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Abstract

This research investigates the performance of existing reinforced concrete (RC) frame build-
ings retrofitted with RC infill walls under different earthquake inputs at various acceleration
levels. The seismic retrofitting of existing multi-bay RC frame buildings by converting select-
ed bays into new RC infill walls, was studied experimentally on a full-scale specimen within
the SERFIN project. A series of experiments were conducted at the European Laboratory of
Structural Assessment (ELSA) of the Joint Research Centre (JRC). The aim of the experiments
was to assess the efficiency of the retrofitting method and to examine the optimal amount of
RC wall web reinforcement, as well as the connection details between the new walls and the
bounding frame. To complement the experimental findings and further study the interaction
between the RC infills and the bounding frame both at the global and local levels, a paramet-
ric study was conducted by reducing the number of dowels, starting from a spacing of 100mm
(monolithic) to no dowels. The parametric study was performed by incremental dynamic
analyses on a two-dimensional (2D) finite element (FE) model, that was calibrated using the
experimental results obtained from the full-scale experiment. Seismic inputs and levels impact
on the performance of this retrofitting method were evaluated, with the aim of examining
earthquake input’s effects on fragility curves. Fragility curves were computed for RC frames
infilled with RC infill walls using the results obtained from each simulation study to investi-
gate the effect of reducing the dowels. The results of the performance-based numerical analy-
sis, as well as the fragility curves for the examined earthquake inputs at various acceleration
levels, are presented, along with the conclusions drawn from the study.
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1 INTRODUCTION

The seismic safety of existing reinforced concrete (RC) buildings remains a critical issue,
particularly in regions with moderate to high seismic hazard such as southern and eastern Eu-
rope. A significant proportion of the European building stock was constructed over 30 years
ago, often without adherence to modern seismic design standards. These older structures are
especially vulnerable to earthquake-induced damage, posing a considerable risk to life safety
and leading to substantial economic losses. Given the widespread vulnerability of low- to
mid-rise RC buildings, the development of effective and economically viable retrofitting
strategies has become increasingly important.

Among the various retrofitting methods, global strengthening techniques—such as enhanc-
ing the overall stiffness and reducing seismic deformations—have proven more efficient and
cost-effective than local interventions (Fardis 2009; Kaplan et al. 2011; Moehle et al. 2000;
Sonuvar et al. 2004). One of the most practical and widely adopted solutions involves infilling
selected frame bays, particularly at the perimeter, with reinforced concrete (RC) infill walls
(Chrysostomou et al. 2013; Fardis et al. 2013; Turk et al. 2006). This technique significantly
improves the global strength, stiffness, and ductility of the structure.

Current design codes, such as Eurocode 8 Part 3 (CEN 2010) and national guidelines
(KANEPE 2017), recommend monolithic integration between the new RC infills and the ex-
isting frame elements. This is typically achieved by constructing infill walls with thicker webs
and placing reinforcement outside the original members to ensure strong interaction. However,
this often leads to over strengthened walls, which can introduce new challenges such as foun-
dation incompatibilities (Fardis et al. 2013). A more balanced approach, involving RC infill
walls with thicknesses equal to the bounding frame members, has emerged as a promising al-
ternative—offering adequate performance while minimizing intervention cost and complexity.

Despite the growing use of RC infills for seismic strengthening, current codes do not quan-
titatively address their contribution, including Eurocode 8 Part 3. This omission is largely due
to limited understanding of the interaction between infill walls and existing frames, especially
in cases where non-monolithic behavior is present. Key design aspects—such as the degree of
connection, detailing of reinforcement, and overall structural contribution of the infill walls—
remain insufficiently studied and regulated. In particular, the lack of standardized methods to
quantify engineering properties such as effective stiffness, moment and shear resistance, yield
deformation, and cyclic capacity limits the use of performance-based seismic design for retro-
fitted RC frames (Strepelias et al. 2012).

To address these gaps, the performance of RC frames retrofitted with RC infill walls was
experimentally investigated within the SERFIN project (“Seismic Retrofitting of RC Frames
with RC Infilling”). Full-scale pseudo-dynamic tests were carried out to evaluate the effec-
tiveness of this retrofitting strategy (Chrysostomou et al. 2013, 2014, 2016; Kyriakides et al.
2015; Georgiou 2021; Poljansek et al. 2014). A numerical finite element (FE) model of the
tested specimen was developed and calibrated using experimental data (Georgiou et al. 2018;
Georgiou et al. 2022b), providing a validated platform for extensive parametric studies.
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These studies examined the influence of connection detailing by systematically reducing
the number of dowels—from fully doweled (monolithic response) to undoweled configura-
tions—followed by nonlinear response-history analyses. The results highlighted the interac-
tion mechanisms between RC infills and existing frames under varying levels of seismic input,
leading to design recommendations on connection details and performance metrics (Georgiou
et al. 2021; Georgiou et al. 2022a). Further analyses focused on evaluating non-monolithic
RC infill walls at different earthquake intensity levels (PGA = 0.15g, 0.20g, and 0.25g), based
on seismic zonation for Cyprus per Eurocode 8 (EN 2009), to derive practical design guide-
lines (Georgiou et al. 2022c; Georgiou et al. 2023).

In this paper, we extend this research by examining the seismic performance of existing
RC frame buildings retrofitted with RC infill walls subjected to varying earthquake input lev-
els. The objective is to investigate how different levels of seismic excitation affect structural
performance and fragility. Ground motions recorded on rock (soil type A) were selected and
propagated to the surface using one-dimensional site response analysis. These surface motions
were used in nonlinear dynamic analyses to assess frame behavior under increasing intensity.
Structural responses were then correlated with interstorey drift damage states to develop fra-
gility functions and derive vulnerability and loss curves. The outcomes of this performance-
based evaluation offer new insights into optimizing RC infill retrofitting techniques and con-
tribute to the development of quantitative guidelines for seismic strengthening of RC build-
ings.

2 EXPERIMENTAL CASE STUDY

The SERFIN project ("Seismic Retrofitting of RC Frames with RC Infilling™) focused on
the seismic upgrading of multi-storey, multi-bay RC frame buildings through the conversion
of selected bays into RC infill walls. The primary objective of the experimental campaign was
to evaluate the effectiveness of this retrofitting technique, particularly in terms of wall rein-
forcement, connection detailing between the new infill walls and existing frame members, and
the overall seismic performance of the retrofitted system.

To this end, a full-scale specimen comprising two parallel planar frames was constructed
and tested using unidirectional pseudo-dynamic loading. In this section, a brief overview of
the specimen geometry, design characteristics, and key experimental results is provided. A
detailed account of the experimental setup, design process, and test results is available in Kyr-
1akides et al. (2015), Chrysostomou et al. (2013, 2014), and Poljansek et al. (2014).

2.1 Specimen geometry and design

The experimental specimen was a full-scale prototype structure designed to simulate two
external three-bay RC frames from a typical residential building constructed in Cyprus during
the late 1970s to early 1980s. At that time, no seismic design provisions were in place, and
structures were typically designed for gravity loads only. For this reason, the mock-up struc-
ture was designed using BS8110, the code in force during that period.

The specimen had a centerline length of 8.5 m, a storey height of 3.0 m, and a total height
of 12.0 m (excluding foundations). The RC infill walls were placed in the central bays of both
frames—identified as the North and South frames in Figure 1—and had a thickness of 0.25 m,
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matching the thickness of the surrounding beams and columns. The loading direction during
testing was oriented from East to West.

The structural elements were cast using concrete class C20/25, with a unit weight of 25
kN/m?3 and a modulus of elasticity of 30 GPa. To evaluate the influence of different rein-
forcement arrangements on wall behaviour, the North and South infills were designed with
varying reinforcement layouts, with the North wall being the more heavily reinforced of the
two.

The South frame was selected for detailed numerical modeling and calibration in later
stages of the project, and its results are the basis of the validated finite element simulations
presented in this study.

b= m
:u‘*?ﬂt:

4
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Figure 1: Elevation of the specimen in the laboratory.

3 NUMERICAL SIMULATION

To complement the experimental investigation, a detailed finite element (FE) model of the
South frame from the SERFIN experiment was developed using DIANA FEA software
(Georgiou et al. 2022a). The model geometry replicated that of the physical specimen, and a
2D continuum approach was adopted to accurately capture the in-plane behaviour of the RC
frame-infill system (see Figure 2).

Rigid foundations were assumed for the model, with pinned supports at the base. The self-
weight of the structural elements, along with additional dead load contributions from the slab
and transverse beams, was applied to the 16 nodes of the frame using mass point elements.
The wall-to-frame connection was modelled using interface elements that allowed relative
separation under tension, thus simulating realistic interaction. Dowels connecting the infill
wall to the surrounding beams and columns were explicitly modelled and allowed to resist
both axial and shear forces, as observed in the physical specimen. A total of 24 dowels con-
nected the wall to the columns, while 20 dowels connected it to the beams—matching the test
configuration.

Dead and live loads were applied as edge pressure loads on the beams. Earthquake excita-
tion was introduced via base acceleration using a nonlinear transient analysis, with input
ground motion represented by a scaled Herzeg Novi (Montenegro 1979) accelerogram adjust-
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ed to a peak ground acceleration (PGA) of 0.25g. This scenario corresponded to the most se-
vere shaking level considered in the study.

Additional parametric studies were conducted to assess the influence of varying connection
detailing. Eight different dowel configurations were simulated, ranging from the original set-
up (representing monolithic behaviour) to cases with no dowels at all. All scenarios used the
same ground motion input and followed an identical analysis procedure. Full details of the
modelling approach, element types, and material models are provided in Georgiou (2021) and
Georgiou et al. (2022b).

Furthermore, additional analyses were performed under reduced PGAs of 0.20g and 0.15g,
corresponding to seismic hazard levels defined in the Cyprus National Annex to Eurocode 8
(EN 2009). These cases were evaluated to understand the response of the retrofitted frames
across a range of seismic intensities and to develop preliminary design recommendations for
EC8-3 (Georgiou et al. 2022c; Georgiou et al. 2023).

Figure 2: Finite element model of the South frame of SERFIN experiment.

4 PERFORMANCE-BASED ANALYSIS AT VARIOUS EARTHQUAKE INPUTS
AND LEVELS

Performance-based seismic analysis allows for a detailed assessment of a structure’s re-
sponse to earthquake loading, extending beyond the prescriptive requirements of building
codes. This methodology aims to evaluate the seismic performance of buildings by simulating
their behaviour under different levels of ground motion, thereby supporting the development
of resilient and cost-effective retrofitting strategies.

In this study, a series of numerical simulations was performed using a validated finite ele-
ment (FE) model of a retrofitted RC frame to evaluate its performance under varying seismic
inputs. The selected earthquake records were originally recorded on bedrock with typical
spectral accelerations around 0.1g. These inputs were scaled from 0.05g to 1.0g to perform a
comprehensive performance-based analysis across a wide range of intensities.

41 Ground motions

Five actual ground motion records were selected for the incremental dynamic analyses
(IDA), sourced from rock sites to eliminate site amplification effects and ensure spectral
compatibility with Eurocode 8 (EC8) soil type A. All selected earthquakes had moment mag-
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nitudes (Mw) above 5.5, with spectral characteristics aligning closely with both the EC8 Type
1 and ASCE-16 rock spectra.

Table 1 summarizes the key parameters of the selected ground motions, including PGA,
magnitude, and fault mechanism, while Figure 3 presents their corresponding response spectra
(adapted from Pitilakis and Petridis, 2022). These records represent realistic earthquake sce-
narios that may affect Cyprus and similar Mediterranean seismic regions.

Repi PGA Vs, 30
Date Location Code (k) Mwe {m/s%) [mifs) Mechanism
05/09/1998 Appenning ITACA_ 614 9.80 5.60 1.62 1024.00 Morma
Lucana, [taly
16/01/1995 Kobe, Japan MGA_1105 2540 £.90 2.85 1043.00 Strike-slip
18/10/1988 Loma Prieta, US4 MGA_3545 20,35 6.93 4,12 1070.34 Reverse-
obligue
10/01/1987 Whittier Marrows, MGA_&30 13.85 5.99 1.10 860.07 Reverse-
USA obligue
10/06,/2000 Westemn Tottori, KIK- 3n37 6.60 1.55 067.27 Strike-slip
Japan Met 3775

Table 1: Selected ground motion records for dynamic analysis (Pitilakis and Petridis 2022).
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Figure 3: Response spectra including the selected ground motions, the mean response spectrum (in solid black
line), and the EC8/ASCE-16 response spectra for soil type A. (Pitilakis and Petridis 2022).

4.2 Incremental dynamic analyses and fragility evaluation

Incremental dynamic analysis (IDA) was performed by applying each earthquake record at
increasing intensity levels, from 0.0g to 1.0g PGA. Although spectral acceleration is often a
more precise intensity measure (IM), peak ground acceleration (PGA) was selected here due
to its practicality and compatibility with large-scale parametric studies.

The engineering demand parameter (EDP) selected for this study was the maximum inter-
storey drift ratio (ISDR), a widely accepted measure of global structural performance and
damage potential. IDA enabled the generation of PGA-ISDR pairs for each scenario.
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To define structural damage states (DS), drift-based thresholds were adopted based on cal-
ibrated limits from Rossetto & Elnashai (2003), Ghobarah (2004), and Kappos et al. (2006),
as summarized in Table 2.

Damage 5tate Description

Slight (5D Onset of inelastic behavior

Moderate (MD} Beyond peak lateral strength; initiation of degradation
Extensive (ED} High ductility demand; structure retains gravity load
Complete (CD) Mear-collapse or collapse condition

Table 2: Damage state definitions based on maximum ISDR.

5 RESULTS

This section presents and analyzes the results of performance-based numerical simulations,
focusing on frame response across various earthquake records and intensity levels. Fragility
curves were developed to describe the probability of exceeding each damage state under in-
creasing seismic input.

5.1 Structural response to ground motion inputs

The nonlinear dynamic analysis results are summarized in Figures 4 and 5, which present
the earthquake time histories and corresponding maximum ISDR values for each ground mo-
tion and intensity level.

For PGA values below 0.35g, the ISDR remained consistently under 0.2% across all cases,
with approximately linear behaviour observed. However, for higher PGA values, structural
response became nonlinear, with significant increases in ISDR. Notably, the Loma Prieta rec-
ord produced the most pronounced drift at higher intensities, while the Western Tottori rec-
ord—despite having one of the highest PGAs—resulted in the lowest ISDR, due to its delayed
peak acceleration.

This suggests that not only PGA but also time-history characteristics (e.g., energy content
and duration) significantly influence structural damage. Early peaks in ground motion tend to
correlate with higher damage levels.
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Figure 4: Earthquake time-histories and corresponding maximum ISDR.
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5.2  Fragility assessment of the retrofitted frame

Fig

Fragility curves were constructed using the IM-EDP pairs derived from IDA and follow
the methodology outlined by Pitilakis and Petridis (2022). Figure 6 illustrates the probability

of exceeding each damage state as a function of PGA.

For PGA levels below 0.2g, the probability of exceeding slight and moderate damage
states exceeds 60% and 40%, respectively, while extensive and complete damage remain be-
low 20% and 10%. As PGA increases beyond 0.5g, the likelihood of extensive and complete

damage rises sharply, exceeding 60% and 40%, respectively.

These fragility curves offer essential insights into the vulnerability of RC frames retrofitted
with RC infill walls. They represent a probabilistic relationship between seismic intensity and
structural damage, supporting risk-informed design decisions and retrofitting strategies.
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Figure 6: Fragility (graph on the left) and Rehabilitation (graph on the right) curves for RC-frames retrofitted
with RC infill walls (bedrock site conditions).
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6 CONCLUSIONS

This study investigated the seismic performance of existing RC frame buildings retrofitted
with RC infill walls, emphasizing a cost-effective alternative to traditional over-strengthening
methods. A novel retrofitting configuration—using infills with the same thickness as bound-
ing frame members—was experimentally and numerically evaluated.

A full-scale experimental campaign from the SERFIN project provided the basis for the
development and calibration of a detailed FE model. Parametric simulations under multiple
dowel configurations and various earthquake scenarios demonstrated the significant impact of
connection detailing on global behaviour.

Performance-based analysis using incremental dynamic analysis (IDA) was carried out
with real ground motion records scaled across a wide range of intensities. PGA was selected
as the intensity measure, and maximum interstorey drift ratio (ISDR) served as the engineer-
ing demand parameter. The selection of rock-site records avoided soil amplification effects
and ensured spectral compatibility with EC8.

Fragility curves were derived based on the numerical results, offering a probabilistic un-
derstanding of structural performance under seismic loading. The curves revealed that while
the retrofitted frames performed well at low-to-moderate PGA levels, higher intensities intro-
duced considerable risk of extensive or complete damage.

Overall, the study contributes to the advancement of performance-based seismic design for
retrofitted RC frames. The results support the viability of using RC infill walls with compati-
ble thickness and proper connection detailing, offering a balanced solution between perfor-
mance and constructability. These findings can inform future updates to Eurocode 8 and
national guidelines and serve as a reference for risk-based retrofit decision-making.

Acknowledgements We acknowledge support by the project “Centre of Innovative Solutions for building Safety
(ISTOS Centre of Excellence)”. This project has received funding from the European Union’s Horizon 2020
research and innovation programme (WIDESPREAD-TWINNING) under grant agreement No. 952300.

REFERENCES

[1] CEN (2010). Assessment and retrofitting of buildings: Eurocode 8: design of structures
for earthquake resistance: Part 3: Assessment and retrofitting of buildings/European
Committee for Standardization. Cyprus Organization of Standardization.

[2] Chrysostomou CZ, Poljansek M, Kyriakides N, Taucer F, Molina FJ (2013). Pseudo-
dynamic tests on a full-scale four-storey reinforced concrete frame seismically retrofit-
ted with reinforced concrete infilling. Structural Engineering International: Journal of
the International Association for Bridge and Structural Engineering (IABSE);23(2),
159-166. https://doi.org/10.2749/101686613X13439149156831

[3] Chrysostomou CZ, Kyriakides N, Kotronis P, Georgiou E. (2016). Derivation of Fra-
gility Curves for RC Frames Retrofitted with RC Infill Walls based on Full-Scale Pseu-
dodynamic Testing Results. ECCOMASS Congress, Crete.

[4] Chrysostomou CZ, Kyriakides N, Kotronis P, Georgiou E. (2014). RC Infilling of Exist-
ing RC Structures for Seismic Retrofitting. Second European Conference on Earth-
guake Engineering and Seismology, Istanbul.

5841


https://doi.org/10.2749/101686613X13439149156831

Georgiou E, Petridis C, Pitilakis D, Chrysostomou Z. C and Kyriakides N

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

EN, CYS (2009). Design of Structures for earthquake resistance Part 1: General rules,
seismic actions and rules for buildings, Cyprus National Annex CYS National Annex to
CYS EN.

Fardis MN (2009). Seismic design, assessment and retrofitting concrete buildings:
based on EN -Eurocode 8. Geotechnical, geological, and earthquake engineering Dor-
drecht; New York: Springer; Vol. 8.

Fardis MN, Schetakis A, Strepelias E. (2013). RC buildings retrofitted by converting
frame bays into RC walls. Bulletin of Earthquake Engineering; 1-21.
https://doi.org/10.1007/s10518-013-9435-6.

Georgiou E, Kyriakides N, Chrysostomoy CZ. (2022c). Performance-based numerical
analysis at various hazard earthquake levels for retrofitting of RC frames with RC infill
walls. 5" Hellenic National Conference on Earthquake Engineering and Technical
Seismology. Athens.

Georgiou E, Kyriakides N, Chrysostomou C. (2023). Performance-Based Numerical
Analysis at Various Hazard Earthquake Levels for the Retrofitting of Reinforced
Concrete Frames with Reinforces Concrete Infill Walls. Fib Symposium 2023, In book:
Building for the Future: Durable, Sustainable, Resilient. DOI: 10.1007/978-3-031-
32511-3 117.

Georgiou E, Kyriakides N, Chrysostomou ZC. (2022a). Nonlinear numerical parametric
study of the number and arrangement of dowels connecting the wall to the bounding
frame for the seismic strengthening of RC frames with RC infill walls. Bulletin of
Earthquake Engineering; https://doi.org/10.1007/s10518-022-01354-7.

Georgiou E, Kyriakides N, Chrysostomou CZ. (2022b). Numerical simulation of RC
frames infilled with RC walls for seismic strengthening of existing structures. Bulletin
of Earthquake Engineering; https://doi.org/10.1007/s10518-022-01319-w.

Georgiou ES. (2021). RC-Frames Infilled with RC Infill-Walls for Seismic Retrofitting.
Doctoral dissertation, Department of Civil Engineering and Geomatics, Faculty of En-
gineering and Technology.

Georgiou ES, Kyriakides N, Chrysostomou CZ, Kotronis P, Filippou CA. (2018). Nu-
merical Simulation of the Experimental Results of the Seismic Strengthening of EXxist-
ing Structures. 16™ European Conference on Earthquake Engineering; Paper 11029,
Thessaloniki.

Ghobarah A. (2004). On drift limits associated with different damage levels. Interna-
tional workshop on performance-based seismic design concepts 603 and implementa-
tion. 321-332.

KANEPE (2017). Code for Intervention in Reinforced Concrete Buildings, Earthquake
Planning and Protection Organization (OASP).

Kappos AJ., G. Panagopoulos G, Panagiotopoulos C, Penelis G. (2006). A hybrid meth-
od for the vulnerability assessment of R/C and URM buildings, 574 Bulletin of Earth-
quake Engineering 4 (4) 391-413. doi:10.1007/s10518-006-9023-0.

Kaplan H, Yilmaz S, Cetinkaya N, Atimtay E. (2011). Seismic strengthening of RC
structures with exterior shear walls. Sadhana; 36(1), 17-34.

5842


https://doi.org/10.1007/s10518-013-9435-6
http://dx.doi.org/10.1007/978-3-031-32511-3_117
http://dx.doi.org/10.1007/978-3-031-32511-3_117

Georgiou E, Petridis C, Pitilakis D, Chrysostomou Z. C and Kyriakides N

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

Kyriakides N, Chrysostomou CZ, Kotronis P, Georgiou E, Roussis P. (2015). Numeri-
cal simulation of the experimental results of a RC frame retrofitted with RC Infill walls.
Earthquake and Structures; 9(4), 735-752. https://doi.org/10.12989/eas.2015.9.4.735.

Moehle JP. (2000). State of research on seismic retrofit of concrete building structures
in the US. US-Japan Symposium and Workshop on Seismic Retrofit of Concrete Struc-
tures.

Pitilakis and Petridis (2022). Fragility curves for existing reinforced concrete buildings,
including soi-structure interaction and site amplification effects.

Poljansek M, Taucer F, Molina J, Chrysostomou CZ, Kyriakides N, Onoufriou T, Rous-
sis P, Kotronis P, Kosmopoulos A. (2014). Seismic Retrofitting of RC Frames with RC
Infilling (SERFIN Project). Joint Research Centre, Institute for Protection and Security
of the Citizen Publications Office. https://doi.org/10.2788/630.

Rossetto T and Elnashai A. (2003). Derivation of vulnerability functions for European-
type RC structures based on observational data, Engineering 601 Structures 25 (10)
1241-1263. doi:10.1016/S0141-0296(03)00060-9. 602.

Sonuvar MP, Ozcebe G, Ersoy U. (2004). Rehabilitation of reinforced concrete frames
with reinforced concrete infills. ACI Structural Journal; 101(4).

Strepelias I, Fardis M, Bousias S, Palios X, Biskinis D. (2012). RC Frames Infilled Into
RC Walls for Seismic Retrofitting: Design, Experimental Behaviour and Modelling. Pa-
tra.

Turk AM, Ugur E, Ozcebe G. (2006). Effect of introducing RC infill on seismic per-
formance of damaged RC frames. Structural Engineering and Mechanics; 23(5): 469-
486.

5843


https://doi.org/10.2788/630

