to a case study

The numerical modelling strategy and the proposed design proced-
ure were validated by applying them to a reference case study building
that exhibits typical features of European buildings from the 1970s and
1980s. The selected case study is a residential three-storey building with
a rectangular shape (15.8 m x 7.88 m). The reference plan and elevation
of the case study building are shown in Fig. 11. The load-bearing
structure, which was not designed to withstand seismic actions, con-
sists of RC beams and columns. Seismic actions are resisted by three
longitudinal frames and two transverse frames at the perimeter. The
interstorey height is 2.6 m at the ground floor and 3.1 m at the upper
floors, for a total height of 8.8 m. The frame spans are 3.0 mand 3.4 m in
the longitudinal direction, and 3.45 m and 4.43 m in the transverse
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Fig. 10. Example of application of stringer-panel model for the analytical computation of internal forces in cold-formed steel panels. Note: h and a stand for height

and width of the panels respectively.
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Fig. 11. Characteristics of the reference case study building: plan and elevation (unit: m).

direction. The floors are made of a one-way composite RC beam-and-
clay-block system with a 3 cm RC overlay, for a total thickness of
19 cm. The staircase consists of stepped inclined beams. Details of the
cross-sections of the structural elements are provided in Appendix A. For
the non-structural elements, the perimeter masonry infills consist of two
layers of hollow brick with two outer layers of plaster, corresponding to
the medium infill described in [45]. In accordance with the codes in
effect at the time of construction, concrete C20/25 (fg = 20 MPa) and
steel FeB32K (fyx = 315 MPa, fyx = 490 MPa) were used. Live loads (Q)
were assumed to be 2 kN/m?, as required by the Italian Building Code
(NTC18) [46]. For intermediate floors, the dead load of both structural
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(G1) and non-structural (Gz) components was 2.5 KN/m?, while for the
non-accessible roof, the total dead load (G; + G2) was 3.6 kN/m?.

5.1. Numerical analysis of the structural response

A three-dimensional numerical model of the building was developed
in MidasGen, with the structural frame idealized using beam elements.
Inelastic behaviour was captured through lumped plastic hinges, with
flexural and shear responses defined according to Eurocode 8 backbone
curves. For RC columns, a P-M-M interaction-based hinge formulation
was adopted to dynamically update the flexural capacity according to
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Fig. 12. Lumped plastic hinge characteristics: a) flexural behaviour, b) shear behaviour; c¢) axial behaviour of the compression-only diagonal struts.

the varying axial load during the nonlinear analysis. Specifically, the
flexural behaviour was modelled using an elastic-perfectly-plastic
bilinear curve (Fig. 12a). The shear plastic hinge exhibits a linear
response up to its ultimate capacity, after which an abrupt strength
degradation occurs, representing brittle failure (Fig. 12b). The charac-
teristic points of both flexural and shear response curves were computed
according to Eurocode 8 formulations. To account for cracking effects,
the stiffness of beams and columns was reduced by 50% and 30%,
respectively, to account for concrete cracking.

Masonry infills were modelled through the equivalent diagonal strut
approach using compression-only truss elements. The equivalent cross-
sectional area of the struts was evaluated according to the formula-
tions proposed by Decanini et al. [47], and Sassun et al. [48]. The
nonlinear axial behaviour of the infills was represented through a
trilinear force-displacement (F-A) constitutive law accounting for
cracking, peak resistance and residual strength (Fig. 12c). The cracking
force and peak strength were evaluated according to the approach
proposed by Decanini et al. [47], while the corresponding drift values
were set to the commonly adopted thresholds of 0.3% for minor cracking
(4x), 0.5% for peak capacity (4,), and 1.86% for residual strength (4,)
[48]. The adopted modelling parameters are summarized in Table A3 in
Appendix. Infill panels with openings were not modelled, as their in-
fluence on the global resistance and stiffness of the building was
assumed to be negligible. The floor slabs were assumed to effectively
transfer horizontal loads and were therefore modelled as rigid
diaphragms.

The seismic performance of the existing building was assessed using
nonlinear static analyses conducted along the two principal directions of
the structure. Hereafter, the transverse and longitudinal directions are
referred to as the X and Y directions, respectively. The capacity curve in

700

600 LSLS

500 Ncpis

400
300
200

Base Shear (kN)

100

0

0.00 0.01 0.02 0.03 0.04

Monitored Displacement (m)

a)

0.05

the weaker direction, the X direction, is shown in Fig. 13a. The perfor-
mance evaluation considered two structural limit states defined by the
Italian Building Code [45]. A nominal design life of 50 years and
importance class II were adopted for the building. Specifically, the Life
Safety Limit State (LSLS), associated with a 10% probability of exceed-
ance within the reference period (corresponding to a 475-years return
period), and the Collapse Prevention Limit State (CPLS), associated with
a 5% probability of exceedance (975-years return period), were
considered. In addition, the Immediate Occupancy Limit State (IOLS,
30-years return period) and the Serviceability Limit State (SLS, 50-years
return period) were included in the vulnerability assessment. The CPLS
is defined as the point where the structural strength decreases by 15%

Table 2
N2 method main parameters for the existing structure for the X direction.
Parameter Symbol Unit  Value
Participation factor r O] 1
Mass of the equivalent SDOF system m kN/g 390
Fundamental period of the equivalent SDOF system T, s 0.60
Stiffness of the equivalent SDOF system ky kN/ 54003
m
Yielding force of the bilinear curve Fy1 kN 579
Yielding displacement of the bilinear curve dy m 0.014
Displacement capacity of the SDOF system for the Life dss m 0.031
Safety (LS) limit state
Displacement capacity of the SDOF system for the das? m 0.042
Collapse Prevention (CP) limit state
Displacement demand for the SDOF system for the LS d m 0.039
limit state
Displacement demand for the SDOF system for the CP dg? m 0.049
limit state
0.8
j(0)3)
0.7 SE
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—
- 0.4
w{‘ 03
02
0.1 S
0.0
0.00 0.02 0.04 0.06 0.08 0.10 0.12
Sq(m)

Fig. 13. a) Capacity curve of the existing building in the X direction and b) vulnerability analysis in the ADRS for various limit states with their return period.
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from its peak value, while the LSLS is set at three-quarters of the CPLS
displacement. The SLS capacity is defined as the minimum displacement
corresponding to the maximum shear of the bilinear curve and the
maximum shear of the multi-degree-of-freedom curve. The capacity at
IOLS is set at two-thirds of the SLS capacity. For the seismic demand, the
building was assumed to be located in Toscolano Maderno, Italy, with a
peak ground acceleration of a; = 0.105 g and a soil type C. In accor-
dance with the Italian building code, the vulnerability assessment was
conducted using the N2 method [49]. Two different lateral force dis-
tributions were considered for each direction: a multimodal distribution,
which accounts for higher modes by including at least 85% of the
participating mass, and a uniform acceleration distribution proportional
to the storey masses. This approach allows both the predominant
translational response and the influence of torsional effects to be
considered within the assumptions of the adopted nonlinear static pro-
cedure. For both principal directions, the uniform distribution proved to
be the most demanding loading condition. The main analysis parameters
for the X direction are listed in Table 2, while the bilinear capacity curve
and displacement demands are shown in the ADRS for the Life Safety
Earthquake (LSE), with a return period of 475 years, and the Collapse
Prevention Earthquake (CPE), with a return period of 975 years
(Fig. 13b). For both LSE and CPE, the equal displacement rule was used
to compute the displacement demands, as the period of the SDOF
structure is greater than T¢. This analysis indicates that the existing
structure does not meet the displacement requirements at both LSLS and
CPLS in the two main directions; therefore, a retrofit intervention is
necessary.

5.2. Design of the retrofit system

The required number of panels to enhance the seismic performance
of the reference case study building was determined using the design
methodology described in 4. The first step of the procedure involved
defining the seismic input: the horizontal response spectrum at the
significant damage limit state, with a behaviour factor of 1.5, was
derived for Toscolano Maderno for soil type C, and a nominal life of 50
years, in accordance with NTC18. The maximum horizontal accelera-
tion, corresponding to the plateau value, was 0.383 g. The tributary
loads on the 1st, 2nd, and 3rd floors were 1517 kN, 1466 kN, and
802 kN, respectively. The seismic base shear force F, was 616 kN in both
directions, with corresponding inertia forces of 491 kN and 225 kN at
the 2nd and 3rd stories, respectively. The number of panels to be
installed on each facade was determined by maximizing the use of the
available free surface area while ensuring architectural compatibility
with existing openings such as windows and doors. The panel layout on
the reference plan is shown in Fig. 14, where the installed panels are
indicated in blue and the windows that will be partially or fully covered
are highlighted in red. This occurs only at the first storey and involves

C =

Fig. 14. Disposition of the panels.
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Table 3
Definition of the geometry of the necessary panels for the case study building.
Note: “S-” and “D-” stands for single and double panels configuration.

Facade n°panels Sheet thickness (mm) and type

1st storey 2nd storey 3rd storey
X left (1) 8 D-1.5 D-1.3 S-1.2
X_right (6) 7 D-1.5 D-1.3 S-1.2
Y_top (A) 12 S-1.8 S-1.5 S-1
Y_bottom (C) 11 S-1.8 S-1.5 S-1

only the windows of the basement storage rooms. Given the secondary
function of these spaces and the limited impact on natural lighting and
ventilation requirements, this configuration is considered acceptable
and does not present significant issues from an architectural or func-
tional standpoint. Once the number of panels was defined, the required
thickness of the perforated steel sheet was determined by evaluating the
panel resistance using the analytical formulation presented in 3.1.2. This
phase of the design procedure is summarized in Table 3, which outlines
the panel distribution and the corresponding thicknesses for each
facade. In some cases, a double panel sandwich-type configuration was
selected to maximize the resistance of the shear wall.

The capacity curves of the retrofit system were derived for both
principal directions of the building following the analytical procedure
described in 4.2. This resulted in equivalent stiffness values k, equal to
100800 kN/m and 92840 kN/m, and system capacities Ry equal to
1363 kN and 1380 kN for the X and Y directions, respectively. The
global structural performance was subsequently evaluated in the ADRS
domain, showing that interstorey drift demand remained below the
0.3% target limit. These results indicate that the adopted retrofit
configuration provides a satisfactory balance between lateral stiffness
and strength within the assumptions of the proposed analytical
procedure.

Finally, the SPM was employed to evaluate the axial forces in the
studs, with the results reported in Table 4. The buckling resistance of the
compressed vertical studs, consisting of built-up cold-formed cross sec-
tions, was evaluated in accordance with the provisions of the European
codes [44], considering Class 4 profiles. The resulting buckling resis-
tance was 240 kN, which is lower than the demand on the most heavily
loaded studs. Therefore, the area and second moment of inertia of the
non-compliant studs were increased to achieve the required capacity.

5.3. Numerical analysis of the retrofitted structure

Starting from the numerical model of the existing structure, the
retrofit system was integrated by incorporating shear panels according
to the number, position, and mechanical properties defined during the
design phase. The retrofit panels were modelled through the simplified
Model C described in 3.3, calibrated to reproduce the global stiffness and
strength response of the panel system as a function of both the steel sheet
thickness and the flexural stiffness of the adopted vertical studs. To
ensure accurate numerical simulation of the connections between the
structural elements, the panel model heights, originally set at 2.73 m,
were adjusted to match the actual interstorey heights: 2.6 m for the first
storey and 3.1 m for the second and third floors. The internal elements of
Model C were calibrated accordingly to maintain correct structural
behaviour despite the height variation. This calibration was essential to
accurately reproduce the structural response and to avoid the need for
additional vertical connections between panels installed on different
floors. Each panel was therefore rigidly connected to the corresponding
horizontal beam of the existing reinforced concrete frame. A detailed
investigation of the actual mechanical behaviour of the panel-to-frame
connections is beyond the scope of this study. The FE model of the ret-
rofitted structure is shown in Fig. 15.

Nonlinear static analyses were performed and the retrofitted build-
ing was assessed in both directions using the N2 method [48]. Nonlinear
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Table 4
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Application of the stringer-panel model to the panels. Note: a= 0.91 m and h= 2.73 m for all panels.

Facade n°panels Shear flow (kN/m) Forces in cross-rails (max.) (kN) Forces in vertical studs (max.) (kN)
f3 f2 fl NhS Nh2 Nhl Nv3 NVZ Nvl

X left 8 32 69 87 29 63 79 87 276 514

X_right 7 36 79 100 33 72 91 99 316 587

Y_top 12 21 46 58 19 42 53 58 184 343

Y_bottom 11 23 50 63 21 46 58 63 201 374
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Fig. 15. Finite element model of the retrofitted buildings with RC elements,

masonry infills and CFS panels with the proposed modelling strategy.

Table 5
Modal properties of the building before and after the retrofit application.

Mode Before retrofit After retrofit
T (s) Modal participation T (s) Modal participation
masses (%) masses (%)
Ux uy RZ Ux uy RZ
1 0.37 37 37 19 0.25 1 87 1
2 0.34 31 50 7 0.23 78 1 12
3 0.23 24 67 67 0.16 12 0 78
Table 6
N2 method main parameters for the retrofitted structure for the X direction.
Parameter Symbol Unit Value
Participation factor T ) 1
Mass of the equivalent SDOF system m kN/g 401
Fundamental period of the equivalent SDOF system T; s 0.30
Stiffness of the equivalent SDOF system kq kN/ 169000
m
Yielding force of the bilinear curve Fy1 kN 2027
Yielding displacement of the bilinear curve dy1 m 0.012
Displacement capacity of the SDOF system for the dis m 0.033
Life Safety (LS) limit state
Displacement capacity of the SDOF system for the dsr m 0.044
Collapse Prevention (CP) limit state
Displacement demand for the SDOF system for the dy m 0.013
LS limit state
Displacement demand for the SDOF system for the dg® m 0.017

CP limit state
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static analyses were performed and the retrofitted building was assessed
in both directions using the N2 method [49]. In accordance with NTC
2018, both a principal modal load pattern and a secondary uniform
acceleration distribution were considered. As observed for the original
building, the uniform distribution proved to be the most demanding
loading condition for the retrofitted configuration. The dynamic prop-
erties of the building before and after the retrofit intervention are
summarized in Table 5. The retrofit system significantly increased the
global lateral stiffness and modified the modal response of the structure.
In particular, the translational participating mass increased up to 87% in
the Y direction and 78% in the X direction, while the influence of
torsional effects was reduced compared to the original configuration.
Consequently, the retrofitted building exhibited a more regular and
predominantly translational dynamic response, supporting the applica-
bility of the adopted nonlinear static analysis procedure.

The equivalent SDOF parameters derived through the N2 procedure
for the retrofitted structure are summarized in Table 6. The reduction of
the equivalent period T7 is consistent with the increase in the equivalent
lateral stiffness k1 induced by the retrofit system.

The application of the retrofit solution led to an increase in both
lateral stiffness and strength (Fig. 16a). Moreover, the retrofit inter-
vention substantially reduced the interstorey drift demand along the
building height (Fig. 16b). The target interstorey drift limit of 0.3% at
the LSLS was satisfied in both principal directions, confirming the
effectiveness of the proposed design procedure.

Fig. 17 presents the vulnerability assessment of the retrofitted
structure in the X direction, while Table 7 summarizes the correspond-
ing analysis results. Following the intervention, the building was veri-
fied in both directions for all considered earthquake scenarios. A
comparison of the damage states at different limit state demands before
and after the application of the panels (Table 7 and Table A4 in Ap-
pendix) demonstrates that the retrofit solution effectively limits damage
to both structural and non-structural elements at the serviceability limit
states. At ultimate limit states, some of the applied panels experience
plasticization, contributing to seismic energy dissipation and requiring
replacement. At LSLS, which governs the retrofit design, 10 panels in the
X direction (9% of the total) and 19 panels in the Y direction (17%)
exceeded the first yielding point of the trilinear skeleton curve.

6. Conclusions

In this work, the effectiveness of cold-formed steel panels with bur-
ring holes for the integrated renovation of existing reinforced concrete
buildings was assessed. Originally developed and tested in Japan as
lateral force-resisting systems for new constructions, these panels have
been adapted here for seismic strengthening applications. The proposed
retrofit system is prefabricated, standardized, and demountable, which
facilitates rapid installation, reduces costs, and allows disassembly and
reuse at the end of a building’s service life, thereby enhancing overall
sustainability.

Three numerical models were developed to reproduce the monotonic
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Fig. 16. a) Capacity curves of the building before (Base) and after (Retrofit) the retrofit intervention and b) interstorey drift ratios at LSLS.
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Fig. 17. Seismic vulnerability assessment of the retrofitted structure in the X
direction in the ADRS for various limit states with their return period.

Table 7

behaviour observed in previous experimental tests. Model A, developed
in Simulia Abaqus, was the most refined and fully accounted for geo-
metric nonlinearities, though this required significant computational
effort. Beginning with the 1.2 mm sheet thickness configuration, a
parametric analysis was conducted to derive capacity curves for panels
of different thicknesses, and a regression analysis produced a practical
formula for estimating wall resistance and elastic stiffness as a function
of sheet thickness. Model B, implemented in MidasGen, used plate and
beam elements with calibrated connections; the position and number of
connections were adjusted to match the experimental monotonic ca-
pacity curve, as this model did not include geometric nonlinear effects.
Model C, the most simplified, consisted solely of beam elements. Spe-
cifically, the steel sheet was idealized as two sets of beam elements with
calibrated plastic hinges to reproduce the nonlinear response, while the
frame elements were modelled as pin-connected beams, so they did not
contribute to the lateral resistance of the panel. This simplification made
Model C highly computationally efficient and suitable for practical
design applications.

A design methodology for retrofit interventions using these walls was
proposed. Based on a spectral analysis at the Life Safety Limit State and

Seismic vulnerability analysis results by the N2 method before and after the retrofit intervention.

Limit state Roof Drift Ratio: Capacity (demand)

Damage assessment

After retrofit

Before retrofit After retrofit

X direction

I0LS 0.106% (0.114%) 0.09% (0.03%)
SLS 0.159% (0.165%) 0.14% (0.06%)
LSLS 0.35% (0.44%) 0.38% (0.15%)
CPLS 0.47% (0.56%) 0.50% (0.22%)
Y direction

IOLS 0.110% (0.111%) 0.12% (0.06%)
SLS 0.165% (0.170%) 0.18% (0.08%)
LSLS 0.34% (0.42%) 0.37% (0.21%)
CPLS 0.45% (0.52%) 0.49% (0.28%)

Before retrofit

Yielding1 in 5 columns (5%)
Yielding in 9 columns (17%)
Yielding in 20 columns (37%)
Ultimate resistance? in 7 columns (13%)
Cracking in 2 infills (17%)
Partial collapse mechanism development at the ground storey
Cracking in 2 infills (17%)

Yielding in 4 columns (7%)
Yielding in 14 columns (26%)
Yielding in 34 columns (63%)
Maximum resistance® in 1 infill

Failure® of 12 columns (22%)
Ultimate resistance in 4 columns (7%)
Maximum resistance in 1 infill

No yielding
Yielding in 2 columns (4%)
Yielding in 21 columns (39%)
First yielding® of 11 panels (9%)
Elastic infills
Yielding in 33 columns (61%)
First yielding of 24 panels (23%)
Elastic infills

No yielding
Yielding in 2 columns (4%)
Yielding in 52 columns (96%)
First yielding of 19 panels (17%)
Elastic infills
Yielding in 52 columns (96%)
First yielding in 30 panels (26%)
Cracking in 1 infill

! Point B in Fig. 12a (8y).
2 Point D in Fig. 12a (strength loss).

3 First yielding point of the trilinear curve that characterizes the nonlinear behaviour of Model C of panels.

4 First yielding point of the masonry infills (Fig. 12c).
5 Point (Fy, Am) in Fig. 12c.
© point E in Fig. 12a, ultimate deformation for the plastic hinge.
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the equivalent lateral force method of Eurocode 8, it enables determi-
nation of the number and thickness of panels per facade through an
iterative procedure based on the relative stiffness of the existing building
and retrofit configuration. Verification of studs and cross-rails can be
performed using the stringer-panel model, which decomposes planar
elements into a plane element subjected to constant shear flows and
linear elements subjected to varying normal forces. The retrofit solution,
based on cold-formed steel panels with burring holes, was designed and
applied to the case study building following the developed methodol-
ogy. Detailed vulnerability assessments were conducted before and after
the intervention, allowing direct comparison of the building’s seismic
performance. The analyses showed that, after the retrofit, the structure
meets the requirements for both serviceability and ultimate limit states.
Specifically, damage to structural and non-structural components is
prevented at the serviceability limit state, ensuring the building remains
operational after design-level seismic events. Moreover, the retrofit
system effectively regularized the structural response.

These findings confirm both the effectiveness of the proposed CFS
panel system in enhancing seismic safety and the reliability and appli-
cability of the design procedure for practical engineering use. The case
study demonstrates how this retrofit approach can transform an inher-
ently vulnerable reinforced concrete building into a seismically robust
structure while maintaining high levels of sustainability, constructabil-
ity, and cost efficiency.

Novelty

This study advances the field of seismic retrofitting and sustainable
renovation through several original contributions. First, it introduces
the use of cold formed steel panels with burring holes, originally
developed in Japan for new constructions, as an innovative dry assem-
bled seismic strengthening solution for existing reinforced concrete
buildings. In contrast to conventional invasive techniques, the proposed
system is prefabricated, fully demountable and reusable, thereby
combining structural reliability with Life Cycle Thinking principles.

A further contribution lies in the development of a comprehensive
multi scale modeling and design framework. The study proposes three
complementary numerical strategies of increasing simplification: a
refined three-dimensional finite element model capturing geometric
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nonlinearities, an intermediate macro element approach, and a simpli-
fied beam-based model tailored to professional engineering practice. A
parametric study enabled the derivation of a new regression formula
that estimates wall resistance as a function of steel sheet thickness,
providing a practical design aid.

To facilitate real world application, the paper establishes a design
methodology fully aligned with the European building codes for deter-
mining the global retrofit requirements. It also extends the analytical use
of the stringer-panel analogy to verify studs and cross rails by resolving
the complex panel stress field into tractable shear flows and axial forces.

The methodology is validated through a real case study, demon-
strating that the strengthened structure satisfies both Serviceability and
Ultimate Limit State requirements. Overall, this work delivers a holistic
and experimentally grounded framework that enhances the seismic
performance of vulnerable buildings while emphasizing constructabil-
ity, reversibility and environmental sustainability.
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This appendix provides supplementary information related to the numerical modelling and structural response of the RC case study building with
masonry infills presented in Section 5. Tables A1 and A2 report the geometrical and reinforcement details of the RC columns and beams, respectively.
Table A3 summarizes the modelling parameters adopted for the constitutive skeleton curve of the masonry infills. Finally, Table A4 complements the
discussion of the nonlinear analysis results by presenting the distribution of plastic hinges in the RC elements of the existing building before and after

the retrofit intervention.

Table Al

Columns detailing, with reference to Fig. 11. Note: Stirrups ®6,/120 mm

Column ID Lx (mm) Ly (mm) Longitudinal rebars
15[ floor

All 300 300 4012

an and 3rd floor

1,6,13,18 250 250 4010
2-5,14-17 250 300 4010

8-11 300 300 4012
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Table A2
Beams detailing, with reference to Fig. 11

Beam ID B (mm) H (mm) Longitudinal rebars Stirrups
i j

15t floor

1-7, 6-12 400 300 208 + 2910 top 208 + 2910 top 2L®6/300
2®10 bottom 2010 bottom

7-13, 12-18 400 300 208 + 2912 top 298 + 2910 top 2L®6/300
2®12 bottom 2910 bottom

1-2, 5-6, 13-14, 17-18 400 300 208 + 2912 top 208 + 612 top 2L.®8/250
312 bottom 3910 bottom

2-3, 4-5, 14-15, 16-17 400 300 208 + 6412 top 208 + 4912 top 2L®8/250
3®10 bottom 3®10 bottom

3-4,15-16 400 300 208 + 4912 top 208 + 4912 top 2L®8/250
3910 bottom 310 bottom

7-8,11-12 600 190 298 + 4914 top 208 + 6d14 top 4L®8/200
4®14 bottom 4®14 bottom

8-9,10-11 600 190 208 + 614 top 208 + 4914 top 4L®8/200
4®14 bottom 4®14 bottom

9-10 600 190 298 + 4914 top 208 + 4914 top 4L$8/200
4®14 bottom 4®14 bottom

an and 3rd floor

1-7,6-12 250 500 298 + 2910 top 208 + 2910 top 2L®8/300
2910 bottom 2910 bottom

7-13,12-18 250 500 208 + 2912 top 208 + 2910 top 2L®6/300
2912 bottom 2910 bottom

1-2, 5-6, 13-14, 17-18 250 500 298 + 2910 top 298 + 6410 top 2L.98/300
2910 bottom 2910 bottom

2-3, 4-5, 14-15, 16-17 250 500 208 + 6010 top 208 + 49120top 2L®8/300
2®10 bottom 2910 bottom

3-4,15-16 250 500 208 + 4910 top 208 + 49120top 2L®8/300
2910 bottom 2910 bottom

7-8,11-12 600 190 298 + 4914 top 298 + 6414 top 4L®8/200
4®14 bottom 4®14 bottom

8-9,10-11 600 190 298 + 6914 top 208 + 4914 top 4L®8/200
4®14 bottom 4®14 bottom

9-10 600 190 208 + 4914 top 208 + 4914 top 4L®8/200
4®14 bottom 4®14 bottom

Table A3
Modelling parameters of the equivalent diagonal struts for masonry infills

Infill dimensions Eq. Area m? Fy kN Fm kN Fr kN Ay mm Ay mm A, mm

3 x26m 0.1796 108 134 47 5.83 9.72 36.14

3x31m 0.1656 118 147 52 6.34 1.56 39.29

3.45 x 2.6 m 0.2032 119 148 52 6.16 10.27 38.22

3.45x3.1m 0.1822 127 159 56 6.84 11.4 42.42

4.425 x 3.1 m 0.2264 150 188 66 7.61 12.68 47.17
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Table A4

Plastic hinge distribution in the RC beams and columns of the case study building before and after the appli-
cation of the retrofit solution. The colour scale ranges from blue (linear elastic behaviour) to red (failure), with
intermediate levels B, C, D represented by cyan, yellow and orange, respectively, corresponding to the points in

Fig. 12a
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Data availability

Data will be made available on request.
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