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Abstract: Past earthquakes have demonstrated the vulnerability of non-ductile reinforced
concrete (RC) structures with masonry infills. Damage to said structures has contributed
negatively to large economic losses and jeopardised human lives. They represent a relevant
portion of the global building stock, particularly in Europe and the Southern Mediterranean
region. Seismic risk assessment of existing structures entails the adequate characterisation of
hazard and vulnerability. The former is expressed in terms of the annual rates of exceeding a
particular intensity measure value, while the latter requires an accurate quantification of a
structure’s seismic response, expressed as the ground-shaking intensity required to exceed a
structure’s limit state. To reduce the computational burden associated with characterising
seismic vulnerability, a pushover-based method is presented for non-ductile infilled RC
buildings. The method uses a simplified approximation of the hazard component and a
practice-oriented evaluation of the seismic capacity corresponding to code-based limit state
thresholds. The overall performance of the proposed method is highlighted herein within an
application carried out on several archetype building models and is validated with results of
extensive non-linear time-history analyses. It represents a simple but efficient means to
accurately quantify seismic risk in such structures.
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1. Introduction

The seismic risk assessment of reinforced concrete (RC) structures with masonry infills
holds paramount importance in modern earthquake engineering and risk mitigation decision-
making. Essentially, infilled RC buildings represent a large percentage of the southern
European built environment and particularly the Italian building stock (Crowley et al. 2020).
Additionally, a significant percentage of infilled RC buildings was constructed before the
introduction of adequate seismic guidelines (i.e. around the 1970s) and was typically
designed to resist gravity loads only. As such, structural elements were characterised by
inadequate seismic detailing and no consideration for ductile failure mechanisms (i.e.
capacity design). Additionally, masonry infill panels were not considered in the design
process and their effects on the response of the structural system were generally neglected.
Past experimental (Basha and Kaushik 2016), analytical (DolSek and Fajfar 2008; Fardis and
Calvi 1994) and field reconnaissance (Parisi et al. 2012) campaigns have highlighted the
detrimental effect of infill panels on the global response and their high vulnerability to
ground-shaking events.

Generally, the seismic risk is expressed in terms of the mean annual frequency of exceedance
(MAFE) and is the result of convolving both seismic hazard and vulnerability. The former
requires a proper characterisation of the exceedance probability of a particular intensity
measure (IM) level at a given site and return period. Whereas, the latter requires the



assessment of the seismic performance through the accurate quantification of the exceedance
of structural demand-based performance level or limit-state (LS) for a given intensity level
of ground shaking, further denoted as /Mys. According to the recent guidelines on the seismic
assessment of existing structures, Pinto et al. (2014) infer that risk assessment should be
carried 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; 3) non-linear static procedures. However, the former two
options require performing non-linear time-history analyses (NLTHA) and time-based
assessments, which are computationally expensive, for the calculation of seismic risk and
would require certain in-depth expertise in the field of earthquake engineers, which are not
always available. To this end, practitioners and engineers should be provided with simplified
tools for the estimation of seismic risk as it would facilitate the communication of risk to
stakeholders and decision-makers for the overall reduction of seismic risk, offer ease of
applicability and most importantly overcome the presented limitations. The main scope
behind such tools is to aid the quantification and mitigation of seismic risk with respect to
different guidelines and procedures (Franchin, Petrini, and Mollaioli 2018; FEMA 2012;
CNR 2014).

To reduce the computational burden associated with such analyses, this paper presents a
simplified method based on non-linear static procedures for the evaluation of the seismic
risk of existing structures, particularly for non-ductile infilled RC frames buildings. The
method considers a second-order approximation of the hazard function and a tool-based
quantification of the seismic vulnerability. A breakdown of the proposed method along with
its application are clearly illustrated. The robustness of the presented methodology is
evaluated with respect to results of a more traditional risk-based case study requiring
NLTHA. It is conducted using an archetype building model located fictitiously in three
different locations: Milano, Napoli and L’ Aquila.

2. Proposed Method for Seismic Risk Evaluation

A fast and simple method for the seismic risk evaluation of non-ductile infilled RC frame
structures is presented here. Essentially, the method bases itself on high-fidelity
mathematical expression to characterise hazard and the application of a response evaluation
tool (RET) for vulnerability assessment. Then, results corresponding to both components are
integrated using an “IM-based” closed-form solution, derived by Vamvatsikos (2013),
corresponding to the risk integral highlighted in Cornell ef al. (2002). The necessary steps
for the application of the proposed method are outlined in Figure 1.

Regarding the hazard component, a full hazard analysis (i.e. probabilistic seismic hazard
assessment, or PSHA) should be carried out for the definition of the hazard function (i.e.
mean annual rate of exceeding a particular IM value) and then, the application of the
mathematical model ensues, as highlighted in Step 1. Considering the vulnerability
component, the RET is required for the dynamic performance characterisation of a case
study building. RET utilises results from eigenvalue and non-linear static analyses for the
interpolation of dynamic capacity curves. It is worth mentioning that the results of RET are
solely expressed in terms of the average spectral acceleration for reasons highlighted by
O’Reilly (2021) and (Nafeh and O’Reilly 2022). The procedure for which is summarised in
Step 2. Subsequently, the two components are then integrated and seismic risk in terms of
the MAFE can be derived as outlined in Step 3.
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Figure 1: Flowchart illustrating the implementation procedure of the proposed method for the seismic risk
estimation of infilled RC frame buildings

2.1. Step 1: Hazard Characterisation

This can be simply described as:

i.  Perform PSHA and get mean hazard curve expressing the mean annual rates of
exceedance and the intensity measure values.

ii.  Fit second-order polynomial to mean hazard curve and obtain fit coefficients (ko, ki,
k2) as highlighted in Equation 1:

H(s) = ko exp[—k,In?(s) — k; In(s)] (1)

where H(s) is the hazard function expressing annual rates of exceeding a given

intensity measure value equal to s; ko, k1 and k» are positive real numbers describing
the curvature and amplitude of the hazard curve fit.

2.2. Step 2: Vulnerability Assessment
This is carried out as:
i.  Build a numerical model or use/edit an existing building model (built in OpenSees)

from the database of infilled RC archetype building models. A useful database is

available here, for example: https://github.com/gerardjoreilly/Infilled-RC-Building-
Database).




ii.  Perform eigenvalue analysis and get the first-mode shape ordinate (®;) and mass
(m;) at floor i. Note that the mode shape should be normalised with respect to the
roof level’s value (i.e. ®pp0r = 1)

iii.  Perform non-linear static pushover and get the nominal base shear force-roof
displacement curve (F-Ar,,5). For simplicity, a displacement-controlled inverse
triangular pattern can be adopted. If the required analysis is planar, the results
corresponding to the in-plane direction of the frame are considered. If the required
analysis is three-dimensional, a pushover analysis should be carried out in both
principal directions. The results corresponding to the direction exhibiting a less
ductile behaviour is considered.

iv.  Multi-linearise the F-A,,,r curve with respect to the onset and end of each response
branch (i.e. elastic, hardening, softening, residual plateau and strength degradation)
(Nafeh and O’Reilly 2022).

v.  Define the code-based limit-states and annotate on the pushover curve (i.e. F-A,44r)

vi.  Use the response evaluation tool (RET) to estimate the median seismic intensities
corresponding to the defined limit-states and the associated dispersion. The tool for
infilled RC frames is available here: https:/github.com/gerardjoreilly/Infilled-RC-
Building-Response-Estimation. The tool considers the average spectral acceleration
as the intensity measure for the dynamic strength characterisation. For further details
regarding the application of the tool, please refer to: (Nafeh and O’Reilly 2022)

2.3. Step 3: Seismic Risk Evaluation

The seismic risk corresponding to pre-defined limit-state is expressed in terms of A; ¢ which
can be evaluated as shown in Equation 2:

k2
Jus = \Jpko TIHE)Pexp - (L = p)] )
P =1+ 2k, 2 )

where [ corresponds to the record-to-record variability included in Equation 3 and f =
0.27 for a non-collapse limit-state and f = 0.37 for the collapse limit-state as outlined in
Nafeh and O’Reilly (Nafeh and O’Reilly 2022). H(S,) represents the annual rate of the
median intensity measure required to attain a particular demand-based level. For a practical
illustration of the proposed method, a case study application on an infilled RC building is
presented in the subsequent section.

3. Case Study Application
3.1. Case Study Definition

A two-storey infilled RC building designed for gravity-loads only was adopted for the case
study application presented in this section. The numerical modelling of the case study
structure was performed in OpenSees (McKenna 2011) using a three-dimensional lumped
plasticity approach. The modelling approach of frame members and masonry infill panels
considered empirically-calibrated hysteretic models accounting for strength and deformation
capacities based on experimental test results (De Risi and Verderame 2017; Verderame et
al. 2019; O’Reilly and Sullivan 2019; Hak et al. 2012; Crisafulli and Carr 2007). The case
study building was designed using the allowable stress method. With regards to structural
detailing, a uniform column section of 20x20 cm was considered corresponding to a
reinforcement ratio of 0.89%. For beams, a uniform section of 50x30 cm was considered



corresponding to a reinforcement ratio range of 0.21-0.31 %. Transverse reinforcements of
$6 @150mm and ¢6 @200mm were considered for the column and beam members, respectively.
Smooth rebars (i.e. Ag42) corresponding to an allowable stress of 140 MPa were assumed,
whereas an allowable compressive strength of 5 MPa was considered for concrete.

An eigenvalue analysis was conducted to evaluate the first-mode shape ordinates.
Furthermore, a non-linear static pushover analysis was carried out to characterise the lateral
capacity of the case study building. Considering the results of the SPO analysis, the y-
direction was deemed the weakest despite the fact that both directions exhibit similar
ductility capacity, yet the assumption was made based on the overall base shear capacity.
Additionally, the identification of the code-based demand thresholds or limit-states is
necessary for the evaluation of the associated median seismic intensities. The identification
of limit-states is typically described in seismic codes and guidelines. As such, the limit-
states presented in the Italian national code (NTC 2018) (Ministero delle Infrastrutture e dei
Trasporti 2018) were adopted for the comparative case study presented herein. These four
limit-states correspond to: “stato limite di operativita” or operational limit-state (SLO);
“stato limite di danno” or damage control limit-state (SLD); “stato limite di salvaguardia
della vita” or life-safety limit-state (SLV); and “stato limite di prevenzione del collasso” or
collapse prevention limit-state (SLC).
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Figure 2: (a) Numerical model of the two-storey infilled RC case study building; (b) static pushover analyses
curves highlighting the lateral seismic capacity of the case study structure in terms of the base shear and
roof displacement
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3.2. Seismic Hazard Characterisation

The case study building was selected to be located fictitiously in three different locations:
Milano, Napoli and L’Aquila. Then, hazard analyses for the characterisation of the annual
hazard and record selection for NLTHA were carried out using the OpenQuake engine
(Pagani et al. 2014). Performed analyses considered the average spectral acceleration Saavg
as the intensity measure and accounted for the site characteristics model (i.e. Vs30) for Italy
presented in Mori et al. (2020). The mean hazard curves extracted from PSHA in terms of
the annual probability of exceedance and the ground-shaking intensity for the three different
locations are illustrated in Figure 3. Then, a second-order polynomial was fitted to the mean
hazard curves (as per Step 1-ii) for the application of the proposed method following

Equation 1. The resulting coefficients of the second-order approximation are summarised in
Table 1.



Table 1: Resulting coefficients of the second-order approximation of the hazard function

Site

Second-Order Approximation Coefficients

ko

ki

k>

Milano

2.20e-05

3.95

0.50

Napoli

2.09e-05

3.20

0.43

L’Aquila

2.04e-05

2.92

0.29
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Figure 3: Seismic hazard curves of Milano, Napoli and L’Aquila expressed in terms the average spectral
acceleration and the fitted second-order polynomial

3.3. Seismic Vulnerability Assessment

Considering the accurate characterisation of the seismic response of the case study structure,
a series of traditional hazard-consistent NLTHA were carried out. To this end, multiple stripe
analysis (MSA) was performed. This NLTHA method requires a set of ground motion
records to be selected based on the hazard disaggregation at the conditioning period. MSA
allows for differences in anticipated properties of low to high-intensity motions to be
captured via ground motion selection. Record selection was performed following
disaggregation of seismic hazard in terms of the magnitude, M, distance R and epsilon, &
using the EzGM toolbox for record selection and processing developed by Ozsarac et al.
(Ozsarac, Monteiro, and Calvi 2021). Nine IM levels corresponding to return periods of 22,
42,72, 140, 224, 475, 975, 2475 and 4975 years were investigated for the characterisation
of the structural response in an attempt to cover initial damage of the masonry infill panels
up to global structural collapse. The median intensities corresponding to each limit-state
previously defined were obtained using maximum likelihood estimation. Furthermore, the
response evaluation tool (Step 2.v) was used for the simplified estimation of these intensities.
The tool integrates the results of the eigenvalue and non-linear static analyses (i.e. pushover)
for the evaluation of the median dynamic capacity. It is worth mentioning that the results of
the pushover analysis should be expressed in terms of the base shear and the roof
displacement. The results corresponding to NLTHA and RET were derived and presented in
Figure 4. It is worth mentioning that the illustrated dispersions correspond to the record-to-
record variability only at each demand-based threshold.
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Figure 4: Median seismic intensities and the associated record-to-record variability recorded at the three
selected locations corresponding to the code-based limit-states and evaluated following NLTHA and the
response evaluation tool (RET).

The results illustrated in Figure 4 suggest a satisfactory overall performance of the proposed
method for the seismic vulnerability vis-a-vis the results of NLTHA. When comparing the
outcome of the detailed assessment and RET at the three selected locations, it was seen that
the tool was able to provide consistently good estimates across the entire range of response
considering the four defined limit-states of NTC2018 and across different seismicity levels.
This implies the robustness of the statistical model implemented within the response
evaluation tool tailored specifically for infilled RC frame structures. Moreover, similar
values of the record-to-record uncertainty were obtained despite the tool having fixed values
of dispersion as mentioned in Step 3.1i.

3.4. Seismic Risk Evaluation

The seismic risk associated with the pre-defined LS can be promptly evaluated once hazard
and vulnerability were characterised. To this end, the MAFE (Ars) was derived with respect
to Equation 2 and illustrated in Figure 5. As such, Figure 5 demonstrates that the proposed
method yielded relatively good risk estimates when assessed with reference to “traditional”
analysis requiring extensive analyses. The main differences, however, with regards to the
risk estimates are attributed to the discrepancy in the dispersion values associated with both
methods under scrutiny. This is noticeable, particularly for the SLO LS in Napoli and
L’Aquila. However, when comparing seismic risk estimates across the complete range of
seismic response, it seems that it was fairly well-characterised highlighting once more the
robustness of the proposed method. Moreover, the results illustrated in Sections 3.3 and 3.4
can be considered a testimony for an acceptable trade-off level between accuracy and
computational effort required where the latter is minimised, rendering it a potential candidate
for inclusion is seismic assessment guidelines, particularly for infilled RC frame structures.
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Figure 5: Seismic risk estimates expressed in terms of the mean annual frequency of exceeding the demand-

based thresholds corresponding to each limit state (Ars) evaluated using detailed analysis and the proposed
simplified method of assessment for (a) Milano, (b) Napoli and (c) L ’Aquila.

4. Conclusions

The accurate seismic risk assessment 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,
the proper characterisation of infilled RC buildings based on pre-defined code-based limit-
state thresholds is paramount. Furthermore, non-linear time history analyses (NLTHA)
methods (e.g. incremental dynamic, multiple stripe and cloud analysis) are computationally
expensive in terms of time and effort. To this end, this paper proposed a fast and simple
method for the communication of risk in risk mitigation applications for the evaluation of
seismic risk which can integrates closed-form expressions for the characterisation of seismic
hazard and fragility estimates for risk-based application. The aim of the simplified method
is to attempt and facilitate the needs of engineers, and to ease the burden of computationally
expensive procedures and address their limitations. Some of the key takeaways of this study
are:

e A fast and simple method for the seismic risk evaluation of non-ductile infilled RC frame
buildings was presented. The method bases itself on closed-form approximations for the
characterisation of hazard and risk and a pushover-based seismic response estimation
tool for the quantification of vulnerability parameters.



e The performance of the proposed method in accurately defining vulnerability and
seismic risk was validated within a comparative case study application which applies
NLTHA. The results highlighted the reliability and consistency of the proposed method
in the evaluation of seismic risk when compared to results of NLTHA.

e The capability of the tool in accurately quantifying the seismic demand associated to
prescribed limit-states and subsequently the related seismic risk-based applications
render it a good improvement to be implemented in seismic assessment guidelines.
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