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A B S T R A C T   

Infilled reinforced concrete (RC) buildings represent a prevalent taxonomy class in the Mediterranean region. 
Many were constructed before proper seismic provisions and detailing were enforced meaning they typically 
possess non-ductile failure mechanisms. Therefore, their simple but adequate seismic fragility estimation remains 
a challenge for the research community and practitioners. Moreover, their performance quantification can 
typically require characterisation via detailed numerical models that capture salient behaviour features, which 
involves extensive non-linear dynamic analyses with large computational burden. In this regard, an unbiased 
seismic fragility estimation methodology for the simplified assessment of infilled RC frame structures is described 
for both collapsing and non-collapsing scenarios. Its development is using extensive cloud analyses carried out 
with a large set of oscillators representative of the infilled RC frame’s structural behaviour to permit the well- 
established pushover-based methods to be adopted in practice. The result is a novel set of empirical relation-
ships relating the seismic behaviour of these typologies to their pushover curve parameters to allow practitioners 
to perform an accurate risk assessment and verification in an expedited manner. The choice of average spectral 
acceleration as the intensity measure used to characterise the fragility parameters for these relationships is 
shown to present notable advantages in reducing bias compared with other existing approaches. The results are 
validated via comparison with a detailed hazard-consistent assessment of case studies from a database of three- 
dimensional archetype building models. These were also developed here to capture the temporal evolution of 
building codes and architectural features of the building class in Italy.   

1. Introduction 

Reinforced concrete (RC) buildings with unreinforced masonry infill 
panels constitute a significant portion of the southern European building 
stock generally and the Italian built environment specifically. Buildings 
were typically designed to resist gravity loads only or were designed 
before the introduction of modern seismic design guidelines (i.e. 
capacity-based design). These are typically required to promote a ductile 
and stable mechanism by most modern-day design codes (e.g. Eurocode 
8 (EC8) [1] and NTC18 [2]). Structural elements were designed 
considering allowable stress and constructed with smooth reinforcing 
bars, low compressive strength concrete, inadequate transverse detail-
ing, and without any proper joint detailing. This resulted in many in-
stances of brittle and non-ductile mechanisms forming, mainly in the 
columns and beam-column joints. Past earthquake reconnaissance ob-
servations [3] following the strong motion event of 2016 in Central Italy 

reported many occurrences of extensive damage and collapse cases in 
RC buildings with infills due to shear and flexural failure of structural 
members. Furthermore, infills were typically used in construction 
practice due to their beneficial thermal and acoustic insulation proper-
ties. However, these elements were not considered in the design process 
and their effect on the structural response was usually neglected. This 
has implications on the lateral-load bearing capacity of these buildings 
and the interaction between infill wall panels and the surrounding RC 
frame components. Sudden infill panel rupture causes differential stiff-
ness between storeys which may lead to the occurrence of a soft-storey 
mechanism. The consequences of such were also reported after the 2009 
earthquake in L’Aquila [4–6]. 

The assessment of seismic performance, within modern 
performance-based earthquake engineering (PBEE) [7], requires an 
adequate quantification of the exceedance of a structural performance 
level typically related to a structural demand level, quantified via an 
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engineering demand parameter (EDP). Fragility curves are typically 
used for this purpose as they represent the interface between the in-
tensity of ground-shaking described by an intensity measure (IM) and 
the probability that a damage level, or EDP threshold, is exceeded. 
Fragility curves can be quantified empirically through experimental 
observation and data collection, expert judgement or analytically 
[8–10]. Analytical fragility functions require the numerical modelling of 
a case-study structure, ground-motion selection and extensive 
non-linear dynamic analyses. These elements of performance assessment 
can be demanding in terms of computational effort, specifically related 
to the time required for identifying suitable ground motion records and 
conducting non-linear dynamic analysis. To overcome this, simplified 
tools for the assessment of RC frame structures have provided an effi-
cient alternative to implement in practice while offering a trade-off 
between simplicity and accuracy [11], with the introduction of the 
SPO2IDA [12], SPO2FRAG [13] and other simplified methodologies 
[14–19]. Amongst the methodologies mentioned, only the empirical 
relationships developed by Doľsek and Fajfar [14,15] apply to infilled 
RC structures to the authors’ knowledge. However, their procedure was 
based on the spectral acceleration at the fundamental period of the 
structure, which has been shown to be a sub-optimal intensity measure 
for non-ductile infilled RC frame structures [20]. Moreover, their anal-
ysis used an equivalent SDOF model with infinite ductility capacity, 
meaning the median collapse intensity of the structural system is likely 
to be overestimated, as shown recently by Nafeh et al. [21]. These 
simplified approaches utilise the so-called R-μ-T relationships for a 
direct estimation of the seismic demand on the non-linear systems; R 
represents the strength ratio, or the strength reduction factor, relating 
the elastic spectral acceleration demand to the spectral acceleration 
which causes yielding of the structural system. In EC8, for example, it is 
encountered as part of the behaviour factor accounting for the defor-
mation and energy dissipation capacity of the structural system; T is the 
initial period and μ denotes ductility demand. These tools subsequently 
aid users in the quantification and mitigation of seismic risk compatible 
with well-known guidelines [22,23]. For example, the inclusion of 
SPO2IDA within the FEMA P-58 guidelines [9] may be considered a 
testimony to the added value of such simplified tools. 

However, tools such as SPO2IDA and other R-μ-T relationships 
typically utilise extensive results of incremental dynamic analyses (IDA) 
on single-degree-of-freedom (SDOF) systems for the quantification of 
seismic response and employ IMs that may be sub-optimal for certain 
structural systems, namely the spectral acceleration at first mode period, 
Sa(T1). Furthermore, studies [24,25] have highlighted the influence of 
amplitude scaling of records adopted in dynamic analysis procedures 
such as IDA on the response. Several past studies have also examined the 
suitability of IMs for different structural typologies to identify the ad-
vantages of each considering different scenarios. For example, O’Reilly 
[28] investigated potential IM choices for the seismic risk assessment of 
bridge portfolios, while Heresi et al. [27] addressed the benefits and 
drawbacks of several IMs in the regional assessment of low-rise wood 
framed structures. In subsequent sections, the impact of these choices is 
addressed in terms of bias on collapse estimation and a more suitable 
option for the simplified response estimation is explored. 

To this end, the study proposes a simplified assessment tool based on 
empirical relationships using the pushover backbone response of a 
structure. The tool is tailored specifically for non-ductile infilled RC 
frame structures by employing a large set of representative SDOF sys-
tems. Moreover, the approach addresses the shortcomings of the choice 
of IM and dynamic procedures requiring amplitude scaling of records 
and the potentially biasing influence on the response. The empirical 
relationships derived and implemented in the simplified tool provided 
are further validated in terms of accurately quantifying collapse and 
non-collapse response predictions when compared with extensive dy-
namic analysis results. This comparison is performed using an ad hoc 
database of representative infilled RC typologies described in Appendix 
A and developed here. This database incorporates architectural features 

and geometrical layouts typical of these buildings, with different storey 
numbers, floor area, plan layout and other features considered. 

The overall result is a simplified tool that can directly estimate the 
seismic fragility of non-ductile infilled RC frames with masonry infill 
using recent advances to avoid bias due to scaling and poor IM choice. 
This allows practitioners to assess these typologies in a more refined and 
expedited manner, whilst still fitting in with the risk-oriented goals of 
PBEE. 

2. Potential bias 

A performance-based assessment requires the quantification of 
structural (and non-structural) performance, typically requiring ground 
motion record selection and extensive non-linear dynamic analyses. 
There are alternative procedures available to characterise the relation-
ship between the EDP and IM, namely: IDA [29], multiple stripe analysis 
(MSA) [30] and cloud analysis [31], for example. IDA performs several 
analyses by incrementally scaling a single set of records until the first 
trace of collapse is identified. MSA, however, utilises a hazard-consistent 
records at each intensity level corresponding to a single stripe. Cloud 
analysis, which does not require any direct scaling, utilises ground 
motions that satisfy some general criteria related to magnitude and 
distance bins, among other parameters. 

Davalos and Miranda [36] examined the potential impacts of ground 
motion amplitude scaling and noted that existing literature provides 
contrasting conclusions; some studies [37–39] suggest minimal impact, 
whereas others [25,34,40–42] noted a significant influence. Based on 
their own study, Davalos and Miranda [36] concluded that record 
scaling leads to notable bias in quantifying deformation demands and 
collapse risk. Davalos and Miranda [24] also noted the role of IM in 
overestimating the probability of collapse due to higher scaling when 
using Sa(T1). 

In recent years, various IMs have been investigated, such as filtered 
incremental velocity, FIV3 [43], average spectral acceleration, Saavg 
[44], peak ground acceleration (PGA) [5,45], peak ground velocity 
(PGV) [46,47] and Sa(T1) [48]. A comparison of the performance of 
FIV3, Saavg, Sa(T1) and other relevant IMs like PGA specifically for the 
case of non-ductile infilled RC frames is reported in O’Reilly [20]. While 
FIV3 remains promising for predicting the collapse performance, Saavg 
has established interest as a powerful performance predictor. The defi-
nition of Saavg inherently considers spectral acceleration values around 
the fundamental period, T1. As such, period elongation effects of a 
structural system up to collapse, as well as contributions of higher modes 
at periods lower than T1, are directly considered. O’Reilly [20] high-
lighted the unbiased prediction of Saavg to ground motion velocity-based 
characteristics when compared to Sa(T1), which is the IM that has been 
largely used to date in simplified methodologies. Kohrangi et al. [49] 
also noted lower dispersions associated with the ground motion pre-
diction equations for the case of Saavg, implying higher predictability 
compared to a single Sa(T). These reasons have contributed towards 
making Saavg a key IM for the reduction of uncertainty in risk-based 
analyses and point towards the need for its integration within simpli-
fied procedures following PBEE: a key focus of this work. 

To illustrate this potential influence of scaling factors (SFs) and IM 
choice on non-linear demands, a simple assessment was conducted. A set 
of SDOFs previously analysed in Nafeh et al. [21] was used. IDA was 
conducted to collapse using the INNOSEIS European record sets [50] for 
medium and high seismicity. Results in terms of collapse intensity were 
extracted for low (T < 0.2s), moderate (0.2s < T < 0.5s) and high (T >
0.5s) periods of vibration and are presented in Fig. 1. Scaling bias was 
quantified using the intensity residual εi for each ground motion i, given 
by Equation (1). 

εi =
si

ŝ
(1)  

where si and ŝ are the collapse intensities of single records and the 
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median collapse intensities for the studied SDOF system, respectively. A 
high residual indicates that a higher-than-average intensity was 
required for a certain record and vice-versa. The objective is to look for a 
trend between the residual and the scaling factors, which when 
compared in Fig. 1, the choice of IM was noted to exhibit a notable in-
fluence in addition to the period T. For example, when fitted with a 
simple linear regression, the difference in trend slopes was found to be 
trivial at short periods (0.0190 for Sa(T) and 0.0148 for Saavg) suggesting 
a low influence of the record scaling in the prediction of the collapse 
intensities for these stiffer systems. However, this influence is evident for 
a higher T. The slope corresponding to the Sa(T) cases increased notably, 
indicating that it becomes heavily impacted by the SF, while Saavg re-
mains relatively stable. Fig. 2 summarises what has been described, from 
a continuous perspective of the fundamental period, by highlighting an 
increase in bias (i.e. the fitted slope) with the fundamental period of the 
SDOF systems considering Sa(T), whereas it remained stable with Saavg, 
as has also been noted in past literature. This result highlights the need 
to move away from Sa(T) in the response estimation of these structures 
and use more robust IMs like Saavg. 

3. Dynamic response quantification 

3.1. Methodology 

The development of empirical relationships, or demand-intensity 

models, for a certain typology and the ability to relate the force- 
deformation capacity (i.e. pushover curve) to its dynamic counterpart, 
stems from dynamic response characterisation of SDOF oscillators with 
known pushover backbone parameters [15,55,56]. A similar approach 
was adopted by Nafeh et al. [21] for non-ductile infilled RC frames with 
infills and considered IDA as the procedure for dynamic capacity 
quantification using representative SDOF systems. However, consid-
ering the shortcomings of IDA briefly noted in Section 2, this study 
instead employed cloud analysis and Saavg as the IM. 

To examine these structures, some assumptions about the static 
pushover’s multilinear backbone parameters are needed. Fig. 3 illus-
trates these, where two considerations are made to account for the 
failure mode in non-ductile infilled RC frames. In the case of existing RC 
frames with masonry infills, the infill panels’ collapse tends to occur at a 
very low drift in a single storey meaning that the subsequent response 
will be more of a soft-storey response in the critical storey, but with 
significant stiffness remaining at the other non-critical storeys. The use 
of two pushover curves (Fig. 3) intends to capture these two states of 
response and increase the robustness of the numerical model through 
the inclusion of the period-elongation effect when transitioning between 
stiffnesses and thus realistically mimicking the hysteretic behaviour. 
This type of approach was also adopted by Dolsek and Fajfar [14,15] for 
the development of their simplified approach, for example. 

The steps followed in the development of demand-intensity models 
are shown in Fig. 4 and are described as follows: 

Step 1: Generate a large set of representative SDOF systems with 
varying backbone parameters. For this, a representative library of SDOF 
oscillators generated by Nafeh et al. [21] was used. Then, the static 
response parameters (i.e. base shear, Vb* and displacement, Δ*) for each 
sampled SDOF system were normalised by the nominal force and 
displacement values as per Equation (2) and Equation (3) to obtain the 
static strength ratio, R, and ductility demand, μ. It is noted that, 
compared to similar past studies, the traditionally-employed strength 
ratio term R is replaced by ρ to differentiate between the strength ratio 
when using Sa(T1) as the IM from Saavg being used here. This term ρ is 
also closely related to the spectral shape parameter SaRatio described by 
Eads et al. [58], for example. 

R=
V*

b

V*
b,y

(2)  

μ=
Δ*

Δ*
y

(3)  

where V*b and V*b,y are the base shear and yield nominal force of the 
SDOF system, respectively, and Δ* and Δ*y are the corresponding 
displacement values, as shown in Fig. 3. 

Fig. 1. Illustration of the trend between the residual, ε, and the ground motion scale factor, SF, required to induce collapse for SDOF systems with low, moderate and 
high periods of vibration obtained from IDA. 

Sa(T)
Saavg

Fig. 2. Depiction of the overall trend of bias (i.e. slope) with the evolution of 
the fundamental period of the SDOF system for Sa(T) and Saavg. 
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Step 2: Select a suitable suite of ground motions to develop the 
demand-intensity models. This was performed in a stratified manner 
[59] where magnitude-distance bins were defined initially and n records 
were selected. Cloud analysis was performed on each SDOF system to 
ensure that the EDP-IM response (i.e. demand-intensity model) followed 
the recommendations of Jalayer et al. [53]. With these cloud analysis 
results for each SDOF system, the IM described via Saavg and the struc-
tural response in terms of Δ* was logged in each case. 

Step 3: Using the cloud analysis results from Step 2, normalise the 
deformation and IM levels (i.e. Δ* and Saavg) to obtain the dynamic 
strength ratio, ρ, and ductility, μ. For each record, the Saavg value cor-
responding to the SDOF oscillator’s period of vibration, T*, was calcu-
lated as: 

Saavg =

(
∏N

i=1
Sa(ciT*)

)1/N

(4)  

where ci represent N = 10 number coefficients in the range of 0.2 and 
3.0, as per Eads et al. [44]’s definition. The ductility was computed as 
per Equation (3) and the dynamic strength ratio, ρ, was computed using 
the SDOF’s yield spectral acceleration, Say, as follows: 

ρ= Saavg

Say
=

Sa(T)/SaRatio
Say

(5)  

Say =
4π2Δ*

y

T*2g
=

V*
b,y

m*g
(6)  

3.2. Fitting of empirical relationships 

Upon the identification of the normalised parameters, a two-step 
regression analysis was performed similar to other simplified tools, 
such as SPO2IDA. The first step determines a functional form relating 
the dynamic strength ratio, ρ, and the ductility demand, μ, resulting in 
coefficients for each SDOF oscillator. The second step involved the 
introduction of the period of the SDOF system, T*, and other relevant 
strength parameters to relate these properties to the set of coefficients 
identified in the first step. For each SDOF oscillator, the response was 
filtered into non-collapsing and collapsing cases and the two-step 
regression analysis was carried out for both, as discussed below. The 
numerical collapse was defined as exceeding a lateral displacement in 
the SDOF systems corresponding to a roof drift of 10% in the MDOF 
systems. This definition represents a conservative threshold for the 

(a) (b)
Fig. 3. Multilinear static pushover curve definition of the SDOF systems accounting for the infill contributions to the global system and the formation of the inelastic 
mechanism for (a) the development of the simplified tool and (b) during the application of the simplified tool. 

Fig. 4. Workflow followed for the development of the data required for the empirical response quantification.  
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dynamic analysis routine and exceedance of this threshold means the 
analysis can be confidently considered a collapse case, as discussed in 
O’Reilly et al. [60]. 

3.2.1. Non-collapse cases 
Following the identification of the normalised demand-intensity 

model (i.e. ρ - μdyn) for the non-collapse cases, a bilinear regression 
was performed. Fig. 5 illustrates an example plotted in logspace in Fig. 5 
(a) alongside its backbone characteristics in linear space in Fig. 5(b). The 
bilinear regressed model identifies the median demand-intensity model 
of an SDOF oscillator (solid blue line in Fig. 5) and its inherent disper-
sion or uncertainty (blue shading in Fig. 5) associated with record-to- 
record variability. It is worth mentioning that while a linear fit repre-
sents a rather convenient simplification of the statistical regression 
model chosen herein, the use of the single linear fit may not be appro-
priate over the entire range of structural response. In fact, as per O’Reilly 
and Monteiro [61], a bilinear demand-intensity model is more suitable 
for structural systems like infilled RC frames where the response is 
dictated by the sudden rupture and collapse of the infills at some storeys. 
The change in response was identified due to the formation of the in-
elastic mechanism and is observed here in Fig. 5, where two response 
branches were identified: elastic and inelastic mechanisms. A bilinear 
regression was performed first for a purely elastic system until the yield 
point, which corresponds to the local collapse of infills at one or more 
levels, and the inelastic mechanism ensued. The point at which the 
structural response transitions into a bilinear response was assumed as 
the yield nominal base shear, V*

b,y, corresponding to an R = 1, following 
Fig. 3. 

With the data in Fig. 5, a two-step regression was carried out to relate 
the parameters of the fitted demand-intensity model to the pushover 
response parameters and modal properties. First, a functional form 
relating the median dynamic strength ratio, ρ̂NC, and the ductility, μ, 
was identified for the non-collapse cases. The bilinear demand-intensity 
model adopted is a combination of two linear models in the logspace, 
described by: 

μ ≤ 1, ρ̂NC = exp(a1 ln(μ)+ b1), a1 = 1; b1 = b2 (7a)  

μ> 1, ρ̂NC = exp(a2ln(μ)+ b2) (7b) 

The branch corresponding to the post-elastic response (μ> 1) of the 
system was fitted first and the slope and intercept, a2 and b2, corre-
sponding to the linear fit in logspace were identified. Subsequently, the 
regression model corresponding to the elastic response (μ ≤ 1) was 
characterised following the identification of the post-elastic parameters 
to ensure a smooth transition between both branches of response. Next, 

the second step of the regression analysis was carried out, where the 
parametric relationship between the dynamic and strength properties of 
the equivalent SDOF system and the coefficients a1, a2 and b1, b2 was 
defined. As highlighted earlier in Section 3.2, the second step of the 
regression and the consequent relationships derived in Equations (8)– 
(11) aim at characterising a unique response corresponding to buildings 
with dissimilar response parameters. Moreover, the introduced param-
eters and their complex relationships were the results of observation in 
trends where the error and dispersion are minimised. Regarding the 
elastic branch of the response, the values of a1 and b1 were 1 and 0, 
respectively, simply representing an elastic system until the inelastic 
mechanism develops. In other words, the strength ratio is equal to 
ductility for μ ≤ 1. Following this, Equation (8) and Equation (9) 
describe the relationships for the coefficients a2 and b2 representing the 
second branch of the bilinear response. 

a2 = 0.704

⎛

⎜
⎜
⎝

T*

V*
b,y

/

W*

⎞

⎟
⎟
⎠

0.1595

− 0.239 (8)  

b2 = 1.813
(V*

b,rp

W*

(
μrp − μS

)
)0.0473

− 1.98 (9) 

V*
b,y

/

W* is the nominal base shear coefficient (i.e. yielding and sub-

sequent inelastic mechanism); V*
b,rp

/

W* is the coefficient corresponding 

to the residual strength capacity of the SDOF system and its total seismic 
weight, W*. The ductilities, μrp and μS are shown in Fig. 3 and represent 
the softening and end of residual plateau points of the normalised static 
pushover curve, respectively. The coefficients were derived as a function 
of the independent variables showing the highest correlation for salient 
response branches, such as the period, T*, the base shear coefficient, V*/ 
W*, and the ductility demand corresponding to the residual plateau, μrp. 
The relationship between the coefficients and the SDOF properties are 
illustrated in Fig. 6. The use of normalised values is beneficial in 
avoiding overfitting in the predictive functional form, ensuring the 
representativeness of the fitted coefficients, and without any informa-
tion leakage in the predictive model. 

The goodness-of-fit parameters, such as the sum of the squares due to 
error (SSE), R-square (R2) and root mean square error (RMSE) are re-
ported in Table 1. These parameters infer, respectively, the total devi-
ation of the response values from the regressed fit to the actual data, the 
correlation between the predicted response values and the actual data, 
and the estimate of the standard deviation of the random component in 
the data. The notion of standard deviation in the context of the 

C,

R

(a) (b)

Fig. 5. Example of response branch fitting methodology where (a) the bilinear fit in log-space of elastic and inelastic mechanism response (b) the corresponding 
dynamic capacity curve in linear space. (Note: black scatter points are cloud analysis runs; solid blue lines are the regressed bilinear fits; green dashed line is the 
normalised static response curve; and the blue shaded region is the corresponding dispersion (±βNC) of the data). 
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goodness-of-fit metrics corresponds to the uncertainty in the regressed 
functional form associated with the coefficients a2 and b2. It can be seen 
from these parameters that the adopted model represents the co-
efficients well. 

The dispersion in ρNC for the non-collapsing cases, denoted βNC, re-
fers to the standard deviation of the cloud data from the regressed 
demand-capacity model and thus explains the difference in predicted 
and observed values. It considers the record-to-record variability in the 
cloud analyses only and was denoted via the shaded blue regions in 
Fig. 5. Fig. 7 illustrates the range of observed dispersion values following 
the fitting of the demand-intensity model. A fixed value of βNC = 0.27 
was assigned as it was the most frequently observed value for all cases, 
with no distinct trend with structural strength or ductility parameters 
observed when investigated. 

3.2.2. Collapse cases 
Using the same data described in Section 3.2.1, the collapsing cases 

were identified and were used for fitting here, as illustrated in Fig. 5(b). 
Since the ductility demand is no longer of direct interest, but rather the 
binary case of collapse or non-collapse, a single-value of the median 
strength ratio corresponding to collapse, ρ̂C, and the associated disper-
sion, βC, were subsequently identified for each SDOF system. Following 
the identification of ̂ρC for each SDOF oscillator, the correlation with the 
strength and ductility parameters was investigated. To this end, a linear 
expression was obtained as a function of the parameters illustrated in 
Fig. 3, and is described as follows: 

ρ̂C = − 1.62 c + 3.32 (10)  

c=

(

1 −

(
V*

b,rp

V*
b,y

) (
μrp − μS

)

μult

)

(11) 

The parameters found to be most influential in describing the 
collapse capacity of the system include the drop in lateral capacity (i.e. 
the ratio of residual to yield strength), the ductility of the residual 
strength plateau and the ultimate ductility, μult . The ratio of the strengths 
was deemed an adequate parameter for the collapse capacity as it re-
flects the residual load-bearing capacity of a structural system. The 
ductility demand is an essential indicator of the inelastic deformation 
sustained by the structural system before collapse. Fig. 8 illustrates this 
further where the trend between ρ̂C and the coefficient c is shown. The 
goodness-of-fit metrics for this model are reported in Table 2 and reflect 

(a) (b)

Fig. 6. Predictive trends for the coefficients a2 and b2.  

Table 1 
Goodness-of-fit results for coefficients a2 and b2.  

Coefficient Goodness-of-Fit Metric 

SSE R2 RMSE 

a2 0.8187 0.8819 0.04026 
b2 0.8801 0.7873 0.04175  

Fig. 7. Distribution of the observed dispersion values (βNC)

Fig. 8. Linear regression of the median dynamic strength ratio at collapse and 
the dimensionless coefficient.c 
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a relatively good fit, where the error is minimised and the predictive 
capacity of the statistical model is high. 

The collapse dispersion associated with record-to-record variability, 
βC, was subsequently identified. Fig. 9 illustrates the calculated values of 
βC versus the median strength ratio observed at collapse, where no 
discernible trend is evident, nor was any trend for other parameters. 
Consequently, βC was fixed as the median of the observed dispersions for 
each SDOF at collapse as βC = 0.375. 

3.3. Validation 

Following the description of the fitted models, this section presents a 
brief validation of the demand-intensity parameters with an indepen-
dent set of 50 equivalent SDOF systems and ground motion records. 
Cloud analysis was performed and the median intensities corresponding 
to a performance limit of 1.0% top drift and collapse are plotted in 
Fig. 10 with the associated dispersions. They are compared with the 
predicted median intensities and dispersions from Sections 3.2.1 and 
3.2.2. Fig. 10 illustrates a very good agreement, both in terms of the 
medians and the dispersions. This shows the capability of the tool in 
predicting the performance from the onset of inelastic deformation up 
until global collapse of these structural systems, which will be further 
demonstrated on sets of case-study archetype buildings in Section 5. 

3.4. Application 

With these empirical models fitted in Section 3.2 and validated in 
Section 3.3 to quantify the collapse and non-collapse performance of 
non-ductile infilled RC frames, this section briefly describes their 
implementation in a practical setting. Before the application of the 
proposed tool, non-linear static and eigenvalue analyses are needed. 
Then, the global capacity parameters corresponding to the thresholds of 
the response branches (e.g., elastic-hardening-softening-residual 
plateau-ultimate deformation) are identified. As such, a multi- 
linearisation of the SPO curve (i.e., base shear vs roof displacement) 
corresponding to the MDOF system is performed. The global capacity 
parameters (i.e., response branch thresholds or performance points) 

necessary for the application of the simplified tool are highlighted in 
Fig. 11. Subsequently, the MDOF system is then transformed via Γ to an 
equivalent SDOF system with an equivalent backbone definition. The 
backbone corresponding to the SDOF system (i.e. base shear vs top 
displacement) is then normalised (i.e. R vs μ) to the nominal yield force 
of the SDOF system and corresponding top displacement at yield. The 
proposed simplified tool then computes the necessary coefficients 
needed for the regression and calculates consequently the normalised 
dynamic capacity curves (i.e. ρ vs μ). 

For the case of non-collapse, a limit state (LS) associated with a value 
of roof displacement, Δ, or a ductility demand, μ, in the system is first 
defined. Following the normalisations illustrated in Fig. 3, the normal-
ised ductility demand is established for this LS. Having conducted a 
static pushover analysis on the structure, the other parameters shown in 
Fig. 3 are also quantified. Using the model described in Section 3.2.1, the 
median strength ratio required to exceed this limit state LS is computed 
via Equation (7a) as ρ̂NC with an associated dispersion of βNC = 0.27. To 
convert this median strength ratio to a median ground motion intensity 
in terms of Saavg, denoted η̂NC, this is computed as per Equation (12): 

η̂NC = ρ̂NCSayΓ (12)  

where Say is defined as per Equation (6) and Γ is the transformation 
factor to revert the equivalent SDOF oscillator to the corresponding 
MDOF system. The use of the first-mode of vibration, whose modal 
masses is typically 85–90% of the total, neglects the impact of higher 
modes. Other uncertainties and sources of error may include: the 
assumption of a constant modal shape corresponding to the first (elastic) 
mode of vibration; the selected regression model and the associated 
fitting errors; other analysis-based uncertainties due to the variability in 
backbone parameters due to building-to-building variability or the un-
certainty due to the record-to-record variability. None of these are 
deemed significant but are accepted as part of the simplifying process to 
make such advanced calculations accessible to practitioners. Thus, it is 
computed via the fundamental modal properties obtained through 
eigenvalue analysis of the structural model using Equation (13). 

Γ =

∑
imiφi∑
imiφ2

i
(13)  

where mi and φi represent the mass and normalised first mode shape at a 
given floor i. With the median intensity and dispersion known (i.e. η̂NC 
and βNC), the probability of exceeding this limit state LS for a given value 
of IM = Saavg assuming no collapse, P(LS

⃒
⃒NC, IM = Saavg), can be 

computed by assuming a lognormal distribution [30] with Equation 
(14). 

P
(
LS
⃒
⃒NC, IM = Saavg

)
=Φ

(
ln
(
Saavg

/
η̂NC

)

βNC

)

(14)  

where Φ represents the standardised Gaussian cumulative distribution 
function. 

For the case of collapse, the same general approach is followed using 
the model fitted in Section 3.2.2. The median strength ratio required to 
cause collapse, ρ̂C, is computed via Equation (10) using the same nor-
malised parameters computed from pushover analysis shown in Fig. 3. 
To convert this median collapse strength ratio to a median ground mo-
tion intensity in terms of Saavg, denoted η̂C, Equation (15) is used: 

η̂C = ρ̂CSayΓ (15)  

where Say and Γ are the same as before. As per Section 3.2.2, the 
associated dispersion at collapse is set as βC = 0.375 and with both the 
median and dispersion known (i.e. ̂ηC and βC), the probability of collapse 
for a given value of IM = Saavg, P(C

⃒
⃒IM = Saavg), can be computed by 

assuming a lognormal distribution with Equation (16). 

Table 2 
Goodness-of-fit results for coefficient, c.  

Goodness-of-Fit Metric 

SSE R2 RMSE 

1.55 0.9865 0.05546  

Fig. 9. Observed values of dispersion for the collapse cases.  

A.M.B. Nafeh and G.J. O’Reilly                                                                                                                                                                                                             



Soil Dynamics and Earthquake Engineering 157 (2022) 107253

8

P
(
C
⃒
⃒IM = Saavg

)
=Φ

(
ln
(
Saavg

/
η̂C

)

βC

)

(16) 

Knowing the probability of collapse and a given LS exceedance for IM 
= Saavg, a more accurate and unbiased estimate of the seismic perfor-
mance of non-ductile infilled RC frame buildings can be quantified. It is 
noted that this is done with relative ease following the above approach 
and can be integrated within a PBEE setting to assess and classify such 
building typologies. This proposed tool is available at the following 
GitHub repository: https://github.com/gerardjoreilly/Infilled-RC-Build 
ing-Response-Estimation [62]. 

4. Case study validation 

For the validation of the approach developed for non-ductile RC 
frame structures with masonry infills and proposed in Section 3, four 
case study buildings pertaining to a database of building models (pre-
sented in Appendix A) were analysed. The comparison was performed in 
terms of the fragility functions developed, which were computed from 
an extensive dynamic analysis of the numerical models using hazard- 
consistent ground motions and using the simplified pushover-based 
approach described in Section 3.4. To this end, two locations in Italy 
were selected: Napoli, and L’Aquila representing sites of medium and 
high seismicity, respectively. Buildings 2-D-GLD and 2-D-SDD were 
located in Napoli, whereas 4-F-GLD and 4-F-SSD were located in 
L’Aquila. The aim of selecting two different locations was to compare 

the response estimation of the proposed tool across differing seismicity 
levels. The case study set of results presented here comprises two 
building plan layouts (Fig. 12) considering the construction periods 
identified in Section 4.1, whose design details are summarised in 
Table 3. 

The static response of the case study buildings was computed via a 
pushover analysis in both principal directions, whose results are re-
ported in Fig. 13 and Fig. 14. These plots were normalised in terms of the 
strength ratio, ρ, and ductility, μ, described in Section 3.1. The results 
indicate the evolution in the design norms, with an increase in the 
strength ratio, ρ, and subsequently the ductility, μ, being observed due to 
the increase in structural sections and increased reinforcement ratios. 
For dynamic analyses, a hazard analysis was conducted using the 
OpenQuake engine [63] considering Saavg as the IM and the site char-
acteristics presented in Mori et al. [64]. Hazard-consistent ground mo-
tion records were selected from the NGA-W2 database using the 
conditional spectrum approach [49] for Saavg. and the geometric mean 
of the two components was considered for the selection. Scale factors for 
the selected records were limited to 3.5 to mitigate any issues of bias, as 
previously discussed in Section 2. MSA were conducted for six intensity 
measure levels to characterise the structural response from initial 
damage of the masonry infill panels right up to global structural 
collapse. 

For the simplified approach proposed here, the principal direction of 
the building that exhibited the lowest ductility was used to characterise 

(a) (b)

Fig. 10. Comparison of the estimated (using proposed simplified approach) vs actual (using cloud analysis) median intensities corresponding to the non-collapsing 
performance limit of 1.0% top drift and collapse given in terms of Saavg and their respective dispersions. 

Fig. 11. Application of the proposed simplified tool for the dynamic capacity quantification of the MDOF system.  
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the dynamic response of the building. Moreover, the base shear and roof 
displacement values were used as input along with the first-mode shape 
extracted from an eigenvalue analysis and the corresponding storey 
masses to a spreadsheet-based tool implementing the approach pre-
sented in Section 3 and available online [62]. 

To evaluate the fragility functions predicted by the proposed 
simplified approach compared to those derived from extensive analyses 
with ground motion records, two limit states were considered. These 

corresponded to a peak storey drift of 1% along the height of the 
structure and the collapse of the building. The median intensities in 
terms of Saavg and the associated dispersions were identified and are 
listed in Table 4 along with the error with respect to the MSA values. The 
corresponding fragility functions are plotted in Fig. 15 and Fig. 16 and 
illustrate an excellent matching between MSA and the proposed 
simplified approach presented in Section 3.4 this study. This can be 
observed in the matching between the median intensities computed for 

Fig. 12. Plan layouts of the case study buildings.  

Table 3 
Structural properties of the case study buildings.  

Case Study 
Building ID 

Number of Frames Column 
Sections (cm) 

Beam 
Sections (cm) 

Longitudinal 
Reinforcement Ratios (%) 

Transverse Reinforcement 
(diameter/spacing) 

Material Characteristics 

2-D-GLD X Exterior 2 25 × 25 
30 × 30 

50 × 30 C: 0.75%–0.98% (φ16) 
B: 0.21%–0.41% (φ14) 

C: φ6 @150 mm 
B: φ6 @200 mm 

Smooth Rebars (Aq42, σ = 140 MPa); 
Concrete (σ = 5 MPa); Interior 1 

Y Exterior 2 
Interior 0 

2-D-SSD X Exterior 2 30 × 30 
35 × 35 

50 × 30 (DB) 
30 × 70 (CB) 

C: 0.75%–0.98% (φ16) 
DB: 0.23%–0.46% (φ14) 
CB: 0.82%–0.95% (φ14) 

C: φ8 @150 mm 
B: φ8 @100 mm 

Deformed Rebars (FeB44k, σ = 260 
MPa); Concrete (σ = 7.5 MPa); Interior 1 

Y Exterior 2 
Interior 6 

4-F-GLD X Exterior 2 20 × 20 
25 × 25 

55 × 30 C: 0.75%–0.98% (φ16) 
B: 0.28%–0.46% (φ14) 

C: φ6 @150 mm 
B: φ6 @200 mm 

Smooth Rebars (Aq42, σ = 140 MPa); 
Concrete (σ = 5 MPa); Interior 1 

Y Exterior 2 
Interior 0 

4-F-SSD X Exterior 2 25 × 25 
30 × 30 

55 × 30 (DB) 
35 × 75 (CB) 

C: 0.75%–0.98% (φ16) 
DB: 0.32%–0.51% (φ14) 
CB: 0.59%–0.71% (φ14) 

C: φ8 @150 mm 
B: φ8 @100 mm 

Deformed Rebars (FeB44k, σ = 260 
MPa); Concrete (σ = 7.5 MPa); Interior 1 

Y Exterior 2 
Interior 0  

Fig. 13. Normalised static pushover analysis curves for the 2-D-GLD and 2-D-SSD case study buildings shown together with dynamic capacity estimation.  
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each limit state of the buildings, with an error generally less than 10% 
(Table 4). Similarly in terms of the dispersion values, where the pro-
posed values match the computed values quite well. The proposed 
approach showed only slightly conservative estimates in terms of 
collapse fragility regarding the GLD and SSD designed buildings. 
Considering the exceedance of 1% peak storey drift, the proposed 
approach reported only slight errors for the GLD and SSD cases. The 
comparison presented herein illustrates the accuracy of the proposed 
approach to be generally employed for such typologies of different 
building height and across different seismicity types 

Subsequently, the fragility function parameters corresponding to the 

median collapse intensities and associated dispersions for the remaining 
GLD and SSD archetype buildings of the database presented are in 
Figure 20 and 21, respectively. These parameters correspond to the re-
sults of the multiple stripe analysis conducted on two different sites (i.e., 
Napoli and L’Aquila) corresponding to two levels of seismicity. The 
median collapse intensities and the associated dispersion are then 
compared with respect to the intensities obtained from the simplified 
tool. The tool’s robustness in estimating the median intensities corre-
sponding to collapse is evident considering all the case study building 
models presented. Furthermore, the tool slightly overestimates the 
values of the associated uncertainty (Fig. 18) highlighting a conservative 
aspect to the response estimation, which could be further explored in 
future research. 

Following the good matching of results highlighted in Fig. 17, it is 
evident that any errors associated with the simplifying assumptions (e. 
g., use of the transformation factor, Γ, or the Say-constrained normal-
isation for the dynamic strength ratio) did not appear to have any sig-
nificant impact on the accuracy of the tool when applied to numerous 
representative structural models. 

5. Summary and conclusions 

The accurate assessment and evaluation of reinforced concrete (RC) 
structures with masonry infills due to seismic action remains an open 
challenge in modern earthquake engineering. The performance quanti-
fication of this typology is of importance to practitioners and decision- 
makers considering the prevalence of such typology in the southern 
European building stock and their complex behaviour. In risk-based 
analyses, the proper characterisation of infilled RC buildings through 
proper numerical modelling of the response up to dynamic instability (i. 

Fig. 14. Normalised static pushover analysis curves for the 4-F-GLD and 4-F-SSD case study buildings shown together with dynamic capacity estimation.  

Table 4 
Comparison of the median intensity and dispersion values for non-collapse and 
collapse.  

Non-Collapse 

Case Study ID Multiple Stripe Analysis Simplified Approach Error in Ŝaavg 

Ŝaavg [g] βNC Ŝaavg [g] βNC 

2-D-GLD 0.51 0.33 0.58 0.27 13.72% (+) 
2-D-SSD 0.57 0.31 0.62 8.77% (+) 
4-F-GLD 0.43 0.34 0.38 11.63% (-) 
4-F-SSD 0.52 0.30 0.47 9.61% (-) 

Collapse 
Case Study ID Multiple Stripe Analysis Simplified Approach Error in Ŝaavg 

Ŝaavg [g] βC Ŝaavg [g] βC 

2-D-GLD 0.90 0.24 0.95 0.375 5.55% (+) 
2-D-SSD 1.00 0.25 1.05 5.00% (+) 
4-F-GLD 0.73 0.25 0.75 2.74% (+) 
4-F-SSD 0.88 0.18 0.95 7.95% (+)  

(a) (b)

Fig. 15. Fragility curves for to exceedance 1% storey drift along the building height derived from MSA and the proposed simplified approach for each building (a: 2- 
D-GLD and 2-D-SSD; b: 4-F-GLD and 4-F-SSD). 
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e. collapse) is essential. Furthermore, non-linear dynamic analyses such 
as incremental dynamic, multiple stripe and cloud analysis are compu-
tationally expensive in terms of time and effort. Moreover, these dy-
namic analyses can potentially introduce bias in the results obtained due 
to high scaling factors and the choice of suitable intensity measures. To 
this end, this paper introduced several items in an attempt to facilitate 
the needs of risk modellers, and to ease the burden of computationally 
expensive procedures and address their limitations. Some of the main 
outcomes of this study are:  

• A simplified seismic assessment approach based on non-linear static 
analysis (i.e. pushover) to estimate the capacity of non-ductile 
infilled RC frame buildings has been presented and built into a 
simplified tool, providing ease of applicability for future users; 

• The cloud analysis performed in the development phase of the pro-
posed approach addresses the issue of potentially biased response 
predictions introduced through high ground motion scaling factors 
and poor choice of intensity measure encountered when following 
existing methods; 

(a) (b)

Fig. 16. Collapse fragility curves corresponding to MSA and the proposed simplified methodology for each building.  

(a) (b)

Fig. 17. Comparison of the median collapse intensity obtained from traditional analysis (MSA) considering the case study sites and the estimated intensities from the 
response evaluation tool (a: GLD, b: SSD). 

(a) (b)

Fig. 18. Comparison of the dispersions associated to the median collapse intensity obtained from traditional analysis (MSA) considering the case study sites and the 
estimated intensities from the response evaluation tool (a: GLD, b: SSD). 
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• Verification of the proposed methodology to derive the empirical fits 
was first conducted on a randomly sampled set of representative 
single degree of freedom oscillators; 

• A database of three-dimensional infilled RC archetypes representa-
tive of notable phases of existing Italian construction was developed 
and numerically modelled in OpenSees;  

• Further validation was performed on case-study buildings located on 
two different sites in Italy for limit states representing moderate in-
elastic response and full collapse of the buildings, with the proposed 
approach exhibiting high accuracy in all cases;  

• Lastly, the capability of the tool in accurately quantifying the 
collapse capacity renders it a potential improvement to be imple-
mented in risk classification guidelines such as Sismabonus in Italy, 
specifically for the infilled RC typology. 
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Tereza Nádeníková and Arch. Ing. Barbara Ferma during the conception 
of the case study buildings presented in this study.  

Appendix A. Development of archetype database for non-ductile infilled RC buildings 

RC structures with masonry infills are one of the most prevalent typologies of the southern European region. In Italy, the population and housing 
statistics from ISTAT (Istituto Nazionale di Statistica) [65] provide important information on the prevalence of a structural typology as part of the 
regional building stock (Figure 19). The distribution of buildings was also found to be consistent with the findings of Crowley et al. [66]. This typology 
was widely employed given its low construction cost, reliability with fire and moisture along with their beneficial thermal and acoustic insulation 
properties. Masonry infills were considered as non-structural elements and their interaction with the surrounding structural elements was neglected 
during the design process. However, the occurrence of earthquake events over the last century has highlighted the detrimental effects of not 
considering the infill partitions as part of the structural design. Experimental and analytical studies [67–72] have outlined the effects of masonry infills 
on the global lateral response of the structural system. These effects are characterised by a significant addition in lateral stiffness and a sudden drop in 
lateral strength with the rupture of infills at one or several storeys. Considering the prevalence of this typology in Europe and Italy, this work aims to 
develop a database of archetypical buildings that may be considered representative of this existing stock found throughout Italy and Southern Europe.

Fig. 19. Evolution of the Italian built environment with emphasis on the percentage of RC buildings with respect to the total residential building stock [65].   

A1. Building characteristics 

Assessing the seismic performance generally requires analyses performed on building models widely considered representative of the building class 
under scrutiny, generally referred to as archetypes. Archetype building models are implemented within a PBEE framework [73] to provide further 
contribution and validation to existing fragility and vulnerability components and consequently a comprehensive loss assessment. Guidelines such as 
FEMA P695 and ATC63 [74] outline the requirements to be considered when characterising archetype building models, which are briefly reported 
here. Archetype configurations should be conceived and modelled based on key design features; these design variables must be sufficiently broad to 
satisfy the feasible range of design requirements. Said variables include features such as period of construction, corresponding design practice, gravity 
and lateral load-bearing structural system and variability in material properties, type of occupancy and designated use, building height, elevation and 
plan configuration. 

In addition to the identification of the design space features, the characterisation of a building class depends on the definition of key architectural 
features such as span distributions, compartmentalization of the living space, type of occupancy and designation of storey heights must be accounted 
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for. To this end, this information is incorporated here and further information can be extracted from the ISTAT housing database. Characteristics such 
as storey height and floor space area per dwelling are reported in Figure 20. These values are combined with the findings of Perrone et al. [75] 
regarding the expected lengths and number of bays to demonstrate values for geometrical characteristics representative of typical Italian construction.

(a) (b)
Fig. 20. Percentage of dwellings disaggregated per surface area and per total number of floors.  

To fully identify the most prominent features of a regional design space, a further inspection of the regional design or construction practice was 
necessary. The temporal evolution of the design and building properties is an important aspect in properly characterising the behaviour of a structural 
typology of interest. Geographical specifications and conditions (i.e. building material, design methodology specific for a region, etc.) in which the 
buildings were conceived should be accounted for. Nowadays, the Italian design code [2] has been significantly improved with the use of limit states, 
ductility classes and importance classes of the structure itself, among other facets. Before the introduction of modern seismic provisions around the 
1970s in Italy, buildings were mainly designed to resist gravity loads only with no consideration of ductile detailing or capacity design principles. 
These buildings were mainly designed using the Royal Decree 2229/39 [76] with complementary references [77,78], utilising the allowable stress 
method in design. Design features of these gravity load designed (GLD) buildings include frames spanning in one direction only, the use of smooth 
rebars and concrete with relatively low yield and compressive strengths, poor transverse detailing and shear reinforcement, inadequate detailing of 
the beam-column joints. 

The period between the mid-1970s and 1980s witnessed the implementation of the equivalent lateral force (ELF) method. The ELF method requires 
a seismic coefficient, defined as around 7%–10% by Crowley et al. [79] and other studies [80–82]. This design approach was coupled with the 
allowable stress method for the dimensioning and detailing of structural members. The main guidelines were L. 1086/71 [83], D.M. 40/1975 [84] and 
D.M. 108/1986 [85]. Features of this sub-standard design (SSD) practice at the time include frames spanning in one (or both) directions, the use of 
deformed rebars and concrete with moderate yield and compressive strengths respectively, but still with no consideration of ductile detailing. 

Throughout the 1990s, technical standards were updated with additional requirements and provisions. This period preceded the Eurocodes and 
saw the introduction of design using response spectrum analysis. This method is a linear elastic approach to calculate the modal, or peak, responses 
and was adopted for the design and sizing of the members. Construction features of this high seismic design (HSD) approach include frames in both 
directions, deformed rebars with higher yield strengths (430 MPa), concrete with higher compressive strength (25 MPa), but no mandatory capacity- 
based design and seismic detailing of members, as described in Gesualdi et al. [86]. 

The three construction practices described here have been labelled GLD (pre-1970s), SSD (1970–1980) and HSD (1980–2000). An online GitHub 
repository https://github.com/gerardjoreilly/Infilled-RC-Building-Database [87] has been created and will be further discussed below. It includes a 
more detailed overview of the design rules implemented for each of these three design periods for interested readers. 

A2. Archetype design 

This section describes the development of a database of archetype building models similar to Deierlein et al. [88] who benchmarked the seismic 
collapse performance of RC structures and Guan et al. [89] for special moment-resisting steel frame buildings in the US, for example. Based on expert 
architectural judgement, obtained through consultation with practitioners and review of past guidelines, the case study layouts were conceived, with 
examples illustrated in Fig. 15. The geometric configuration and architectural features were selected to reflect the function and form of the Italian 
design space over different building periods as much as possible. For instance, narrow hallways and corridors in dwellings generally 150 cm wide were 
an architectural feature of residential buildings constructed with infilled RC frames structures. Adjacent kitchens and bathrooms were also a common 
feature. Plumbing fixtures such as bathtubs, sinks and bidets whose dimensions were used for optimised space allocation were installed. Adequate 
separation of the day and night living spaces was an important feature. Windows with widths corresponding to a multiple of 45 or 60 cm were used. 
The staircase width did not exceed 3 m (i.e. wide enough to allow the passage of two people) and landings did not exceed a depth of 1.3 m. For 
perimeter walls corresponding to the façade of the building, a 24 cm infill was utilised, whereas for the separation of dwellings and encasing of stairs, a 
30 cm infill of was used. Both considered thicknesses correspond to a double-leaf system used for thermal and acoustic insulation and fire-retarding. 
Considering walls used as interior partition elements for the compartmentalization of the living space within a single dwelling, a panel thickness of 80 
mm is used corresponding to a single-leaf system. The architectural considerations highlighted herein do not just reflect the archetype design space 
adopted but can provide further information on the building’s non-structural component inventory in an economic loss-oriented scenario, which is 
also an important facet in seismic risk assessment and classification. 

Following the identification of key characteristics in terms of architectural features and design practice, a database of numerical models for infilled 
RC archetypes was developed. The database comprises 105 buildings corresponding to 7 plan layouts with 2-to-6 storeys each, for the three con-
struction period designations previously described (i.e. GLD, SSD, HSD). As such, each single building was designated an index based on this. For 
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example, the index 2-C-SSD represents the 2-storey building with plan layout C designed following the SSD approach. Further details on their design 
are available in the online GitHub repository https://github.com/gerardjoreilly/Infilled-RC-Building-Database [87]. 
A3. Numerical modelling 

Numerical models of the archetypes were developed in OpenSees [57] using a three-dimensional lumped plasticity approach. Beams and columns 
were modelled considering an elastic beam-column element with cracked section properties and zero-length elements located at a finite plastic hinge 
length, as illustrated in Figure 21. The empirical calibration for strength and deformation capacities and hysteresis parameters proposed by Di 
Domenico et al. [90] was adopted for columns with plain rebars (for GLD and SSD). The modelling approach by O’Reilly & Sullivan [67] was 
implemented considering an empirical calibration using experimental data. The flexural response of members was implemented in OpenSees through 
rotational springs (i.e. zero-length elements) and a Pinching4 hysteretic material model. The shear strength model by Sezen and Moehle [91] was 
considered by coupling the flexural and shear springs in both principal directions at a finite plastic hinge location. For ductile members, which 
corresponds to the HSD cases, the flexural response parameters calibrated by Haselton et al. [92] were used and the shear response was modelled as 
elastic. Additionally, staircase elements were modelled to account for their added stiffness and potential to induce torsional behaviour, as imple-
mented in O’Reilly et al. [93], for example. 

For beam-column joints, the empirical relationships derived by De Risi et al. [94] and O’Reilly & Sullivan [67] were considered respectively for 
exterior and interior joints in non-ductile structures, with both approaches adopting a lumped scissors-type modelling approach. Joints with poor 
detailing and smooth reinforcing bars with end-hooks were modelled using zero-length elements using the Hysteretic material model in OpenSees to 
account for flexural and axial behaviours. Rigid offsets were accounted for adequately in the geometric dimensions of beam-column members. The 
modelling approach for beam-column joints is further illustrated in Figure 21. 

Furthermore, the in-plane behaviour of masonry infill panels was modelled using the equivalent strut approach [95]. The option of single and 
double struts shown in Figure 21 is available in the models. The difference in infill strength (weak, medium and strong) used herein were considered 
following the characterization performed in Hak et al. [96]. Weak infills were used as internal partition elements within a single dwelling, whereas 
medium and strong infills were used for facades and partitioning of dwelling-to-dwelling and dwelling-to-stairway, as previously described. 

These models have been fully implemented and are available at the aforementioned GitHub repository [87] along with several other useful 
documents and material regarding their structural behaviour and properties.

Fig. 21. Illustration of the numerical modelling approach used for the modelling of beam-column elements, interior and exterior beam-column joints and masonry 
infill panels for the archetype database of infilled RC building structures in OpenSees. 

Al Mouayed Bellah Nafeh: Investigation, Methodology, Software, Data curation, Writing- Original draft preparation. 
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