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Abstract
The evaluation of seismic risk in structures requires information on both site hazard and 
structural vulnerability. Hazard can be quantified via probabilistic seismic hazard analy-
sis, while seismic vulnerability can be quantified using structural analysis; the former is 
typically specified via predefined national hazard models, whereas the latter is more struc-
ture-specific and can be computationally expensive depending on the numerical modelling 
and analysis procedure complexity. As a compromise, various simplified seismic response 
evaluation methods have emerged and been implemented in assessment codes and guide-
lines (e.g., N2 method in Eurocode 8, SPO2IDA in FEMA P695). Furthermore, the seismic 
assessment and rehabilitation of existing structures have seen the introduction of risk clas-
sification guidelines. These are tools to primarily assist practitioners and decision-makers 
in understanding and managing seismic risk and the possible implications of different ret-
rofitting schemes. Risk classification guidelines typically use loading-based quantities such 
as the seismic capacity-to-demand ratio. However, several drawbacks are associated with 
adopting loading-based quantities, namely the lack of uniformity of the actual seismic risk, 
expressed as a mean annual frequency of limit state exceedance. To address these draw-
backs, this paper outlines a relatively simple pushover-based methodology for the direct 
evaluation of seismic risk (PB-Risk) for non-ductile infilled frame structures. The article 
describes a step-by-step framework for the simplified characterisation of hazard, vulner-
ability and subsequently seismic risk. It is quick and easy to implement within a practi-
cal and code-based setting and can be adopted within risk classification guidelines. The 
application of the proposed PB-Risk methodology is demonstrated via several case study 
applications, and its robustness in characterising seismic risk with respect to other simpli-
fied non-linear static formulations for infilled frame buildings is shown.
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1  Introduction

The seismic risk assessment of reinforced concrete (RC) structures with masonry infills is 
an important issue in modern earthquake engineering. This is because infilled RC build-
ings represent a large percentage of the southern European built environment, particu-
larly the Italian building stock (Crowley et al. 2020). Additionally, a significant portion of 
infilled RC buildings was constructed before the introduction of modern seismic guidelines 
(i.e., before the 1970s) and was typically designed to resist gravity loads only. Structural 
elements were characterised by inadequate seismic detailing and no consideration for duc-
tile failure mechanisms [i.e., capacity-based design (Fardis 2018)] was given. Additionally, 
masonry infill panels were typically not considered in the design process and their effects 
on the structural system’s response were generally neglected. However, past experimen-
tal (Zhai et  al. 2016; Basha and Kaushik 2016; Bergami and Nuti 2015; Morandi et  al. 
2018), analytical (Dolšek and Fajfar 2008; Fardis and Calvi 1994) and field reconnaissance 
(Ioanna et al. 2012; Parisi et al. 2012) campaigns have highlighted the detrimental effect of 
infill panels on the global response and their consequent vulnerability to ground-shaking 
events.

Nowadays, seismic risk is generally expressed in terms of the mean annual frequency 
of exceedance (MAFE) and is the result of convolving both seismic hazard and vulner-
ability. The former requires a proper characterisation of the exceedance probability of a 
particular intensity measure (IM) level at a given site over a certain time period. The lat-
ter requires the assessment of seismic performance through the accurate quantification of 
the exceedance of known performance levels, or limit states (LS), in structures. This is 
typically expressed in terms of fragility curves obtained via extensive numerical analysis. 
To reduce the computational burden associated with such analysis, simplified tools and 
non-linear static procedures for assessing structures have been developed and have been 
included in seismic guidelines. These simplified approaches generally utilise empirical 
formulations to estimate the seismic demand and capacity directly. This includes the N2 
Method (Fajfar and Gašperšič 1996) in Eurocode 8 (EC8) (Standard 2003), the capacity 
spectrum method (CSM) (Freeman 1998) in ATC 40 (1996), SPO2IDA (Vamvatsikos and 
Cornell 2006) in FEMA P-58 (2012), and the displacement coefficient method (DCM) in 
FEMA 356 (2000), for example.

The seismic risk assessment and rehabilitation of existing structures has witnessed the 
introduction of risk classification schemes or guidelines in some countries. These aim to 
assist practitioners and decision-makers in understanding seismic risk and the possible 
implications of different retrofitting schemes when looking to improve one’s seismic resil-
ience. They use loading-based quantities such as the seismic capacity-to-demand ratios, 
where the capacity can be estimated using any of the aforementioned non-linear static 
methods or through extensive numerical analyses. Notable examples include the “Life 
Safety Index” (SI-LS) of Sismabonus (Cosenza et al. 2018) in Italy or the “Percentage New 
Building Standard” (%NBS) (MBIE 2017) in New Zealand. Issues may arise when using 
loading-based quantities, such as the difference in reliability between ratings obtained 
through detailed or simplified inspections (Ferner 2018). However, the most pronounced 
disadvantage would be the lack of risk uniformity of loading-based quantities in character-
ising a particular building’s risk rating, shown in Sect. 2.

A more suitable alternative would be to express seismic risk associated with distinct 
LSs in terms of their annual probability of exceedance, as discussed by Pinto and Franchin 
(2016). Pinto and Franchin (2016) infer that the seismic assessment of existing structures 
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and the subsequent evaluation of annual probabilities of LS exceedance should be car-
ried out with reference to three methods of analysis: (1) incremental dynamic analyses on 
detailed numerical models; (2) incremental dynamic analyses on equivalent single-degree-
of-freedom (SDOF) oscillators; or (3) non-linear static procedures. The first two options 
require performing numerical assessments to calculate seismic risk, which can be compu-
tationally expensive and require specific expertise. Alternatively, as part of method 3, prac-
titioners and engineers could be provided with simple and robust tools to estimate seismic 
risk. It would facilitate communication to stakeholders and decision-makers to reduce seis-
mic risk, offer ease of applicability, and, most importantly, overcome known limitations in 
existing approaches.

This paper first discusses the limitations of adopting loading-based quantities in risk-
classification schemes. It then addresses these shortcomings by presenting a relatively sim-
ple pushover-based methodology for evaluating the seismic risk, denoted PB-Risk. It is 
developed here for infilled RC frame buildings specifically but its extension to other typol-
ogies is still expected to be valid. It builds on existing literature to give a straightforward 
approach that may be considered guideline-ready for near-future adoption. Its implementa-
tion is illustrated using case study examples and compared with other code-based formula-
tions previously mentioned; this shows the proposed PB-Risk tool as a suitable candidate 
as a result of its accuracy, robustness, and simplicity.

2 � Risk uniformity in conventional seismic classification schemes

One of the first issues regarding risk quantification and classification via code-based 
approaches is the lack of uniformity in the outputs. This has been documented in studies 
such as Iervolino et al. (2018) and Shahnazaryan and O’Reilly (2021), for example. A sim-
ple study is presented here to demonstrate the implications of adopting a risk classification 
scheme using loading-based quantities. Several code-compliant and non-compliant SDOF 
systems were generated to simulate modern and existing structures. They were modelled 
with a bilinear hysteretic response and fundamental period, T, ranging from 0.2 to 2 s. They 
were designed for two ductility classes described in EC8: medium and high, correspond-
ing to behaviour factors for RC frames, q, of 3.90 and 5.85, respectively. The systems were 
designed for a soil class C site in L’Aquila, Italy, whose peak ground acceleration (PGA) 
is 0.26 g (INGV). The resulting elastic and design spectra according to EC8 are shown in 
Fig. 1a. The design spectral acceleration, Sd(T), was identified from the design spectrum, 
and the design force was calculated as:

where m* is the effective mass and � accounts for the anticipated first mode response 
participation, taken here to be unity. Most importantly, a strength modification factor, ζ, 
was included to weaken the overall strength capacity of the SDOF systems and act as a 
proxy for non-code compliant structures. It ranged between 0.05 (i.e., weakest) and 1.0 
(i.e., code-compliant) with an increment of 0.05. No additional overstrength was consid-
ered for the systems, although its inclusion is not anticipated to have an impact on the 
relative trends discussed later. A total of 360 SDOF oscillators were thus sampled (i.e., 2 
ductility classes, 9 periods of vibration, 20 values of the strength modification factor). For 
each combination of ductility class (i.e., behaviour factor), period of vibration and strength 
modification factor, the SDOF oscillator yield displacement was then computed. The effect 

(1)Fb = �Sd(T)m
∗�
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of ζ on the lateral response of the SDOF oscillators is illustrated in Fig. 1b for a subset of 
20 SDOFs, expressed in terms of the base shear coefficient (i.e., design force normalised 
by total seismic weight) and ductility. Non-linear time-history analysis (NLTHA) using 
multiple stripe analysis (MSA) (Jalayer and Cornell 2009) was performed using hazard-
consistent ground motion records to characterise the seismic response of the SDOF oscil-
lators. The spectral acceleration at the fundamental period, Sa(T), was adopted as the IM. 
Hazard was characterised using the OpenQuake engine (Pagani et al. 2014) along with the 
2013 Euro-Mediterranean seismic hazard model (ESHM13) (Woessner et  al. 2015). The 
mean hazard curves are shown in Fig. 2a.

The seismic risk, defined as the mean annual of frequency of exceeding an LS thresh-
old, λLS, was calculated by convoluting the results of hazard and fragility analyses from:
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Fig. 1   a Elastic and design spectra from EC8 for a site in L’Aquila; b Example of SDOF oscillators 
(T = 0.3  s and q = 3.90) illustrating the degradation in lateral strength with respect to the code-compliant 
value for the design base shear
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Fig. 2   Seismic hazard curves for the site in L’Aquila for a Sa(T) and b Saavg



Bulletin of Earthquake Engineering	

1 3

where P
[
� ≥ �LS|IM = s

]
 corresponds to the conditional probability of exceeding an LS 

ductility capacity, �LS , and � is the ductility demand at IM value s; |dH(s)| is the absolute 
value of the hazard curve slope at the particular intensity, s. Considering this comparative 
case study application, the seismic risk was evaluated for a ductility of �LS = 4.

The results, expressed in terms of �LS , are shown in Fig. 3. The seismic risk class of 
each SDOF oscillator was determined according to Sismabonus (Table 1), where A to F 
designate the risk classifications. These risk classes were determined based on the SI-LS 
index, defined as the ratio between the PGA demand at a return period of 475 years and the 
equivalent PGA capacity of the SDOF systems (i.e., PGAD/PGAC). Figure 3 illustrates the 
variability in the actual risk characterised via �LS versus T and ductility class. Additionally, 
the trends between �LS and ζ are demonstrated. Overall, it is evident that despite keeping 
the risk of LS failure at relatively low values (i.e., 10–3–10–4), seismic design implemented 

(2)�LS =

+∞

�
0

P[� ≥ �LS|IM = s]|dH(s)|

Fig. 3   Non-uniformity of risk for SDOFs for both medium (solid lines) and high (dashed lines) ductility 
classes versus periods of oscillation, T, and strength modification factor, ζ 

Table 1   Sismabonus risk 
classification classes using PGA 
capacity-to-demand ratios only 
(Cosenza et al. 2018)

Life-safety index (SI-LS) Building class Life-safety risk description

100% ≤ SI-LS A +  Low (Code-compliant)
80% ≤ SI-LS < 100% A
60% ≤ SI-LS < 80% B Low to Medium
45% ≤ SI-LS < 60% C Medium
30% ≤ SI-LS < 45% D High
15% ≤ SI-LS < 30% E Very High
SI-LS ≤ 15% F
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within EC8 does not result in uniform risk solutions. The shortcomings of this become 
more evident when assessing existing structures, where the capacity is generally not code-
compliant (i.e., ζ < 1). Belliss et al. (2016) also highlighted this for %NBS adopted in New 
Zealand. Figure 3 shows that many different risk classes can result for the same �LS depend-
ing on the period and ductility class. For example, following the horizontal line sketched 
in Fig. 3, a T = 2.0 s system with medium ductility class is classified F, whereas a T = 0.2 s 
system also with medium ductility class is classified A, despite the same level of actual 
risk. Furthermore, a vertical comparison in Fig. 3 highlights that code-compliant systems 
possess widely varying values of �LS . Overall, Fig. 3 gives and clear and straightforward 
illustration of the non-uniformity of current code-based design and assessment guidelines, 
which has also been observed by several studies in different contexts to date (Belliss et al. 
2016; Li et  al. 2010; Shi et  al. 2012; Baltzopoulos et  al. 2021; Gkimprixis et  al. 2019; 
Ulrich et al. 2014; Douglas et al. 2013).

These observations emphasise that more effort should be made to express seismic risk 
via methodologies that better represent demand and capacity while still offering an accept-
able trade-off between simplicity and accuracy. For example, SPO2IDA has been shown to 
be a suitable non-linear static procedure for characterising seismic response. It requires just 
the results of a static pushover analysis, and dynamic capacity of the structure is estimated 
empirically. Applying this tool to the same SDOFs just examined gives the results shown 
in Fig. 4, shown as the median intensity corresponding to P

[
� ≥ �LS = 4|s

]
 and the associ-

ated risk �LS . Compared to the outputs of extensive analysis previously described in Fig. 3, 
SPO2IDA shows quite a good agreement both in terms of median intensities and risk.

This case study application has two main conclusions: (1) loading-based quantities, 
such as the SI-LS index adopted by the Italian Sismabonus risk classification scheme, are 
not consistent in conveying risk estimates, despite their ease of applicability and compat-
ibility with existing codes; and (2) simplified tools based on non-linear static analysis can 
offer a competitive solution with very low computational cost.

However, for the seismic response evaluation of non-ductile infilled RC frames, it 
was previously highlighted by Nafeh et  al. (2020) that SPO2IDA is not an appropri-
ate candidate. This is because the tool incorporates empirical relationships developed 
primarily for typologies such as newly-designed RC and steel moment-resisting frames, 
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Fig. 4   Comparison of the median intensity and MAFE value estimated from SPO2IDA versus detailed 
analysis for both medium (green) and high (red) ductility classes
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which do not reflect the change in seismic behaviour due to non-ductile mechanisms and 
the addition of masonry infills. To remedy this, Nafeh and O’Reilly (2022) have recently 
proposed an unbiased seismic fragility estimation tool for this typology that also utilises 
just a static pushover analysis as its input. It also avoids issues of potential bias that may 
arise from a suboptimal IM choice. In the following sections, a methodology to evalu-
ate the seismic risk for infilled RC typology using this tool is presented, along with an 
example application. Its accuracy is then compared to existing methods found in current 
codes and guidelines and the results from extensive NLTHA, particularly to calculate 
risk metrics to illustrate the added value.

3 � Proposed methodology for simplified seismic risk evaluation

To address the lack of risk uniformity in loading-based quantities for evaluating and 
communicating seismic risk, a simple and efficient pushover-based method for the seis-
mic risk evaluation (PB-Risk) explicitly tailored for non-ductile infilled RC frame struc-
tures is presented herein. The method utilises closed-form expressions to characterise 
the seismic hazard and integrates it with results obtained from the response evaluation 
tool developed for infilled RC frame buildings by Nafeh and O’Reilly (2022). This tool 
is based on intensive numerical analyses performed on equivalent SDOF models with a 
multi-linear force–displacement relationship representing infilled RC frame structures 
(Nafeh et al. 2020). It estimates the seismic demand using the response obtained from 
non-linear static analysis along with the first-mode parameters from eigenvalue analysis 
as inputs. Subsequently, the seismic intensity required to attain a particular limit-state of 
interest, expressed in terms of the average spectral acceleration, Saavg, can be identified. 
The tool (O’Reilly and Nafeh 2021a) has been implemented in a spreadsheet for ease of 
applicability and is available at: https://​github.​com/​gerar​djore​illy/​Infil​led-​RC-​Build​ing-​
Respo​nse-​Estim​ation. It possesses several improvements over existing response esti-
mation methods available in the literature, such as reduction of bias, improved overall 
accuracy in the response estimation, amongst others. Interested readers are referred to 
Nafeh and O’Reilly (2022) for further details. Building from this, the PB-Risk method-
ology is illustrated in Fig. 5 and its details are described in the following sections along 
with an example demonstration in Sect. 3.4.

3.1 � Hazard identification

Hazard analysis typically involves the characterisation of earthquake sources (i.e., faults, 
area sources) relative to a particular site, the frequency of occurrence and the identification 
of a relationship between earthquake characteristics and the intensity of ground-shaking. 
To do this, probabilistic seismic hazard analysis (PSHA) is performed, where the annual 
rate of exceeding a specified ground motion intensity level is identified. Open-source tools 
for conducting PSHA are available [e.g., OpenQuake (Pagani et  al. 2014)]. Following 
PSHA, the mean hazard curve for a particular IM at a given site location is obtained. In 
the proposed method described for infilled RC frames herein, average spectral acceleration, 
Saavg, described by Eads et al. (2015) and adopted in many recent studies (O’Reilly 2021a, 

https://github.com/gerardjoreilly/Infilled-RC-Building-Response-Estimation
https://github.com/gerardjoreilly/Infilled-RC-Building-Response-Estimation
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2021b; Qian and Dong 2020; Kohrangi et al. 2017) exhibiting promising results, is adopted 
as the IM. It is calculated as:

where ci represent N = 10 number coefficients in the range of 0.2–3.0. The adoption of 
Saavg is due to the distinct advantages it offers in terms of increased efficiency and unbiased 
response estimation discussed by O’Reilly (2021b) compared to more conventional IMs 

(3)Saavg =

(
N∏

i=1

Sa
(
ciT

)
)1∕N
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Fig. 5   Flowchart of the steps required for the proposed PB-Risk methodology
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like Sa(T1) or PGA. Once the mean hazard curve is characterised, the second-order polyno-
mial fitting function described by Vamvatsikos (2013) is used:

where H(s) is the hazard function expressing the mean annual rates of exceeding an IM 
value s, and k0, k1 and k2 are positive real numbers describing the hazard fitting coefficients. 
Adopting this second-order polynomial function for the hazard curve instead of simply 
integrated the actual hazard curve directly in Eq. 2 was preferred in order to provide simple 
and clear expressions whose coefficients are clearly traceable from one step to the next 
(Fig. 5). Although there may be some very minor price to be paid in terms of accuracy, it is 
not deemed significant based on the evaluations conducted by Vamvatsikos (2013).

3.2 � Vulnerability estimation

Following the characterisation of seismic hazard at a particular site, the expected seismic 
response of the given structure under scrutiny is needed to assess its seismic vulnerabil-
ity. This requires the response characterisation and the estimation of the seismic intensities 
corresponding to code-prescribed or other similar LSs. The steps required are as follows:

(a)	 Build a sufficiently detailed numerical model of the structure under consideration, or 
adopt a sufficiently accurate simplified method that accounts for all possible inelastic 
mechanisms and potential failure modes expected in the structure;

(b)	 Perform an eigenvalue analysis to extract the first-mode shape ordinates Φi and identify 
the seismic mass mi at each floor level i. This mode shape is then normalised to the roof 
level’s value (i.e. Φroof = 1);

(c)	 Perform a non-linear static pushover analysis in both principal directions of the MDOF 
structure to obtain the base shear versus roof displacement data, F and Δ , respectively. 
To do this, a displacement-controlled inverse triangular pattern can be adopted for sim-
plicity, in addition to first-mode based or an adaptive pushover procedure, depending 
on the complexity and particular characteristics of the structure;

(d)	 Fit a multi-linear backbone model to the MDOF’s non-linear static pushover curves in 
both directions, which adequately captures the onset and end-point of each response 

(4)H(s) = k0exp
[
−k2ln

2(s) − k1 ln (s)
]

Fig. 6   Graphical illustration of the seismic response evaluation tool used for infilled RC frame structures
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branch (i.e., elastic, hardening, softening, residual plateau and strength-degradation) 
as illustrated in Fig. 6 and further detailed in Nafeh and O’Reilly (2022);

(e)	 Identify the LS criteria to be checked from either code-based demand thresholds, or 
other ad-hoc definitions, and mark them on both pushover curves. These can be either 
local demand thresholds (e.g., yield rotation exceedance in a column member) or a 
global threshold (e.g., 0.5% storey drift);

(f)	 Using the response evaluation tool proposed by Nafeh and O’Reilly (2022) to estimate 
the unbiased seismic response capacity of the infilled RC system, the equivalent SDOF 
parameters based on a first-mode transformation factor,Γ , (i.e. F* = F/Γ and Δ* = Δ/Γ ) 
and the effective mass, m*, are computed as per Eqs. (5)–(9), where T* is the funda-
mental period of the equivalent SDOF oscillator; Sa∗

y
 is the yield spectral acceleration 

of the equivalent SDOF; F∗
y
 and Δ∗

y
 are the SDOF yield force and displacement val-

ues obtained by dividing the MDOF structure values by Γ , respectively. Each step is 
implemented automatically by the tool once the essential ingredients from the MDOF 
pushover and eigenvalue analysis in both directions are provided;

(g)	 Using the response evaluation tool, the seismic demand-intensity model is calculated 
for the structure’s equivalent SDOF in both directions. It is expressed in terms of a 
dynamic strength ratio, ρ = Saavg/Say, and global ductility, μ = Δ/Δy. It estimates both the 
collapse and non-collapse performance of the equivalent SDOF structure. This means 
that for each LS previously identified, which has a corresponding μ, the median value 
of ρ required to exceed it is computed;

(h)	 Lastly, via the same tool, the median seismic intensities required to exceed both the 
non-collapse-based LSs and the overall collapse capacity of the structure, expressed 
in terms of Saavg, are computed for the actual MDOF structure through the reverse 
application of the equivalent SDOF transformation factor, as per Eq. (9).

This then provides the median intensities in terms of the seismic intensity measure Ŝaavg 
for the set of LSs specified. For fragility analysis, a lognormal distribution was considered 
which is characterised by a median intensity and an associated dispersion. This dispersion 
can be due to various sources of uncertainty, such as record-to-record variability and mod-
elling uncertainty, and are generally grouped as either aleatory or epistemic uncertainties. 
Nafeh and O’Reilly (2022) provide fixed values of dispersion for the non-collapse LSs, 

(5)m∗ =
∑

miΦi

(6)Γ =

∑
miΦi∑
miΦ

2
i

(7)T∗ = 2�

√

m∗
Δ∗

y

F∗
y

(8)Sa∗
y
=

4�2Δ∗
y

T∗2g
=

F∗
y

m∗g

(9)Ŝaavg = �Sa∗
y
Γ
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�NC , and the collapse LS, �C , of 0.27 and 0.38, respectively. It is important to stress that 
these values represent record-to-record variability only and were determined using cloud 
analysis with Saavg as the IM. Other sources of uncertainty can be considered from other 
studies using suitable combination rules to amplify the dispersion values described here.

3.3 � Seismic risk evaluation

Once the seismic hazard and vulnerability have been characterised, the seismic risk 
expressed in terms of the mean annual frequency of exceeding a pre-defined demand-based 
LS, �LS , can be calculated. To do this, the closed-form intensity-based formulation of the 
SAC/FEMA framework (Cornell et al. 2002) developed by Vamvatsikos (2013) is adopted 
and is described in Eq. (10):

where � represents the dispersion and would correspond to �NC or �C for non-collapse and 
collapse LSs, respectively, if just record-to-record variability is considered whereas, Ŝaavg 
represents the median intensity measure required to attain a particular demand-based level. 
The corresponding value for Ŝaavg at each LS is obtained following the vulnerability esti-
mation in Sect. 3.2. H

(
s = Ŝaavg

)
 denotes the annual rate of exceedance for a given inten-

sity s, defined following seismic hazard analysis in Sect.  3.1. This estimation of �LS for 
each LS represents its risk in terms of MAFE. As mentioned previously, while a direct 
integration of Eq. (2) would be ideal, this closed-form expression in Vamvatsikos (2013) 
can be carried out relatively easily rendering it simpler for practitioners and code-based 
applications.

3.4 � Example application

To illustrate the PB-Risk implementation elements, an example corresponding to a 2-sto-
rey non-ductile infilled RC building with taxonomy code GLD-A-2st, previously defined 
in Nafeh et al. (2022) and taken from a database (O’Reilly and Nafeh 2021b) and located 
in Napoli, Italy, is presented. First, following the steps in Sect. 3.1 and illustrated in Fig. 5, 
PSHA was carried out using the OpenQuake engine to obtain the mean hazard curve and fit 
the second-order polynomial described in Eq. (4) and shown in Fig. 7, whose coefficients 
were found through a least-squares regression to be k0 = 1.42e−04, k1 = 3.50 and k2 = 0.49. 
The hazard analysis considered a fundamental period of T = 0.2 s and Saavg as the IM. The 
ESHM13 hazard model (Woessner et al. 2015) combined with the site characteristics using 
the mapping of the Italian territory presented by Mori et al. (2020) were used.

Second, following the steps in Sect. 3.2 and illustrated in Fig. 5, the structure was mod-
elled in OpenSees using a three-dimensional lumped plasticity approach. The numerical 
model of the two-storey infilled RC building is shown in Fig.  8, and full details can be 
found in Nafeh and O’Reilly (2022). A non-linear static pushover analysis was performed 

(10)�LS =
√
pk

1−p

0

�
H
�
Ŝaavg

��p
exp

�
k2
1

4k2
(1 − p)

�

(11)p =
1

1 + 2k2�
2
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using an inverse-triangular and displacement-controlled lateral load pattern applied in both 
directions to obtain the base shear force versus roof displacement response, as shown in 
Fig. 9. In addition, an eigenvalue analysis was carried out to identify the first-mode shape 
ordinates, reported in Table  2. These correspond solely to the values of the first-mode 
shape ordinates and the seismic mass at each floor. The pushover curves were then fitted 
with a multi-linear fit to account for the various branches of the non-linear response of 
the infilled RC frame structure, as illustrated in Fig.  9. The equivalent SDOF oscillator 

Fig.  7   Mean hazard curve and fitted second-order polynomial for a site in Napoli, Italy
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Fig. 8   Numerical model of the two-storey infilled RC building GLD-A-2st from (O’Reilly and Nafeh 
2021b)
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properties were then calculated following Eqs.  (5)–(8) by applying the first-mode based 
transformation on the multi-linearised backbone curve of the MDOF system.

With the equivalent SDOF’s backbone parameters defined, the seismic response for both 
non-collapse and collapse scenarios was then estimated using Nafeh and O’Reilly (2022). 
Equation 12 computes the median Ŝaavg intensity required to exceed a ductility-based LS in 
the MDOF system conditioned on no collapse. The resulting demand-intensity model for 
any ductility value is illustrated in Fig. 10a. This median and the noted dispersion value 
allow practitioners to quickly estimate the fragility functions for any ductility-based LS. 
These are shown in Fig.  10b for two LSs, which correspond to a roof displacement of 
0.01 m and 0.025 m. This was an arbitrary definition made for the sake of illustration and 
other code-based LSs can also be handled, which is seen in Sect. 4.

Equation 13, on the other hand, reports the equivalent expression to identify the median 
Ŝaavg intensity needed to result in collapse of the MDOF system. Again, this value along 
with the prescribed dispersion means the collapse fragility function for the structure is 
obtained, which is also shown in Fig. 10b.

Lastly, to estimate the seismic risk via the mean annual frequency of exceeding these 
LSs (i.e. LS1, LS2 and collapse), the fragility functions shown in Fig. 10b and the hazard 
curve shown in Fig. 7 were integrated via the closed-form expression in Eq. 10. For brev-
ity, the calculation is only demonstrated for LS1 in the Y-direction in Eqs. (14)–(16); how-
ever, the remaining values associated with this example are summarised in Table 3.

(12)

Ŝaavg|NC,X,LS1 = �NC,X,LS1 Sa
∗
y,X

ΓX = (0.71)(0.37g)(1.18) = 0.31g

Ŝaavg|NC,X,LS2 = �NC,X,LS2 Sa
∗
y,X

ΓX = (1.05)(0.37g)(1.18) = 0.46g

�NC = 0.2

(13)

Ŝaavg|C,X = �C Sa∗
y,X

Γx = (1.72)(0.37g)(1.18) = 0.75 g

Ŝaavg|C,Y = �C Sa∗
y,Y

Γy = (0.99)(0.63g)(1.16) = 0.72 g

�C = 0.3
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Fig. 9   Non-linear static pushover curves for the X-direction (a) and Y-direction (b) showing base shear and 
the roof displacement and the multi-linear fits to compute the equivalent SDOF properties
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Additionally, the return periods, TR , associated with the mean annual frequencies of 
each LS can be quantified, as shown in Table 3. This is particularly important for prac-
titioners when carrying out a seismic performance assessment of an existing structure. 

(14)
H
(
Ŝaavg

)
= k0 exp

[
−k2ln

2
(
Ŝaavg

)
− k1 ln

(
Ŝaavg

)]

= (1.42E − 04)exp
[
−0.49ln20.31 − 3.50 ln 0.31

]
= 0.0044

(15)p =
1

1 + 2k2�
2
NC

=
1

1 + 2(0.49)
(
0.272

) = 0.93

(16)
�LS1 =

√
pk

1−p

0
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H
�
Ŝaavg

��p
exp

�
k2
1

4k2
(1 − p)

�

=
√
0.93(1.42E − 04)1−0.93[0.0044]0.93 exp

�
3.502

4(0.49)
(1 − 0.93)

�
= 0.0051
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Fig. 10   a Demand-capacity curves obtained using the response evaluation tool, illustrating the median 
response and quantiles (16th, 84th) corresponding to the estimated average spectral acceleration intensity 
against the roof displacement of the MDOF system; b fragility curves corresponding to the two LSs. Solid 
and dashed lines denote the X and Y directions, respectively. Vertical lines correspond to the limit-state 
thresholds

Table 3   Summary of the simplified risk assessment results

Direction Limit-state Ŝaavg H

(
Ŝaavg

)
� p �LS TR = 1∕�LS

[years]

X LS1 0.31 0.0044 0.27 0.934 0.0051 195
LS2 0.46 0.0016 0.27 0.934 0.0020 499
Collapse 0.73 3.74e − 04 0.38 0.876 6.75e − 04 1481

Y LS1 0.32 0.0044 0.27 0.934 0.0051 195
LS2 0.49 0.0013 0.27 0.934 0.0017 498
Collapse 0.75 3.91e − 04 0.38 0.876 7.01e − 04 1427
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The code-based performance objectives can be checked depending on the code-based 
requirements. For example, if LS1 were checked at a risk level corresponding to a return 
period of 475 years, Table 3 shows that the return period is lower in both directions, 
meaning that the LS would not be verified.

4 � Case study validation and comparison

Following its introduction for the seismic risk evaluation of infilled RC frame buildings 
in Sect. 3, a comparative assessment on a total of buildings was carried out to validate 
the robustness of the proposed PB-Risk methodology. To this end, a population of case-
study buildings deemed representative of the infilled RC typology, typically found in 
Italy before the introduction of modern seismic design codes, was adopted. PSHA was 
performed to accurately characterise the hazard at a site of interest and allow the selec-
tion of hazard-consistent ground-motion records to perform extensive NLTHA analy-
ses and accurately quantify the risk of exceeding several code-based LSs. Additionally, 
several existing methods used in various codes of practice and guidelines worldwide 
were investigated and comparatively assessed. These include the N2 method (Fajfar 
and Gašperšič 1996) with the consideration of inelastic spectra for infilled RC frames 
(Dolšek and Fajfar 2004), CSM (Freeman 1998), DCM (Federal Emergency Manage-
ment Agency 2000) and the SPO2IDA (Vamvatsikos and Cornell 2006) tool to estimate 
the seismic response of the case study structures. These methods are non-linear static 
analysis methods for relatively fast quantification of seismic demand at a given return 
period intensity. For instance, using CSM, the level of expected structural displacement 
is quantified graphically based on the intersection of the capacity curve (i.e., the bilin-
earisation of the pushover curve) and the reduced or overdamped elastic spectrum. On 
the other hand, the N2 method uses strength and ductility relationships (i.e., R-�-T rela-
tionships) to create an inelastic response spectrum that identifies the expected demand 
of the structure at a given return period. Furthermore, the DCM method is a relatively 
simple non-linear static procedure (NSP) used to determine the expected demand of the 
structure using a linear expression incorporating factors accounting for modal partici-
pation, maximum inelastic displacement to the linear elastic response, and the effect 
of the pinched hysteretic response type. Lastly, SPO2IDA relates the capacity of an 
MDOF system through non-linear static pushover curves to a set of interpolated IDA 
curves using empirical R-�-T relationships based on a large dataset of SDOF structures. 
This case study comparison aims to assess the performance of the PB-Risk and existing 
methods in accurately quantifying the seismic risk associated with given LSs, �LS , in 
what may be seen as a modern PBEE-compliant manner (Günay and Mosalam 2013) for 
infilled frame structures.

4.1 � Case‑study buildings

A total of 40 non-ductile infilled RC case-study buildings with storeys varying from two 
to six were adopted from the same database of numerical building models (O’Reilly and 
Nafeh 2021b), accessible at: https://​github.​com/​gerar​djore​illy/​Infil​led-​RC-​Build​ing-​
Datab​ase, for architectural layouts A, B, F and G. They were designed according to two 
approaches representative of Italian and the southern European construction practice, 

https://github.com/gerardjoreilly/Infilled-RC-Building-Database
https://github.com/gerardjoreilly/Infilled-RC-Building-Database
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namely: GLD (i.e., gravity-loads only, before the introduction of seismic provisions in 
the 1970s), and SSD (i.e., sub-standard design using the equivalent lateral force method, 
adopted between the 1970s and 1980s). Based on these characteristics, each building was 
labelled with an identification number used below: 2-A-GLD, for instance, denotes a two-
storey building with architectural layout A and GLD provisions. For the sake of concise-
ness, only architectural plan layout A was illustrated as in Fig. 11. However, for further 
information regarding the database and the numerical modelling techniques employed, 
readers are referred to Nafeh and O’Reilly (2022).

4.2 � Limit states and non‑linear static pushover analysis

The first step in the case study application was identifying the code-based demand thresh-
olds to be utilised and how they relate to the global pushover response. These demand-
based thresholds described in the Italian national code (NTC2018) (Ministero delle 
Infrastrutture e dei Trasporti. D.M del 17 Gennaio 2018) were adopted for the compara-
tive case study presented herein. A detailed description of the four adopted LSs is shown 
in Table 4. Additionally, these limit states are also dependant on the premature failure of 
the infill panels and the degradation in panel strength due to the in-plane-out-of-plane (IP-
OOP) interaction (Milanesi et al. 2021; Morandi et al. 2022). However, this study focuses 
solely on the in-plane failure of the masonry panels. As such, the effect of the IP-OOP 
interaction was not considered. Following the definition of the NTC2018 LSs, non-linear 
static pushover analyses were conducted for each building in both principal directions. 
A displacement-controlled inverse triangular lateral load pattern was used for the SPO 
analyses, whose results are illustrated in Fig. 12. Then, the different performance points 
corresponding to each LS were identified on the SPO curves and are shown via markers 
in Fig. 12. It is worth recalling that the simplified analysis required for the vulnerability 

Fig. 11   Plan layout of case study building A (2, 3, 4, 5 and 6 storeys)
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assessment of existing structures using the response estimation tool should be carried out 
in the two principal directions. Then, the fragility results of the more critical direction at 
each limit-state should be considered. A single seismic risk value for each limit state can 
be identified. However, for brevity and clarity, only the results of the weaker directions are 
demonstrated here.

4.3 � Seismic hazard and ground motion record selection

The case-study buildings were located in the central Italian town of L’Aquila, and PSHA 
was carried out using the OpenQuake engine (Pagani et al. 2014) considering Sa(T1) and 
Saavg as IMs. The inclusion of Sa(T1) was necessary to estimate risk via existing assess-
ment methods. The mean hazard curves extracted from PSHA have been illustrated for 
both IMs in Fig.  2, and the second-order polynomial described in Sect.  3.1 and Eq.  (4) 
was fitted. A suite of 25 records was then selected using the toolbox for ground motion 
selection and processing (EzGM) developed by Ozsarac et al. (2021). This was carried out 
at nine intensity levels corresponding to return periods of 22, 42, 72, 140, 224, 475, 975, 
2475 and 4975 years to allow the characterisation of the structural response from initial 
damage of the masonry infill panels up to global structural collapse.
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Fig. 12   Non-linear static pushover analysis curves for case study buildings with taxonomy codes a *-A-#; b 
*-B-#; c *-F-#; d *-G-#, where * denotes the design approach (i.e., GLD or SSD) and # denotes the number 
of storeys (i.e., 2, 3, 4, 5, 6)
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4.4 � Extensive analysis and LS exceedance

MSA (Jalayer and Cornell 2009) was carried out to accurately characterise the non-linear 
dynamic response of the case study buildings at discrete intensity measure levels. This is 
a standard analysis procedure that uses the conditional spectrum (Baker 2011) to select 
ground-motion record sets consistent with the site hazard at each intensity level. This is 
as the causative parameters of the ground motion records generally change with increas-
ing intensity level (Bradley 2010; Iervolino et al. 2010; Lin et al. 2013). For the deriva-
tion of fragility functions corresponding to LS exceedances using MSA, the analysis results 
obtained from non-linear response history analysis, expressed in terms of an engineering 
demand parameter value at each IM level, are obtained. The MSA results are then coupled 
with the maximum likelihood method (Baker 2015) to estimate the median intensity corre-
sponding to LS exceedance, Ŝaavg , and its associated dispersion, β, typically expressed via 
a lognormal distribution.

4.5 � Simplified analysis and LS exceedance

As mentioned previously, the goal of this case study was to assess several structures using 
simplified methods and compare them with the results of more extensive dynamic analy-
ses. The first comparison in this regard was to evaluate each method’s ability to predict 
the median seismic intensity level associated with the exceedance of each LS described in 
Table 4. Results for existing practice-based methods (i.e., N2 method, CSM, DCM and the 
SPO2IDA tool) were expressed in terms of Sa(T1), while the outcome of the proposed PB-
Risk methodology was defined in terms of Saavg. The results are shown in Fig. 13. Addi-
tionally, the application of the aforementioned NSPs (i.e., CSM, DCM, N2) was carried out 
following a code-based approach. This entails the use of code-based spectra solely without 
any further extension that may be available in recent literature [e.g., cloud-based capacity 
spectrum method (Nettis et al. 2021)], and without the need for real ground-motion-derived 
spectra. This complements the aim of the study where the proposed response evaluation 
tool is compared to other practice-based NSPs from a practical standpoint with reference to 
code-based applications. By no longer referring to ground-motions and NLTHAs, the com-
putational burden can be significantly reduced since just a pushover analysis is required, 
rendering the proposed tool a practical alternative to other code-based NSPs, particularly 
for the case of non-ductile infilled RC structures.

Before delving into the comparative discussion of the results, some of the limitations of 
NSPs when compared to NLTHA are worth mentioning. A common feature of the NSPs 
examined here is their characterisation of the structure’s response via static pushover 
analysis. It should be recalled that pushover analysis offers many advantages over detailed 
NLTHA, but also possesses some limitations when used as part of NSPs to characterise 
LS performance. These include its ability to capture the complex dynamic behaviour of 
MDOF systems where the first mode is not dominant, or situations where stiffness and 
strength degradation and other effects such as hysteretic pinching are notable. Another 
shortcoming is its difficulties capturing the impact of torsional behaviour in three-dimen-
sional building models, although not observed here, although these can be addressed with 
some further consideration (Kaatsiz and Alici 2017; Kan and Chopra 1977; Fajfar et  al. 
2005). Thankfully, these aspects do not prevent NSPs from being used in practice but are 
worth recalling here as simplifying assumptions to be aware of. The limitations mentioned 
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were not deemed pertinent issues for the present case study comparison but are nonetheless 
noted as possible sources of error with respect to dynamic analysis results.

CSM was carried out referring to the ATC guidelines (1996) where an iterative pro-
cedure was outlined. Additionally, the elastic code-based spectrum employed in the N2 
method (described below) was used and reduced using an equivalent viscous damping 
model until an intersection between the capacity curve and the reduced spectrum was 
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Fig. 13   Comparison of the different simplified methods when estimating the seismic intensity required to 
exceed the code-based limit states
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achieved. Inspecting Fig. 13a, it can be seen that the CSM has underestimated the median 
intensities with respect to the detailed NLTHA. This was an expected outcome of the 
CSM for the particular typology under scrutiny. Generally speaking, a significant draw-
back of the CSM is how it simply relates the hysteretic energy dissipation of an inelastic 
system with an equivalent viscous damping in an equivalent linear system, especially for 
highly inelastic systems (Krawinkler 1994). As demonstrated by Chopra and Goel (Baker 
2015), other shortcomings are the non-convergence and underestimation of the actual seis-
mic demand. Moreover, the traditional equivalent viscous damping model adopted for the 
CSM was developed mainly for bare RC frame structures. For the case of infilled RC frame 
structures, a higher viscous damping value is expected due to the additional energy dis-
sipation of the masonry infill panels. This essentially renders the standard damping model 
invalid for the performance assessment of infilled structures. Since the equivalent viscous 
damping for infilled frames is expected to be higher than that of its bare RC counterpart, 
its impact becomes directly observable in the estimated seismic intensities. Because of the 
higher damping in the infilled system, a higher intensity is required to achieve a particular 
LS demand threshold compared to a bare RC frame. This is essentially the reason for the 
consistent underestimation of the CSM in Fig. 13a. Landi et al. (Landi et al. 2016) pro-
posed an equivalent viscous damping model for infilled RC frame structures for displace-
ment-based assessment applications. However, O’Reilly (2016) has illustrated that these 
expressions tend to significantly overestimate values associated with the EVD in compari-
son with actual NLTHA and also with experimental findings reported by Morandi et  al. 
(Morandi et  al. 2014), especially at low ductility levels despite the fact these estimates 
are improved for higher ductile levels of response where a limited ground motion set was 
used. Further work was noted to be required by Landi et al. (2016) in order to develop a 
more generalised formulation such as that proposed in Priestley et  al. (2007) for ductile 
RC frames, for example. Hence, the EVD model proposed by Landi et al. (2016) was not 
adopted within this study and a comparative assessment using the conventional CSM was 
described instead. However, in its current form, it is clear that the original CSM approach 
is unsuitable for estimating LS fragility functions in infilled frame typologies.

Examining the comparison for SPO2IDA Fig. 13b, it is clear that the median intensi-
ties were not well represented for infilled RC frame structures, with a consistent underes-
timation of the median intensities. This is contrary to the observations previously made in 
Fig. 4 and like the CSM, it is again due to the fundamental difference in the behaviour of 
the framed structures. For systems modelled without masonry infills, the first mode domi-
nates the response and a simple bilinear hysteretic model sufficiently captures the structural 
behaviour until collapse, as highlighted by Vamvatsikos and Cornell (2005). In the case 
of the infilled frame buildings, however, the addition of infills modifies the overall hyster-
etic behaviour from that of a bilinear system and increases its inherent energy dissipation 
capacity. This premature exhaustion of the masonry infill capacity at one or more storeys 
results in a fundamental change in response to cause a period shift and a modification of 
the first mode behaviour. Coupling this with the additional energy dissipation capacity of 
the infills means that the simplified method that does not account for their contribution 
would be expected to underestimate the median seismic intensities, as shown in Fig. 13b.

Examining the DCM in Fig. 13c, a large scatter in the median intensities was observed. 
A considerable overestimation of the median intensities required to exceed the higher LSs 
(i.e., SLV and SLC) can be observed where significant non-linear behaviour is expected. 
For the other LSs closer to elastic and slightly non-linear behaviour, the comparison 
appears to be more reasonable but still with a degree of scattering. These differences are 
because the DCM relies on several coefficients to account for the general characteristics of 
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the structural typology but not necessarily the specific structural behaviour. Coefficients are 
determined for the expected displacement (elastic and inelastic) ratio for a bilinear SDOF 
system, the effects of the pinching in-load deformation relationships due to stiffness and 
strength degradation, and second-order geometric non-linearities (i.e., P-Δ effects). These 
DCM coefficients were primarily calibrated for SDOFs with non-evolutionary hysteretic 
relationships, which was also described by Baltzopoulous et al. (2015) as a shortcoming 
to be addressed via the direct evaluation of the inelastic displacement ratios for degrad-
ing SDOF systems (Chenouda and Ayoub 2008). Moreover, the FEMA guidelines high-
light potential errors associated with the utilised coefficients for systems with a fundamen-
tal period lower than 0.4 s, corresponding to many of the structures examined in Fig. 13c 
whose first mode periods range between 0.2 and 0.6 s.

The comparisons discussed so far have been for methods not directly tailored to account 
for infilled frame behaviour. Figure 13d and e, however, illustrate the comparisons for two 
methods directly intended for such application: the N2 method and the proposed PB-Risk 
methodology, respectively. For the code-based spectra, corner period values, correspond-
ing to TB = 0.2 s, TC = 0.6 s, and TD = 2 s were considered. This is similar to the recommen-
dations of the NTC for building the elastic response spectrum considering a given value of 
PGA (0.26 g) and soil class C for the site of L’Aquila. Examining these plots, it is seen in 
Fig. 13e how the response estimation tool developed by Nafeh and O’Reilly (2022) utilised 
as a part of the proposed methodology offers a very good match with relatively low scatter 
at all LSs when compared to the detailed NLTHA. Similar results can also be seen for the 
N2 method in Fig. 13d, highlighting how the infill panels’ direct consideration is vital to 
accurately quantify the seismic fragility of this building typology. Examining the results 
further shows that the N2 method underestimated the intensities required for several LSs at 
higher intensities. This may be due to the limitations in the R-μ -T relationships developed 
by Dolšek and Fajfar (2004), examined in Nafeh et al. (2020). For example, Miranda and 
Bertero (1994) noted that the strength reduction factor, R, used in the N2 method is gener-
ally more stable around the medium-to-long period ranges. Additionally, for short-period 
structures, such as infilled RC frame structures, inelastic deformations are larger than the 
elastic ones and thus the equal displacement rule adopted in the N2 method becomes no 
longer valid. This conclusion was noted among other limitations by Fajfar (2000). Other 
possible sources of this trend at higher intensities may be in the choice of IM. The tool 
proposed by Nafeh and O’Reilly (2022) utilises average spectral acceleration Saavg as its 
IM, whereas the N2 method is based on Sa(T1). O’Reilly (2021b) has investigated this 
comparison and highlighted some notable advantages of Saavg and several limitations of 
Sa(T1) when assessing these building typologies. Perhaps a promising alternative to the 
conventional code-based capacity spectrum and N2 methods examined in this study are 
the cloud-based CSM and N2 developed by Gentile and Galasso (2021) and Nettis et al. 
(2021). These introduce improvements to the existing well-known NSP through the appli-
cation of real (i.e., recorded) ground motions. This is carried out to replace the adoption of 
code-based spectra to estimate the seismic intensities required to exceed code-based per-
formance points and to explicitly account for the associated record-to-record variability in 
fragility analysis. Such improvements may help remedy the drawbacks of CSM and N2 
method or in this case, explain the differences observed in Fig. 13a and d when applied to 
infilled structures. For example, according to Nettis et al. (2021), cloud-based CSM pro-
vided comparably accurate estimates with respect to the N2 method and classical non-lin-
ear time-history procedures for short and medium period cases such as infilled RC frame 
structures. In addition, Gentile and Galasso (2021) noted that non-linear dynamic analysis 
of SDOF systems is not substantially superior with respect to a non-linear static analysis 
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coupled with the capacity spectrum method for the case studies analysed. This observation 
may be further explored for the context presented here. One principal difference would be 
in how to account for the use of Saavg advocated here and shown to be notable advanta-
geous (O’Reilly 2021b) versus the use of Sa(T1) in CSM, although this is not an unsur-
mountable issue.

In summary, the most notable improvements which were implemented in the develop-
ment of the proposed PB-Risk methodology are: the adequate characterisation of the struc-
tural response using representative infilled RC SDOF oscillators considering the modelling 
approach suggested by Nafeh et al. (2020) which were considered for the development of 
the response estimation tool (Nafeh and O’Reilly 2022); the reduction of bias influencing 
the structural response due to the scaling of ground-motion records with the adoption of 
cloud analysis as a suitable dynamic method for the characterisation of empirical R-μ-T 
relationships; the reduction in the record-to-record variability following the consideration 
of Saavg as IM.

4.6 � Evaluation of seismic risk estimation

Following the application of the PB-Risk and existing simplified pushover-based methods 
to estimate the median intensities for LS exceedance, this evaluation was further extended 
to the estimation of the MAFE of these LSs, �LS . As described in Sect. 3.3, seismic risk in 
single structures can be computed by convoluting seismic vulnerability and hazard at the 
site location via Eq.  (10). As such, the median intensities (Fig. 13) were integrated with 
the corresponding hazard curves shown in Fig. 2. In the case of the PB-Risk method, the 
expected dispersion β was provided directly by the response evaluation tool; however, in 
the case of the other methods, dispersion values needed to be assumed in some cases. As 
previously discussed, the N2 and CSM methods were presented as code-based non-linear 
static procedures. This means that the code spectra were utilised for the assessment with no 
reference to a ground-motion set or NLTHA output. Hence, the assumption or estimation 
of a dispersion (associated with a median seismic intensity computed from N2 or CSM) 
corresponding to a particular demand-based threshold was necessary. For example, the dis-
persion from SPO2IDA was obtained from the IDA fractiles generated by the tool. The 
dispersion from the N2 method was estimated based on the recommended value of 0.7 for 
the coefficient of variation by Dolšek and Fajfar (2004). However, the dispersions associ-
ated with the CSM and DCM methods are not explicitly provided in these methods, nor is 
any indicative value suggested. A value of 0.25, 0.30, 0.35 and 0.40 were thus adopted for 
the SLO, SLD, SLV and SLV LSs, respectively based on the recommendations in O’Reilly 
(2016).

From this, the MAFE of each LS in the case study buildings were computed and 
are illustrated in Fig.  14. These results are expressed in terms of an MAFE ratio, 
λsimplified/λextensive where the λsimplified values were obtained using the simplified methods 
previously discussed and λextensive refers to the NLTHA-based results. These were taken as 
the benchmark value as they involve extensive evaluation using MSA on detailed numerical 
models with suites of hazard-consistent ground motion records. The MAFE ratios shown in 
Fig. 14 were also grouped based on the number of storeys to illustrate any possible trends 
in this regard.

Figure  14a illustrates the MAFE ratios associated with the operational LS (i.e., 
SLO). The results show a reasonably good match of the seismic risk estimates using 
the considered NSPs compared to the extensive results. This observation was expected 
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considering that all NSPs performed relatively well in estimating the median seismic 
intensities shown in Fig.  13 corresponding to an LS in the elastic range of response 
with relatively low dispersion. For the case of the CSM, a consistent overestimation of 
the seismic risk was observed due to the method’s inability to adequately represent the 
seismic intensities required to achieve the SLO limit-state, leading to the underestima-
tion observed in Fig. 13. The difference in risk estimates becomes more evident for LSs 
where inelastic behaviour is more prevalent. This can be observed in Fig. 14b–d, where 
methods such as SPO2IDA, CSM and DCM consistently overestimated seismic risk for 
all identified LSs. This again reflects the results of the previous section and indicates 
the conservativeness of those methods. For example, these methods overestimated the 
seismic risk by 2–8 times the benchmark value for the SLD limit-state. This overestima-
tion increases to about 10–50 times the benchmark seismic risk value computed from 
extensive analysis for the SLV and SLC limit states.

This overestimation of λ LS  is the direct consequence of underestimating the seis-
mic intensity associated with the four defined LS. Among the practice-based methods 
reviewed, the best performance was shown by the N2 method, which is a testimony to 
being the standard European practice for quantifying seismic demand and its inclusion 
in the EC8 standards. More importantly, regarding the proposed PB-Risk, a promising 
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Fig. 14   Mean annual rate of exceeding the demand-based threshold associated with each of the NTC2018 
limit states (i.e., SLO, SLD, SLV, SLC) and accounting for the seismic demand quantification using differ-
ent practice-based methods and the proposed PB-Risk methodology
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performance was observed via the consistent estimation across the entire range of seis-
mic response. Reasonable underestimation of risk was recorded for the operational 
limit-state (SLO), and more accurate estimations were observed for SLD, SLV and SLC. 
This is due to the tool’s consistency in estimating the seismic demand associated with 
the four LS, as illustrated in Fig. 13e.

Considering this comparison and the evaluation of the seismic response in the previous 
section, it can therefore be noted that the proposed methodology can replicate the results 
obtained using extensive NLTHA while cutting down on computational time and effort 
without any compromise on the risk-based metrics.

5 � Discussion

Performance-based earthquake engineering (PBEE) is now a well-known and established 
approach that allows users to evaluate a building’s seismic performance from a probabil-
istic perspective. To do this, there is still scope for simple probabilistic-based alternatives 
to current practice that rely on a loading-based capacity-to-demand ratio. This was high-
lighted earlier in Sect. 2, where the implications of adopting deterministic quantities such 
as the SI-LS index were highlighted. It was also shown that loading-based quantities were 
inconsistent in communicating risk estimates and do not infer much, despite their simplic-
ity, regarding the actual level of structural safety and the mean annual rate of exceedance 
of a given LS remains largely unknown. The use of probabilistic methods is an aspect 
that ought to be addressed in guidelines to evaluate seismic risk in existing buildings. In a 
leap forward, the second generation of EC8 and the Italian guidelines for the probabilistic 
assessment of seismic safety of existing buildings defined by the CNR (CNR 2014) have 
foreseen the introduction of standards which aim at filling this gap. They incorporate issues 
associated with multiple sources of uncertainty, such as the definition of limit states and 
target performances, probabilistic quantification of seismic action, knowledge acquisition 
and uncertainty modelling, structural analysis, identification of LS exceedance and assess-
ment methodologies. In this regard, the methodology proposed here for infilled frames and 
described in Sect. 3 is compliant with the recommendations of these recent guidelines. This 
is especially the case regarding two main aspects related to performance: the quantification 
of seismic intensities for LS exceedance using the proposed non-linear static procedure for 
infilled RC buildings and in terms of the calculation of the required safety level expressed 
in terms of the MAFE.

Furthermore, these guidelines (CNR 2014) infer that a probabilistic framework should 
be carried out with reference to three analysis methods, depending on the level of com-
plexity of the examined structure. The use of NSPs has proved robust for the structures 
discussed previously, offering a satisfactory trade-off between accuracy and computational 
burden. This was also noted in other studies, particularly on a regional scale performed on 
seismic prioritisation and screening of building portfolios. Such frameworks can either rely 
on easy-to-retrieve data based on nominal structural performance such as NODE (Petruz-
zelli and Iervolino 2021). Other studies have elected to develop relatively fast frameworks 
which also utilise low-level information and seek to estimate demand parameters (e.g., sto-
rey drifts, peak floor accelerations), such as STICK-IT (Gaetani d’Aragona et  al. 2020), 
which can then be integrated with seismic prioritisation frameworks to be applied within 
large-scale assessment studies on seismic risk and associated losses. The proposed PB-Risk 
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methodology is still in line and compatible with these general approaches and could serve 
as a means to provide more refined performance quantification based on pushover analysis.

Overall, a simple pushover-based methodology for evaluating mean annual rates of LS 
exceedance for infilled RC frame structures was introduced for risk-based application. The 
method is relatively fast and straightforward as it relies on closed-form approximations to 
characterise hazard, vulnerability and subsequently the associated risk in single structures. 
Additionally, robustness, accuracy and consistency were highlighted despite the inherent 
simplicity of the method and the improvement offered compared to other NSPs. This is 
particularly the case for the infilled RC typology, whose limitations when analysed with 
conventional approaches not explicitly tailored to account for their behaviour can be nota-
ble. One of the biggest contributors to the differences observed when scrutinising other 
NSPs is the lack of suitable models for spectral reduction either via non-linear or over-
damped spectra that can capture the behaviour of such non-ductile frames with infills. This 
behaviour is characterised with a multilinear backbone with large loss of strength due to 
the formation of a non-ductile mechanism that occurs following infill panel collapse. This 
is evident following the comparisons conducted previously and illustrated in Figs. 13 and 
14. A much better correlation with the actual NLTHA results in terms of vulnerability and 
risk was observed when using the proposed PB-Risk methodology.

While a conservative estimate may appeal to analysts, since a safety margin is implied, 
this may not be entirely adequate when utilising these results in a broader setting with pos-
sible financial implications in overestimating the losses attributed to a particular risk level. 
Future development of the proposed PB-Risk methodology will foresee the integration of 
the current findings (i.e. seismic demand parameters, annual rates of exceedance) with eco-
nomic loss assessment using simplified concepts such as storey-loss functions (Shahnaz-
aryan and O’Reilly 2021; Shahnazaryan et al. 2021, 2022; Papadopoulos et al. 2019) and 
indirect losses (Calvi et al. 2021) for a more thorough probabilistic assessment incorporat-
ing all relevant aspects of the PBEE framework.

6 � Summary and conclusions

The accurate seismic risk assessment and evaluation of reinforced concrete (RC) structures 
with masonry infills remains an open challenge for practitioners and decision-makers due 
to their prevalence in the global built environment and complex behaviour. In risk-based 
analyses, accurate characterisation of infilled RC building performance based on code-
based limit-state thresholds is paramount. Furthermore, non-linear time-history analyses 
(NLTHA) methods can be computationally expensive in terms of time and effort to allow 
widespread and codified implementation. Additionally, recent and upcoming technical 
standards for assessing existing structures improve on the shortcomings of existing guide-
lines characterising seismic risk via capacity-to-demand ratios as a deterministic manner of 
carrying out verifications. The adoption of loading-based quantities in governmental risk 
classification schemes has been shown to be somewhat limited in communicating actual 
seismic risk in existing buildings. To this end, this paper proposes a simplified pushover-
based probabilistic methodology for the seismic risk evaluation of existing infilled RC 
building structures (PB-Risk). It integrates closed-form expressions for characterising seis-
mic hazard and fragility estimates using a series of recently developed tools for infilled 
RC frames for risk-based applications. The aim was to provide an accurate methodology 
to quantify the seismic risk of the infilled RC typology and facilitate the needs of risk 
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modellers, ease the burden of computationally expensive procedures and address their lim-
itations. Some of the main outcomes of this study are:

•	 A case study application on code-compliant and degrading (i.e., simulating non-com-
pliant existing structures) SDOF systems highlighted the non-uniformity of loading-
based quantities adopted in risk classification guidelines like Sismabonus in Italy or 
%NBS in New Zealand. Their difficulties in accurately and robustly conveying seis-
mic risk for structures of different vibration period and lateral strength was illustrated, 
where equivalent actual risks can be found across different risk classes.

•	 A methodology was presented for the simplified pushover-based seismic risk assess-
ment of non-ductile infilled RC frame buildings. The method relies on a (1) second-
order power-law fit for the characterisation of seismic hazard; (2) a pushover-based 
response estimation tool for the fast evaluation of empirical strength-ductility relation-
ships to quantify their seismic vulnerability; and (3) closed-form expressions to esti-
mate mean annual frequency of limit-state exceedance for risk-based applications.

•	 The performance of the proposed PB-Risk methodology in accurately defining seismic 
vulnerability and risk was validated within a comparative case study application. The 
results highlighted the reliability and consistency of the proposed approach when com-
pared to the results of detailed analysis on numerical models with hazard-consistent 
ground motions.

•	 Existing code and guideline methods to estimate seismic performance such as capac-
ity spectrum method (CSM), N2 method, displacement coefficient method (DCM) and 
SPO2IDA were also critically evaluated. Their results either consistently underesti-
mated the seismic intensity required to exceed a given limit state intensity or a large 
scatter was observed in the results when compared to non-linear time-history analyses. 
This was especially the case for the CSM, DCM and SPO2IDA and highlighted their 
inconsistency and general difficulty when applied to infilled RC frame buildings. The 
N2 method, when extended to infilled RC frames, performed relatively well but the 
proposed PB-Risk methodology was seen to offer several improvements in this respect.

•	 Regarding risk-based metrics, the estimates of existing NSPs exhibited similar conserv-
ativeness with an overestimation of seismic risk compared to the benchmark risk values 
from NTLHA. However, PB-Risk demonstrated consistent results and a higher correla-
tion to the same benchmark values. While conservativeness is more appealing for car-
rying-out design and assessment studies where safety margins are necessary, accuracy 
and consistency are arguably more desirable within a broader financial loss assessment 
setting, which the proposed method has been shown to offer.
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