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Abstract
An important decision in seismic risk assessment involves a good choice of intensity meas-
ure (IM) used to describe ground motion intensity. Depending on the structural typology 
and type of analysis, the choice of an optimal IM may differ. Ideally, it should have accurate 
response predictions and not be biased by parameters like scaling factors or other ground 
motion characteristics. This article investigates this topic in the context of non-ductile rein-
forced concrete (RC) frames with masonry infills. It examines several case study structures 
with IMs like peak ground acceleration (PGA), peak ground velocity (PGV), first mode 
spectral acceleration, Sa(T1), and average spectral acceleration, AvgSa. It reveals PGA and 
PGV to possess undesirable traits relating to inefficiency, sensitivity to scaling and depend-
ence on other ground motion parameters. Sa(T1) is shown to be an optimal IM at lower 
intensities, but runs into difficulty once the infill panels collapse and a non-ductile mecha-
nism forms in the structure. Further investigation shows that the response is strongly biased 
by the velocity-based characteristics of the record upon infill panel collapse when using 
Sa(T1). On the other hand, AvgSa is seen to possess many of the same benefits regard-
ing efficient response prediction for both intensity-based assessment and fragility function 
development but is not biased by the ground motion velocity-based characteristics. In light 
of this, this study presents a case for the traditional IM Sa(T1) to be set aside and for a more 
promising alternative in AvgSa to be adopted when analysing existing infilled RC frames.

Keywords PBEE · Fragility · Intensity measure · Bias · Assessment

1 Introduction

Seismic risk assessment involves the estimation of seismic damage in structures and infra-
structures. Their accuracy is thus critical in reducing and managing seismic risk as part of 
what is generally termed performance-based earthquake engineering (PBEE) (Cornell and 
Krawinkler 2000). PBEE describes, in part, monetary losses (direct and indirect) and loss 
of life in a probabilistic manner due to ground shaking. To this end, engineers utilise dis-
tinct indicators, or limit states, to describe performance in quantifiable terms. For example, 
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the collapse of a structure, which would result in the casualty of its occupants, can be quan-
tified using analysis procedures like incremental dynamic analysis (IDA) (Vamvatsikos and 
Cornell 2002) or multiple stripe analysis (MSA) (Jalayer and Cornell 2009; Jalayer 2003). 
Likewise, FEMA P-58 (FEMA 2012) can be used to estimate the expected monetary losses 
due to structural and non-structural damage in buildings whilst also dealing with conse-
quences like expected downtime. These methodologies seek to quantify these limit states 
via the level of ground shaking needed to induce them.

An intensity measure (IM) is the interface parameter linking seismological and engi-
neering aspects in seismic design and assessment. Ground motion prediction equations 
(GMPEs) are used as part of probabilistic seismic hazard analysis (PSHA) to evaluate the 
probability of exceeding an IM level for a specific location over a given period of time. 
Engineers then use the same IM to examine the subsequent response of structures and to 
evaluate seismic response. Past research on the topic notes that a desirable IM ought to be 
efficient, sufficient and hazard computability. Hazard computability ensures that it is fea-
sible to carry out PSHA with a suitable library of GMPEs and available tools to obtain a 
hazard curve needed to compute risk. Efficiency implies that the structural response should 
exhibit relatively low dispersion for the response parameters of interest. Lastly, sufficiency 
means that the analysis results obtained are independent of any other ground motion rup-
ture parameters.

Within the PBEE framework, a desirable characteristic of an IM is for it to be a good 
descriptor of structural response (i.e. efficient). Furthermore, it is implied that other param-
eters do not have a notable influence, or bias, on the response estimates. For example, the 
spectral acceleration at the first mode period, Sa(T1), of a structure dominated by first mode 
response tends to be a good descriptor of the displacement response, whereas peak ground 
acceleration (PGA) is better linked to the absolute floor accelerations observed. An exam-
ple of potential bias would be the study by Chandramohan et al. (2016) who, when inves-
tigating the impacts of ground motion duration on the collapse capacity of degrading sys-
tems when using Sa(T1) as the IM, showed that spectrally equivalent records with longer 
duration tended to be more aggressive compared to shorter duration records, illustrating 
the potential bias if duration is neglected.

There have been several past studies (Minas and Galasso 2019; Silva et al. 2019; Jalayer 
et  al. 2012; Padgett et  al. 2008; Mehanny 2009; Giovenale et  al. 2004; Kohrangi et  al. 
2016) examining IMs for different structural typologies in order to identify the benefits 
and drawbacks of each in various contexts. For example, a study by Minas and Galasso 
(2019) investigated ways in which displacement-based demands could be more accu-
rately estimated for mid-rise reinforced concrete (RC) frames using different IMs. Another 
study by Padgett et al. (2008) examined the selection of optimal intensity measures to be 
used in probabilistic seismic demand models when assessing highway bridge portfolios. 
When it comes to the assessment of existing infilled RC frames in particular, some caveats 
arise. Several studies have examined their seismic vulnerability or fragility using IMs like 
Sa(T) (Villar-Vega et  al. 2017; Rossetto and Elnashai 2003), PGA (Agudelo and López 
2009; Borzi et al. 2008; Kappos et al. 2003; Villar-Vega et al. 2017; HAZUS 2003; Del 
Gaudio et al. 2017; Lagomarsino and Giovinazzi 2006; Rota et al. 2008) or peak ground 
velocity (PGV) (Erberik 2008; Akkar et  al. 2005). These are relatively simple IMs that 
can be adopted for regional studies, evident through their implementation and availability 
in OpenQuake engine’s risk toolkit (Silva et  al. 2015), for example. PGA has been used 
quite consistently in the development of empirical fragility functions using data from past 
events (Del Gaudio et al. 2017; Rossetto and Elnashai 2003; Rota et al. 2008; Del Gaudio 
et  al. 2019a, b), likely due to its simplicity and convenience when homogenising data, 
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which is also an advantage of PGV. Rossetto and Elnashai (2003), however, noted that 
PGA was quite a poor predictor of damage when compared to other spectral-based IMs, 
noting the lack of consideration of structural dynamic properties or site geology, amongst 
other issues. This limitation was noted as a primary reason for underprediction of struc-
tural damage when PGA-based fragility curves were evaluated.

When using Sa(T1), the elongation of the first mode period of vibration, T1, due to the 
local collapse of infill walls that may result in significant strength degradation and subse-
quent period elongation before the eventual global collapse is of notable importance. The 
shift in modal properties means that an IM anchored to the initial period of the undamaged 
structure can be rather inefficient when assessing non-linear behaviour. T1 is herein used to 
describe the initial period of vibration of the undamaged structure that a numerical model 
would report, and not any other period computed via a secant-to-yield stiffness or stiffness 
following the cracking of infill panels or slight damage to RC members. In fact, Kazantzi 
and Vamvatsikos (2015) noted that when a structure has formed and settled into a damage 
mechanism, it tends to behave closer to a structure with an elongated first-mode period, 
and consideration of this elongated period greatly improves the efficiency and sufficiency 
of the Sa(T)-based IM. Hence, the consideration of periods other than the undamaged first 
mode period in IM definition is examined here.

This study focusses on IMs to characterise the response of non-ductile RC frames with 
masonry infills, a typology widely constructed prior to the introduction of modern design 
codes in the Southern Mediterranean area. It aims to identify a simple and efficient IM for 
such structures that satisfies the desirable IM characteristics in seismic assessment, particu-
larly related to improved efficiency and reduced bias in results. Several case study struc-
tures are analysed for a site in Italy using different IM definitions. Results are evaluated 
in terms of their sufficiency and efficiency. Bias was examined to identify other ground 
motion parameters potentially influencing response to provide a further understanding on 
the particularities of such a structural system when it comes to seismic assessment.

2  Case study structures

Fifteen RC frame typologies designed for gravity loads only were adopted from a past study 
(O’Reilly and Sullivan 2018a). They are representative of RC frame structures built in Italy 
before the introduction of modern seismic design code provisions around the 1970s. The 
frames were numerically modelled using OpenSees (McKenna et  al. 2010) adopting the 
modelling approach of O’Reilly and Sullivan (2019) for the various structural elements 
characteristic of these non-ductile infilled RC frames. In particular, lumped plasticity ele-
ments were used to model the beam and column elements, using available experimental 
test data on both sub-assemblies and building specimens to quantify the various modelling 
parameters for older RC frames. Equivalent diagonal strut models (Crisafulli et al. 2000) 
were adopted to incorporate the effects of masonry infill along with the proposals of Sassun 
et al. (2015) and Hak et al. (2012) for the hysteretic backbone of these struts. Beam-column 
joints were modelled using a zero-length hinge at the joint centres to characterise the vul-
nerability to brittle shear failure as a result of little to no transverse reinforcement in this 
region, following the modelling approach outlined in O’Reilly and Sullivan (2019). Three 
different combinations of masonry infill were also considered, termed: weak; medium; and 
strong infill, defined and modelled using the infill strength properties described in Hak 
et al. (2012) and deformation parameters based on experimental test data in Sassun et al. 
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(2015), and were modelled as uniformly distributed over the height of the structure. Since 
the strength was a function of the masonry typology but the deformation parameters were 
assumed constant, the relative stiffness of the infill was indirectly accounted for between 
infill typologies. Furthermore, the additional self-weight of the masonry infill panels was 
considered as a lumped mass at each supporting beam end for simplicity, and was com-
puted as a function of the infill panel’s unit weight. The structural details and modal prop-
erties (i.e. periods, T and percentage modal mass, M) are listed in Table 1.

3  Intensity measures

To examine the seismic response characterisation of infilled RC structures, several IMs 
were adopted. The impacts of these choices on the seismic vulnerability characterisation, 
namely in terms of the response characterisation efficiency and potential bias, will be then 
discussed in later sections. The IMs adopted were:

• PGA—defined as the peak ground acceleration of a given ground motion record;
• Sa(T1)—the 5%-damped pseudo-spectral acceleration at T1 of a given structure;
• PGV—defined as the peak ground velocity of a given record;
• AvgSa—the average spectral acceleration spanning Tlower and Tupper of a given record.

PGA and PGV are self-explanatory quantities and simply define the absolute peak of the 
ground acceleration and velocity, respectively, with no connection to a structure’s dynamic 
properties. Sa(T1) corresponds to the spectral acceleration at the first mode period of vibra-
tion for each structure. For AvgSa, the geometric mean of the Sa(T) values in the period 
range [Tlower, Tupper] with a spacing of 0.1 s was utilised. This spacing was chosen as it cor-
responds to a value below which the estimate of AvgSa for a given record was observed to 
stabilise, since the value of AvgSa is sensitive to the spacing between the periods used if 
too large. Therefore a spacing of 0.1 s is recommended but it is noted that the hazard analy-
sis for an extremely small spacing can become computationally demanding so very small 
spacings should be avoided.

Kazantzi and Vamvatsikos (2015), followed by Kohrangi et al. (2017), interchangeably 
used ranges of [Tlower, Tupper] equal to [0.2T1, 1.5T1] or [T2, 1.5T1] for AvgSa when examin-
ing ductile RC frames without masonry infills. It is important to consider the elongation of 
a structure’s fundamental period, as it has been noted to be a relevant parameter in non-lin-
ear structural response towards collapse. By taking the elongation of an infilled RC frames’ 
first mode period once the infill panels have been damaged to be approximately double 
(O’Reilly et al. 2018a), a more suitable period range covering the likely modal properties is 
defined here for AvgSa. The period of the damaged structure, as opposed to the completely 
bare frame period, is used based on the work of Nafeh et al. (2020). The damaged structure 
in this context implies the structure with the struts used to model the infill removed at the 
storey where the mechanism is expected to develop from a pushover analysis. Nafeh et al. 
(2020) found that once the infill panels become damage and collapse at a single storey, the 
dynamic properties of the structure from that point onwards tend to be more in line with 
this damaged structure as opposed to a completely bare frame, which tended to notable 
overestimate the flexibility of the frame. Further details can be found in Sect. 2.2 of Nafeh 
et al. (2020).
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Combining this primary source of period elongation with the further elongation due 
to the RC frame damage gives Tupper = 1.5·(2T1) = 3T1 being proposed. For Tlower, the 
second mode period was analysed in a similar fashion, where the lower limit of T2 used 
by Kazantzi and Vamvatsikos (2015) was adopted, and following a similar analysis by 
O’Reilly et al. (2018a) into the impact of infill panel damage on the second mode of vibra-
tion, it was found to increase by approximately 20%, giving Tlower = 1.2T2. This considera-
tion of periods lower that the first mode stems from past work by Eads et al. (2016), among 
others, who noted the benefits of including spectral values at periods lower than T1 com-
pared to other studies like Bojórquez and Iervolino (2011), for example, who considered 
the elongation from the first mode period only. Therefore, a period range of [1.2T2, 3T1] 
is proposed as the AvgSa period range for infilled RC frames. Table 1 lists the information 
utilised for the IM definition.

4  Hazard and ground motions

PSHA was carried out for a site in L’Aquila, Italy using the OpenQuake engine (GEM 
2019) developed by the GEM Foundation and the SHARE hazard model (Woessner et al. 
2015). This site was chosen as it represents a moderately high seismicity site in the Medi-
terranean area that was heavily damaged during the 2009 earthquake (Ricci et al. 2011). 
As will be seen in later sections, velocity-based characteristics of ground motions will be 
discussed for the case study structures presented. Since the chosen site of L’Aquila has 
no particular features that may lead to large velocity or other notable characteristics (e.g. 
directivity effects), the findings presented herein are expected to be generally applicable to 
other sites in the Mediterranean area for these non-ductile infilled RC frames.

It is important to note that the option to do hazard analysis with AvgSa as the IM has 
been recently added to the OpenQuake engine, meaning that it’s hazard curve calculation is 
just as obtainable as any other IM examined here. A Vs30 of 300 m/s corresponding to stiff 
clay was adopted and site hazard curves describing the annual probability of exceedance, 
H, for a given IM level, s, were quantified for each IM, as shown in Fig. 1a. The relative 
contribution of different causal rupture characteristics (i.e. disaggregation) to each IM’s 
hazard curve was also identified (Fig. 1b).

(a) Hazard curves obtained for each IM examined (b) Disaggregation of Sa(T=0.37s) for the 10% 
probability of exceedance in 50 years hazard level

Fig. 1  Illustration of the PSHA results obtained for a site in L’Aquila, Italy
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For each IM examined, 40 ground motion records were selected for discrete intensity 
levels to carry out MSA and characterise the structural response with increasing intensity. 
For the Sa(T)-based IMs, the conditional spectrum (CS) approach by Baker (2011) was fol-
lowed, whereas its extension to AvgSa-based selection by Kohrangi et al. (2017) was used. 
The correlation model by Baker and Jayaram (2008) was used in both cases. CS-based 
approaches were not used for PGA and PGV. In these cases, records with rupture charac-
teristics compatible with the mean PSHA disaggregation were selected and scaled for each 
intensity level. This was to replicate a more casual record selection adopted for such IMs, 
where suitable records are identified based on rupture parameters and conditional hazard 
approaches are generally not considered. Twelve intensity levels were investigated, cor-
responding to probabilities of exceedance ranging from 90 to 0.1% in 50 years, ensuring 
that the structural response covering initial damage of the masonry infill panels right up 
to global structural collapse could be characterised. Figure  2 shows an example ground 
motion selection for both Sa(T) and AvgSa. In all cases, records with directivity-induced 
velocity pulses were not utilised.

Furthermore, for each IM and structure investigated, an additional set of 60 ground 
motion records were selected using the hazard information at the 2% in 50 years hazard 
level (i.e. 2475 year return period) to also perform IDA (Vamvatsikos and Cornell 2002). 
IDA was conducted so that the intensity causing collapse for a series of records could be 
estimated. MSA does not provide this kind of output since the records are selected for a 

Fig. 2  Set of 40 ground motion records selected for the RC-WI-3 structure at the 2% in 50 years probabil-
ity of exceedance for (top) Sa(T1 = 0.37 s) and (bottom) AvgSa, where matching of the selected mean and 
dispersion is compared to the targeted distribution. The red shaded zones indicate the conditioning period 
value (or range) used
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number of return period stripes. Collapse cases in MSA are described in a pass/fail man-
ner, without any information about the intensity that induced collapse for a given record. 
This information will be needed to briefly analyse the collapse cases sufficiency, which is 
discussed in Sect. 7.2.

5  Characterisation of structural response

When characterising the structural response with increasing seismic intensity, a representa-
tive engineering demand parameter (EDP) is identified. In buildings, roof or storey drift 
ratio are common, since they characterise the response of first mode dominated structures 
quite well. Therefore, the maximum of the peak transient storey drifts along the building 
height, θmax, was adopted as the EDP (Fig. 3). To describe the structural performance via 
θmax, three limit states were identified: 0.18%, 1.0% and lateral structural collapse. A value 
of θmax = 5% was adopted for collapse based on the findings of O’Reilly et al. (2018c). The 
limit of 0.18% was chosen since this is the drift at which the masonry infills were modelled 
as having cracked and lost a considerable amount of strength and stiffness, as per Sassun 
et al. (2015). This is a simplified definition of the cracking limit state, as it intends to be 
consistent with the numerical modelling strategy adopted for all infill typologies. A further 
refinement of this limit state definition as a function of infill typology may be implemented 
in more detailed studies using the work of Del Gaudio et al. (2019a, b) or Morandi et al. 
(2018), for example. This limit has been previously highlighted (O’Reilly and Monteiro 
2019) as being rather critical when quantifying the performance of infilled RC frame struc-
tures. The limit of 1.0% was chosen to describe a level of demand that could be associated 
with non-linear RC frame response. For the case study structures examined here, yield sto-
rey drifts (assuming a column mechanism) ranged between 0.60 and 0.91% following the 
approach of Glaister and Pinho (2003). It is noted that these limit states are not intended to 
be used in place of more refined data in more specific studies, but rather general demand 
thresholds upon which different performance ranges of the case study structures could be 
characterised in order to collectively compare the different intensity measures examined.

As shown in Fig. 3, the current study focusses on 2D planar frames to investigate the 
relative performance of different IMs. Past studies on existing school buildings in Italy 
with the same structural typology (i.e. non-ductile infilled RC frames) have been conducted 
using a similar modelling approach to the one adopted here but for complete 3D structures 
using detailed survey information gathered in-situ (O’Reilly et  al. 2018b; Carofilis et  al. 
2020). For those existing buildings, static pushover analysis also showed the same notable 
impact of the masonry infills with respect to the bare frames (i.e. significant increase in 
stiffness and strength initially followed by a drop), which was also recently discussed in 

Fig. 3  Definition of maximum 
peak storey drift used as the EDP 
in dynamic analysis
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detail by Nafeh et  al. (2020). Furthermore, a comparison of the modal properties of the 
numerical models developed with ambient vibration and seismically triggered vibration 
during the 2016 Central Italy earthquakes in O’Reilly et al. (2019) showed the importance 
and relevance of the period elongation as a result of damage to the RC beam and column 
members as well as the masonry infill panels. Based on these observations, it is expected 
the that findings presented in this present study regarding IM efficiency and potential bias 
are also applicable to 3D structures typically encountered.

6  Analysis results

6.1  MSA results

MSA was carried out for each case study structure with each set of 40 ground motion 
records selected for the 12 return periods and 4 IMs described previously in Sect. 4. Fig-
ure 4 illustrates a representative example of the results obtained. It shows the individual 
response points for each record alongside the median, 16% and 84% fractiles for the non-
collapse cases. The collapse cases are marked for each intensity in the right-hand side 
plot alongside the fitted collapse fragility function. This was fitted using the maximum 

(a) Sa(T1) (b) AvgSa

(c) PGA (d) PGV

Fig. 4  MSA results for the 3 storey structure with weak infills (RC-WI-3) for the 4 IMs investigated. Note: 
each subplot shows (left) the response at each intensity level (or return period) with P[C] < 50% via the grey 
markers in addition to the 50% (median), 16% and 84% fractiles for the non-collapse cases and (right) the 
collapse cases observed at each intensity with the fitted lognormal distribution shown in red
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likelihood method, whereby the fraction of collapses at each intensity measure level (IML) 
was used to fit a suitable continuous lognormal distribution.

The θmax demand evolution in the structure in Fig.  4 tends to be relatively low and 
tightly bound for lower intensities, but quickly accumulates for higher intensities. This has 
been noted in past work (O’Reilly and Monteiro 2019; Nafeh et al. 2020) to result from the 
characteristic response of infilled RC frames. Initially, the structure behaves in a somewhat 
typical, first mode-based manner, with demands distributed along the height. Upon dam-
age and collapse of the masonry infill panels in one or more storeys due to its non-ductile 
behaviour, a significantly modified dynamic response results thereafter, observed by the 
concentration of damage in the weaker storey(s), which is reflected via its period elonga-
tion. Also of note is the relative magnitude of the dispersion in results between the different 
IMs. This dispersion in the EDP is a function of the record-to-record variability, the IM 
used to characterise the response and also the location of the non-ductile mechanism in the 
structure. This last source derives from the definition of the EDP used for the structures 
(Fig. 3) as the maximum value along the height, meaning that the dispersion may increase 
should different ground motion records activate collapsing mechanisms at different storeys. 
Inspecting the location of the non-ductile mechanisms in the case study structures did not 
show any notable variations between ground motions and IMs and were seen to be rela-
tively consistent for each respective structure heights and infill typology. This would imply 
that the additional source of uncertainty due to the collapse mechanism being located at 
different storeys was not significant compared to the other sources examined here. Assum-
ing the data are lognormally distributed, meaning the random variable under consideration 
is the EDP value at a given IML, Fig. 5 plots this dispersion in demand for a given IML, 
βEDP|IML, for each IM. The lognormality was checked using the Kolmogorov–Smirnov 
goodness of fit test at the 5% significance level and was general found to be satisfactory. 
From a total of 720 cases (i.e. 5 heights, 3 typologies, 4 IMs, 12 IMLs), the test hypoth-
esis that the data follows a lognormal distribution was rejected in just 25 (3.5%) instances. 
Further scrutiny of these rejected instances did not reveal any obvious relationship between 
them and the presence of collapse cases or activation of other response mechanisms (i.e. 
the maximum value not always being recorded at the same storey level).

In Fig. 5, PGA and PGV exhibit the highest βEDP|IML initially and progressively increase 
with TR. This is an expected result since these IMs have no direct relationship with respect 
to the structural dynamic properties. Sa(T1), on the other hand, exhibits the best predictive 
power for lower intensity levels, seen through its low βEDP|IML. This is expected given its 

(a) 3 storey structure with weak infills (RC-WI-3) (b) 9 storey structure with medium infills (RC-MI-9)

Fig. 5  Example of the dispersion in demand, βEDP|IML, versus return period,  TR, for the IMs investigated
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close relationship with deformation-based EDPs of structures with a dominant first mode 
responding in the elastic range. Past studies (Lin et  al. 2013; Haselton and Baker 2006; 
Bradley et al. 2009) have also shown Sa(T1) to be a good predictor of structural response 
during elastic response, but that it loses its efficiency when the structure is responding well 
into the non-linear range of response. This is also evident in Fig. 5 through the sharp rise in 
βEDP|IML for higher TR.

Period elongation is of notable importance for infilled RC frames due to the local col-
lapse of infill walls. This shift in modal properties means that an IM anchored to the initial, 
period of the undamaged frame can be rather inefficient when assessing non-linear behav-
iour. Past work by O’Reilly and Sullivan (2018b) has noted this particular feature; depend-
ing on the level of damage sustained by the infill panels, the efficiency of Sa(T1) was heav-
ily influenced in what was termed the cliff effect (Fig. 6). This resulted because, for a set of 
records all scaled to the same value of Sa(T1), some ground motions caused a local infill 
collapse and pushed the response past the peak capacity of the infilled frame, respond-
ing in subsequent cycles with the blue reloading line, leading to large structural demands 
shown via the band of red points in Fig. 6. Other ground motions did not manage to push 
past the peak and remained in the range with relatively low demand prior to local infill col-
lapse, indicated via the band of green points in Fig. 6. This differentiation between ground 
motions that caused bands of both high and low demands at the same intensity suggested 
that other factors were coming into play in such scenarios. It also meant that the βEDP|IML 
observed when using Sa(T1) as an IM for infilled RC frames was rather large, as illustrated 
via the demand-intensity curve shown in the right of Fig. 6. This was seen in Fig. 5 for 
both a 3 and 9 storey case study structure. Of note for the 9 storey structure in Fig. 5 is 
how the PGA dispersion is slightly higher, which is a reflection of the loss of its predic-
tive power, or efficiency, for taller structures with longer vibration periods. Comparing this 
large dispersion in infilled RC frames when using Sa(T1) as the IM to the relatively lower 
dispersion for more conventional structures without infills, it is clear that there is room for 
improvement in terms of efficient response prediction.

O’Reilly and Sullivan (2018b) identified the spectral shape of the ground motions to be 
a potential reason for this segregation in demand. Records with a ‘valley’ shape tended to 
have higher demands than others with a ‘peaked’ shape (Baker and Cornell 2006). That 
study also utilised ground motion records as part of IDA which were not selected to match 

Fig. 6  Illustration of the cliff effect (O’Reilly and Sullivan 2018b) in infilled RC frames, whereby two 
bands of response at low and high demands for a given ground motion set giving an overall increased dis-
persion for Sa(T1) compared to conventional systems
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a specific site hazard, meaning that better matching of spectral values across all periods 
to site hazard via a CS may reduce this effect. Further analysis by O’Reilly et al. (2018a) 
briefly addressed this through careful selection and scaling of ground motion records and 
noted this same trend. That study also trialled the potential use of AvgSa given the per-
tinence of period elongation in infilled RC frame dynamic response and noted a better 
characterisation of the behaviour. Figure 4b reaffirms these initial observations, with the 
βEDP|IML remaining relatively stable for AvgSa. Figure 5 further illustrates this with βEDP|IML 
tending to remain reasonably low across all intensity levels. AvgSa is seen to not be as effi-
cient in the lower return periods corresponding to elastic response, but it remained a good 
overall performer for all return periods. Therefore, these observations from Figs. 4 and 5 
suggest that when conducting intensity-based analyses of non-ductile infilled RC frames, 
such as those required by building codes for given return periods of shaking, the choice 
of IM used to select ground motions and conduct analysis can have a notable effect on 
the results obtained. The least efficient IMs (i.e. high βEDP|IML), such as PGA or Sa(T1) at 
higher return periods, will exhibit higher βEDP|IML and possible require many more ground 
motion records to sufficiently characterise the response, whereas others such as AvgSa may 
be more computationally efficient. Other factors play a part in this discussion and will be 
addressed in later sections.

6.2  Fragility functions

While the response at discrete return periods is of interest in certain types of analysis and 
structural verifications, a more probabilistic description of structural response is of more 
direct interest in risk assessment. As stated previously, three limit states were considered 
in this study to evaluate the response of the infilled RC frames. A lognormal distribution 
with median, ηIML|EDP, and dispersion, βIML|EDP was fitted where the random variable under 
examination is now the intensity level required to exceed a given EDP level. For MSA, the 
fraction of ground motions causing a θmax limit state exceedance at each TR examined is 
shown via several dot markers in Fig. 7. With these fractions of exceedances known for a 
set of IMLs, the discrete distribution of IML for a given EDP limit state was established. 
The continuous lognormal fragility functions were fitted using these discrete fractions of 
EDP exceedances at each IML using the maximum likelihood method. When selecting the 
TR range for which to conduct MSA, care was taken to ensure that an adequate number of 
exceedances were observed such that the whole range of response was characterised and 
fragility functions could be fitted. Each fragility function was tested like before for each 
structure, IM, and θmax threshold value evaluated, with a lognormal distribution deemed 
suitable in each case. Figure  7 shows these fragility functions for the same case study 
structure examined previously.

While not of direct relevance to the current discussion, Fig. 7 also compares the fragility 
functions derived for the same 3 limit states using IDA results (to be discussed later) with 
the additional set of ground motions selected in Sect. 4. A hunt and trace algorithm (Vam-
vatsikos and Cornell 2004) was employed to allow the response right up to collapse to be 
characterised, so that the intensity resulting in collapse would be known with a degree of 
accuracy for each record. This differs from MSA where the number of collapses per inten-
sity is known, but not the minimum intensity any one ground motion record would have 
needed to be scaled to result in structural collapse.

In Fig. 7, the MSA curves are taken as the reference set, considering the record selection 
applied at each hazard level used to derive them. For the most part, a general agreement 
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between the two sets is observed and was seen among all structures examined. All IMs 
were seen to match well between the two methods for θmax = 0.18%. This is an expected 
result, especially for Sa(T1), since the structures are still responding in the elastic range. It 
is with increasing damage to the infilled RC frames that the curves are seen to deviate for 
some cases. For the different case study structures, Sa(T1) and AvgSa-based fragility func-
tions tended to be reasonably well-matched for IDA and MSA and the sets presented in 
Fig. 7 are represented of all structures examined. For PGA and PGV, however, the results 
tended to be a bit more volatile with some cases, such as Fig. 7 for θmax = 1.0%, showing 
a fair agreement, whereas the collapse limit state showed a larger discrepancy. Of note is 
the discrepancy between the IDA-based and MSA-based fragility curves at collapse when 
using PGA and PGV. These are significantly different and may be attributed to the lack of 
sufficiency with respect to scaling factors used in IDA, which will be discussed in Sect. 7; 
it will be seen how the results obtained when using PGA and PGV were influenced by the 
large scaling factors applied to these records needed to induce collapse, whereas Sa(T1) and 
AvgSa were not.

Another notable aspect in Fig. 7 is the relative magnitude of βIML|EDP between the fragil-
ity curve IMs and limit states. This is indicative of the level of uncertainty and the general 
efficiency of the IMs in characterising the limit state exceedance. Figure 8 shows the mean 
βIML|EDP of all case study structures for each limit state threshold. As with Fig. 7, it shows 
how PGA and PGV tended to have the highest βIML|EDP across all limit states, suggesting 

(a) Sa(T1) (b) AvgSa

(c) PGA (d) PGV

Fig. 7  Fragility functions for the 3 storey structure with weak infills (RC-WI-3) for the 4 IMs investigated. 
Note: each plot shows the MSA-based (solid line) fragility functions and the exceedance probabilities they 
were fitted to (dots) alongside the IDA-based fragility curves (dashed lines)
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that they are relatively inefficient predictors of structural response for infilled RC frames. 
Sa(T1) was seen to start with the lowest mean βIML|EDP for all IMs examined, indicating 
its high predictive power, but gradually lost its efficiency for more severe limit states. As 
anticipated, AvgSa was seen to provide the most favourable solution in terms of IM effi-
ciency, as it exhibited reasonably low βIML|EDP at the onset of damage and maintained a 
similar level of predictability across all limit states. This resonates with the previous dis-
cussion, whereby the MSA results and fragility functions derived for AvgSa indicated it to 
be a much more stable predictor of structural response to be used in future analysis and not 
exhibiting sensitivity to large jumps in dispersion with increased limit state, as in the case 
of Sa(T1).

7  Sufficiency

As discussed previously, one of the desired properties of an IM is sufficiency, meaning 
the structural response conditional to various IM levels ought to be independent of other 
rupture characteristics that produced each ground motion. Given that this study focusses 
on the efficiency and potential bias of different IMs for assessing infilled RC frames, it was 
necessary to first check their sufficiency to ensure that these aspects were not influential in 
the analysis results obtained.

Rupture characteristics such as moment magnitude, M, and Joyner-Boore distance, Rjb, 
are typically checked, along with the level of scaling, SF, applied to the record. These were 
checked here to evaluate the results presented in the previous section for different IMs. 
The sensitivity of both the non-collapse and collapse cases was examined and is discussed 
below. The collapse cases were checked via the IML required to induce collapse found 
via IDA and the non-collapse cases were checked by analysing the EDP values at each 
return period intensity analysed. The sufficiency of the results can be checked by examin-
ing their statistical significance with respect to different rupture characteristics, which is 
the approach followed herein, although recent studies analysing relevant sufficiency using 
information theory (Ebrahimian and Jalayer 2020; Jalayer et  al. 2012; Du and Padgett 
2020; Ebrahimian et al. 2015) could also be considered. This definition of relative suffi-
ciency proposed by Jalayer et al. (2012), which differs to the metric of the same name uti-
lised by Dávalos and Miranda (2019), uses the average difference between the information 

(a) (b) (c)

Fig. 8  Mean dispersion across all structure heights, �
IML|EDP , of the MSA-based fragility functions for each 

IM, masonry infill typology and limit state threshold examined
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gained about the EDP given two IMs compared to that gained given just one IM and has 
been utilised in several past studies (Minas and Galasso 2019; Song et al. 2020).

7.1  Non‑collapse cases

To examine the sufficiency of the non-collapse cases, the records not resulting in collapse 
during MSA were utilised. Evaluation of the sufficiency was done by examining the θmax 
residuals, εθ, for each IM, defined for each ground motion i as:

where n is the number of ground motions not causing collapse at a given IML. This resid-
ual describes the ratio of an observed response with respect to the median response value 
for an IM at that IML. It means that ground motions with high residuals reported a larger 
than usual response in the structure at that IML. To classify any of the investigated IMs’ 
MSA results as sufficient for non-collapsing cases, it is typical (e.g. Luco and Bazzurro 
2007) to look for a trend between these residuals and rupture parameters or scaling factor. 
This way, any dependence in results with respect to the median response becomes appar-
ent. The functional form utilised in these tests was:

where rup denotes any rupture parameter associated with the records selected. This rela-
tionship assumes that there is a linear relationship between the logarithm of the residuals 
and the rupture parameter. Figure 9 illustrates the type of data obtained and plotted in red 
is the trendline fitted via least square regression. Visual inspection of the fitted trendline 
suggests that there is very little relation between εθ and M. This is seen from the rela-
tively horizontal nature of the trend line, whose coefficient was β1,θ = 0.01, indicating little 
dependence.

To demonstrate that the results obtained are independent of rup, statistically significance 
tests were employed. To do this, the test hypothesis that there is no relationship between 
the residuals and the rup parameter (i.e. β1,θ = 0) is set. By examining the actual data, like 
those shown in Fig.  9, the p value of the observed β1,θ parameter can be computed and 
evaluated. The p value indicates the degree to which the observed data conform to the 
pattern predicted by the test hypothesis and the underlying statistical model (Greenland 
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Fig. 9  Illustration of the 
observed trend between non-col-
lapse case residuals and moment 
magnitude for the case study 
structure RC-MI-2 analysed with 
ground motions selected and 
scaled for Sa(T1)
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et al. 2016). Therefore, a very low p value would indicate that the data are not very close 
to what the statistical model predicted they should be (i.e. there is likely some dependence 
on the rup parameter), whereas a large p value would indicate that the data are close to the 
model prediction (i.e. no relationship between the residuals and the rup parameter). A sig-
nificance threshold of 5% is typically adopted and was used here. As shown in Fig. 9, the 
p value observed was 84.2%, well above the threshold of 5%, implying that the observed 
data is close to the test hypothesis prediction (i.e. no relationship) and the results deemed 
independent of M, as already deduced by visual inspection.

To investigate the sufficiency of each IM for each case study structure, their p values 
were computed and summarised for M and Rjb. While technically not a rupture parameter 
per se, SF was also checked to ensure that the results were not influenced by the scaling 
of the ground motions during record selection, as past studies (Luco and Bazzurro 2007) 
have noted. Figure 10 plots the cumulative distribution of all p-values for the structures 
analysed. That is, the p values computed for each case study structure listed in Table  1 
were collected and plotted cumulatively to illustrate and summarise in a concise manner 
the general trend in statistical test results for all structures examined here. Past studies like 
Sousa et al. (2016) have also employed similar plots to illustrate general trends in statistical 
test results. It is important to note that these statistical test results are not taken as defini-
tive proof of dependence (or independence), but rather used as an indicator to understand 
where dependencies may lie and be examined further in later sections.

For the vast majority of structures analysed, the residuals of the non-collapse case MSA 
results (indicated by the solid lines) obtained for different IMs were not influenced by M or 
Rjb, with just one or two cases exhibiting p-values lower than the threshold value for each 
IM. For what concerns SF, Fig. 10 indicates that the non-collapse cases could be assumed 

Fig. 10  Cumulative distribution of p-values observed for each case study structure, including those 
observed for the non-collapse cases from MSA (solid lines) and those observed for the collapse cases via 
IDA (dashed lines), for each IM and ground motion parameter investigated
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independent of the SF used for Sa(T1) and AvgSa. It is worth noting that recent research by 
Ebrahimian and Jalayer (2020) has noted that when heavily scaled records are used, the dif-
ferences in sufficiency (or lack thereof) between Sa(T1) and AvgSa tends to become more 
accentuated. However, given both IMs are observed to be sufficient for all MSA analyses 
here, and the fact that AvgSa will generally require lower scaling factors in record selection 
than Sa(T1) (Kohrangi et al. 2017), this issue is not deemed problematic herein. For PGA 
and PGV, it can be seen that almost all of the case studies exhibited p-values lower than the 
threshold, meaning that there is likely a dependence on the SF.

7.2  Collapse cases

To examine the sufficiency of the collapse results obtained for each case study structure, 
a similar process was followed. As mentioned previously, IDA was utilised to character-
ise the collapse intensity using 60 ground motions. MSA collapse cases were not utilised 
because of the format of the results. For a given IML in MSA, some collapses may be 
observed. However, the precise intensity at which a particular scaled ground motion record 
causes structural collapse is not known since the results are reported in a binary ‘collapse’ 
or ‘no collapse’ format for a given IML. The actual collapse intensity value for a particular 
ground motion may have been a little less than the IML for which the results were reported. 
Since it is these collapse causing intensities that are to be examined, IDA was employed 
following a hunt and fill algorithm to more accurately determine the collapse intensity for 
each ground motion. As before, the residuals were examined to determine whether there 
was any dependence of the collapse intensities, s (as opposed to structural demand θmax in 
the non-collapse cases) on the ground motion rupture parameters. These intensity-based 
residuals, εs, were defined as follows for a given ground motion i causing collapse in a case 
study structure:

where n is the number of ground motions used in IDA, which was 60. Note that these 
residuals are different in nature to those defined by Eq.  (1), with lower values of εs and 
higher values of εθ representing more aggressive ground motion records. Again, the rela-
tive trends between the collapse residuals and the ground motion parameters examined pre-
viously were scrutinised. As before, the p values of β1,s from the following expression were 
examined:

The results are shown via the dashed lines in Fig. 10. Similar to before, the cumulative 
values for all case study structures vary depending on the IM and the rupture parameter 
being examined. For M, the collapse results quantified using PGA showed a dependence, 
with some cases for Sa(T1) and AvgSa falling below the significance threshold (i.e. depend-
ent) whereas the PGV results show no issues. For Rjb, Fig. 10 suggests no relationship for 
all IMs (i.e. sufficient). For SF, a statistical dependence of all IMs (PGA values are much 
lower than the axis limits and are not visible). This is problematic as it suggests that all 
IMs are influenced by the level of scaling applied to them when conducting IDA, although 
comparisons of the fragility functions derived via both MSA and IDA in Sect. 6.2 indicated 
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that this dependence may not be significant. Overall, these results suggest that the collapse 
capacity quantified using each IM, with the exception of PGA, is independent of ground 
motion rupture parameters. However, each IM was seen to be influenced by the level of 
scaling applied to it in IDA.

8  Bias

Section 7 discussed the sufficiency of structural response with respect to rupture param-
eters and scaling factor, whereas Sect.  6 examined the relative efficiency of each IM. 
They showed how of the four IMs examined here in the context of assessing infilled RC 
frames, PGA and PGV were generally the least efficient in terms of response predic-
tion and were noted to be influenced by the scaling factor applied to the records. Sa(T1) 
and AvgSa showed no such influence when following a MSA approach: Sa(T1) was also 
observed to be the most efficient at initial damage limit states but lost its efficiency towards 
collapse, whereas AvgSa remained a reasonably good predictor of response. Some disper-
sion is generally expected for all IMs due to the inherent randomness of ground motions 
and the difficulty of accurately characterising the non-linear response of a multi-modal 
structure via a simple IM, amongst other sources of uncertainty: it is noted that structural 
response uncertainty in this study only deals with record-to-record variability. However, 
there may be instances where a notable dispersion may not necessarily be due solely to 
the natural, or aleatory, uncertainty in characterising the response, but rather from a single 
pertinent ground motion characteristic biasing the response. As mentioned previously, a 
simple example of bias is the study by Chandramohan et al. (2016) regarding the impact 
of ground motion duration on collapse capacity: long duration records resulted in lower 
collapse capacity than spectrally equivalent short duration records; had record duration not 
been considered and results from all records used collectively to develop fragility curves, 
a large scatter would have resulted in the collapse intensities due to the hidden bias of the 
long duration records.

Bradley (2012b) discussed such bias within the context of ground motion record selec-
tion. He noted how for some scenarios, the results obtained using ground motions selected 
and scaled to a single conditioning IM termed IMj (e.g. Sa(T1)) could also depend on, or 
be biased by, another IM denoted IMi (e.g. ground motion duration). What was important 
to note was this is not necessarily a problem if both IMj and IMi are selected to be consist-
ent with the site hazard. Hazard consistency is taken here to mean that the respective rates 
of exceedance of the ground motions’ IMj and IMi are consistent with, or match, the site 
hazard curves obtained from PSHA. This culminated in the development of the general-
ised conditional intensity measure (GCIM) approach (Bradley 2010) to deal with situations 
where more than one IM is pertinent, leading to a more robust and comprehensive ground 
motion record selection and subsequent risk assessment. To investigate whether the effi-
ciency of the IMs examined here (i.e. IMj) was influenced by other ground motion param-
eters (i.e. IMi), it was necessary to see whether the results exhibited any notable depend-
ence on these IMi parameters. Should the results exhibit no bias, then IMs can be evaluated 
based on the results presented in Sects. 6 and 7. But should a bias be found, then it would 
shed further light on the efficiencies observed previously. This section therefore examines 
the results of the infilled RC frames characterised via different IMs with respect to other 
ground motion properties to shed further light on the results obtained so far.
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8.1  Ground motion  IMi parameters examined

To investigate potential bias in the results presented previously, several other IMi parame-
ters were identified. These were: PGA; PGV; 5–75% significant duration, Ds,5–75, defined by 
Trifunac and Brady (1975); incremental velocity, IV, defined by Bertero et al. (1978); and 
filtered incremental velocity, FIV3, defined by Dávalos and Miranda (2019). Significant 
duration defined between the cumulative percentages 5–75%, Ds,5–75, was noted by Chan-
dramohan et al. (2016) to have an impact on the collapse response of degrading systems 
and to be the best among the different quantifiers of duration examined. Velocity-based 
IMs have been considered for many years, with some early work by Bertero et al. (1978) 
noting the damaging impact of velocity pulses during the 1971 San Fernando earthquake. 
This led them to propose IV, defined as the maximum area beneath individual acceleration 
pulses. Studies by Jayaram et al. (2010) showed that among different IMs considered, IV 
was the best predictor of displacement-based demands for infilled RC frames. Recent work 
by Dávalos and Miranda (2019) has improved on the definition of IV through the develop-
ment of FIV3. The original shortcomings of IV surrounding its period independence, its 
local interruption of velocity pulses through high frequency-induced zero-crossings, and 
neglection of cumulative pulses were directly addressed. Dávalos and Miranda (2019) have 
shown FIV3 to be a much improved predictor of structural collapse compared to IV and 
other IMs.

8.2  Statistical testing

8.2.1  Non‑collapse cases

Like sufficiency discussed in Sect.  7.1, the non-collapse results were also examined for 
independence to other ground motion characteristics. That is, the conditioning intensity 
measure, IMj (Sect.  3), was assumed to be capable of fully describing the non-collapse 
response. The residuals defined in Eq. (1) were therefore checked for statistical significance 
assuming the same functional form of Eq. (2), where rup was replaced by the individual 
IMi parameters listed in Sect. 8.1. In particular, the relationship between the natural loga-
rithm of the residual εθ was compared with Ds,5–75 and the natural logarithm of PGA, PGV, 
IV and FIV3. The p-values were computed for each structure and the cumulative values for 
all case study structures are plotted in Fig. 11. They are then compared with the threshold 
significance of p = 5%.

As expected, the IMj = PGA and IMj = PGV results are seen in Fig. 11 to be completely 
dependent on the parameters IMi = PGA and IMi = PGV, respectively, which should be 
an obvious conclusion. Examining for IMj = PGA, the results possessed some degree of 
dependence on almost all IMi parameters evaluated, with all except Ds,5–75 exhibiting 
p < 5%. For IMj = PGV, dependence was observed for each IMi parameter with the excep-
tion of IV. When using IMj = Sa(T1), the results were influenced by each of the velocity-
based IMi parameters (i.e. PGV, IV and FIV3) whilst being somewhat independent of PGA 
and Ds,5–75. Lastly, when IMj = AvgSa, the non-collapse cases are observed to be independ-
ent of velocity-based properties of the ground motions, contrary to Sa(T1), although some 
significance of PGA and Ds,5–75 was noted.
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8.2.2  Collapse cases

For the collapse cases, the same test to show independence from IMi parameters could 
not be done. Contrary to non-collapse cases, where the residuals εθ were examined, col-
lapse cases were examined using collapse intensity residuals, εs, meaning that an intensity-
based quantity was being compared with another intensity-based quantity. Therefore, some 
degree of dependence should be expected when using the functional form of Eq. (4) with 
rup replaced by IMi. Using the test hypothesis of β1,s = 0 would not yield much insight 
because if a record causing collapse had a relatively high Sa(T1) value, then the PGV of 
the same record would also be expected to be high (i.e. β1,s > 0) due to the known correla-
tion (Bradley 2012a) between Sa(T1) and PGV, as shown in Fig. 12, for example. Instead, 
a more simplified approach was followed here where a dependence was assumed (i.e. 
β1,s ≠ 0) and the magnitude of it for the different IMi and IMj pairs was compared relatively. 

Fig. 11  Cumulative distribution of p-values observed for non-collapse cases from MSA of each case study 
structure, where each subplot shows each conditioning IMj for each ground motion  IMi investigated

Fig. 12  Illustration of the 
observed trend between collapse 
residuals, εs, when IMj = Sa(T1) 
and IMi = PGV for the RC-6-MI 
case study structure, where 
the correlation (i.e. β1,s > 0) is 
evident
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Therefore, for each IMj examined (Sect. 3), the collapsing intensity residuals εs were com-
puted using Eq. (3). Equation (4) was then used, with rup being replaced by each of the IMi 
parameters listed in Sect. 8.1, and the trend was fitted using least squares regression. The 
relative magnitude of β1,s was then examined, with the cumulative values shown in Fig. 13 
for all case study structures.

Examining the relative influences shown in Fig. 13, it is noted how for IMj = PGA, the 
collapse residuals are strongly influenced by all other IMi parameters, much more than the 
other IMj and especially for duration. When IMj = PGV, these collapse results are generally 
those least influenced by other IMi parameters, indicating more favourable characteristics 
for what concerns potential bias when evaluating the collapse of infilled RC frames. Cases 
of IMj = Sa(T1) were not too different to PGA in that they were influenced by other IMi 
parameters. Lastly, it can be seen that IMj = AvgSa was similar to PGV as it had a compara-
tively low influence with respect the other IMi parameters.

8.3  Further examination

From previous sections, it was seen how the results for IMj = PGA and IMj = PGV had a 
statistically significant dependence for several other IM parameters. Also notable was the 
consistent trend of IMj = Sa(T1) results to the velocity-based IMi parameters illustrated in 
Fig. 11, whereas the AvgSa results were shown to be relatively independent in comparison.

These results are examined in further detail here to see if this dependence on the veloc-
ity characteristics of the IMj = Sa(T1) results can be illustrated in structural engineering 
quantities instead of statistical terms, as has been done up to now. To do this, the case study 
structure RC-WI-3 was again considered. Its MSA results were plotted in Fig. 4 and the 

Fig. 13  Cumulative distribution of the β1,s values observed for collapse cases from IDA of each case study 
structure, where each subplot shows each ground motion IMi investigated for each conditioning IMj
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βEDP|IML dispersions at each return period were shown in Fig. 5. For each of these MSA 
stripes with conditioning IMj shown on the horizontal axis in Fig. 14, the corresponding 
IMi values of each ground motion were plotted via markers on the vertical axis. This distri-
bution of IMi|IMj at each intensity is what indirectly results when selecting ground motions 
conditioned on IMj alone. This is the distribution for several types of IMi that the GCIM 
intends to check and ensure hazard consistency for when selecting records (i.e. that the 
IMi|IMj of the selected ground motions matches the site hazard). This was noted by Brad-
ley (2012b, 2010) to be an important consideration when IMi is observed to be a biasing 
parameter on the structural response, but could be left unconditioned for IMs that do not 
show a biasing influence on the response.

In order to examine bias due to these IMi, the results were segregated based on the EDP 
threshold value exceedances of each response point, which was θmax in this case. First, the 
median values of IMi at each MSA stripe level IMj, �IMi|IMj

 , were computed and plotted as 
the median trend for that IMi. Then, for the three limit states described previously in 
Sect.  5, response analysis points exceeding these EDP thresholds denoted x% were 
extracted and their median value for each given MSA stripe at IMj was computed as 
�IMi|IMj ,�max≥x%

 . This then gave what will be termed the uncensored (i.e. �IMi|IMj
 ) and cen-

sored (i.e.�IMi|IMj ,�max≥x%
 ) median values of IMi for a given EDP limit state and value of IMj. 

These are shown in Fig.  14 for the case study structure RC-WI-3 when IMi = FIV3 and 
Ds,5–75 for IMj = Sa(T1) and AvgSa. This comparison illustrates the influence of IMi on the 

(a) IMj = Sa(T1) and IMi = FIV3 (p-value < 10-3) (b) IMj = AvgSa and IMi = FIV3 (p-value = 0.79)

(c) IMj = Sa(T1) and IMi = Ds,5-75 (p-value = 0.33) (d) IMj = AvgSa and IMi = Ds,5-75 (p-value < 10-3)

Fig. 14  Comparison of the median IMi values for a given IMj for the case study structure RC-WI-3, illus-
trating the potential bias in response at different limit states as a result of IMi. Note Points plotted in red rep-
resent collapsing cases and p-values are reported for the non-collapse cases in the parentheses from Fig. 11
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structural response in a relatively simple manner. Should there be no biasing impact of IMi 
on the response analysis results, the censored and uncensored medians will be closely 
aligned (i.e. �IMi|IMj

≈ �IMi|IMj,�max≥x%
 ). A biasing IMi on the other hand, will show a devia-

tion between the two (i.e. �IMi|IMj
≠ �IMi|IMj,�max≥x%

).
The observations from Sect. 8.2.1 are recalled, where results for IMj = Sa(T1) were seen 

to be dependent on the velocity-based characteristics of the ground motions, whereas the 
IMj = AvgSa cases did not. This can be more clearly seen in Fig.  14a, b via the relative 
trends of the uncensored and censored medians with respect to their IMi = FIV3 values. 
For IMj = Sa(T1) in Fig. 14a, it can be seen that the two lines match for the limit state of 
θmax = 0.18% meaning that its exceedance was likely not caused by a ground motion with 
a particularly high FIV3. For θmax = 1.0% and collapse, a difference between the censored 
and uncensored trends can be seen, showing that ground motion records with higher FIV3 
tended to cause the limit state to be exceeded. This is evidence of the biasing effect of 
the velocity-based IMs such as FIV3 on the IMj = Sa(T1) results. On the other hand for 
the cases of IMj = AvgSa, it can be seen that these results did not present such an impact 
given that the censored and uncensored trends align well. This illustrates them to be rela-
tively independent of such bias, as was noted in Sect. 8.2.1. The p-values reported in each 
sub-caption of Fig. 14 correspond to this specific case study structure’s non-collapse cases 
p-values, which were described in Sect. 8.2.1 and summarised for all structures in Fig. 11.

Figure  14c, d show the same comparison with respect to IMi = Ds,5–75, where no 
clear trend or biasing effect of the duration on results for IMj = AvgSa with respect to 
IMj = Sa(T1) appears evident. This was confirmed through inspection of similar results for 
other case study structures. It was observed, that instances of p < 0.05 for both IMj = AvgSa 
and IMj = Sa(T1) resulted for datasets with a relatively narrow range of IMi = Ds,5–75 values 
hence caution in interpreting these results is advised. Further studies with ground motions 
of a wider duration range should be utilised to further investigate this as it may appear 
contrary to past research on the impacts of ground motion duration on structural response.

8.4  Remarks

In light of the above observations, some final comments are given. From past work and also 
that shown here, it is clear that using IMj = Sa(T1) as an IM to characterise the behaviour of 
infilled RC frames poses some issues. This was previously observed via the large disper-
sion in dynamic response discussed in Sect. 6 and shown in Figs. 5 and 8. This was initially 
attributed to the spectral shape of the records and the period elongation of the systems 
(O’Reilly and Sullivan 2018b), but further analysis in Sect.  8 showed this to be closely 
related to velocity-based characteristics of the ground motion records, which have been 
known to be influential on the collapse of structures, but not been clearly demonstrated for 
this structural typologies in past research. What was very curious and promising to note 
was that the IMj = AvgSa results did not seem to have this same pitfall as the IMj = Sa(T1) 
results, since no notable jump in dispersion or significant bias in the response due to veloc-
ity-based properties was noted. The immediate question to ask is: why not? After all, AvgSa 
is just a geometric mean of Sa(T) values located around, or close to, T1. One possibility 
is that the averaging effect of AvgSa helps minimise the influence of pulses for systems 
sensitive to them, as Eads et al. (2015) noted. A detailed study (Eads and Miranda 2013) 
found that a response spectrum, or more specifically its spectral shape, could be viewed as 
a reflection of a few critical velocity pulses in a record. Hence, AvgSa’s incorporation of 
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many spectral acceleration values, and consequently the spectral shape, could be indirectly 
accounting for these damaging velocity pulse characteristics of the ground motions. This 
would suggest that the analysis results are less likely to be biased by such damaging pulses, 
as has been observed here.

In favour of IMj = Sa(T1), however, are the fact that it has been simpler to obtain its 
hazard curve needed to compute risk than it has been for IMj = AvgSa until recently (i.e. 
Sa(T1)’s hazard is more computable than AvgSa). While most hazard tools are well-
equipped for computing hazard for IMj = Sa(T1), recent updates to the OpenQuake hazard 
engine now allow the computation of IMj = AvgSa with ease making equally obtainable. 
Also, using IMj = Sa(T1) has the added benefit of a physical meaning of the IM’s definition 
with respect to the structure’s initial dynamic properties. Maintaining IMj = Sa(T1) for these 
reasons is not a problem depending on the analysis objectives and methods employed. If 
the initial behaviour prior to local infill collapses is being examined then there should be no 
major problems, but if extensive damage and collapse are being analysed then further care 
is needed. With regards to risk, the relative uncertainty in the IM hazard curves is worth 
mentioning because if the uncertainty in the IMj = AvgSa hazard curve outweighs the gain 
in prediction capability with respect to IMj = Sa(T1), the overall risk estimate would not be 
greatly improved. However, Kohrangi et al. (2017) have shown that the overall uncertainty 
is in fact reduced when IMj = AvgSa due to its increased predictability of the IM, which 
alleviates such a concern.

Another important point to note is that the ground motion records utilised here were 
selected to match the site hazard for a single IMj, with other ground motion intensity 
parameters IMi accepted for what they were without any extra effort to be hazard-consist-
ent. Ideally, ground motions should be hazard-consistent for all IMs but in practice, this is 
only needed when the EDPs are sensitive to these other IMi parameters (Bradley 2012b). 
This presents a very significant advantage of IMj = AvgSa over IMj = Sa(T1) as an IM for the 
assessment of infilled RC frames. In short, many of the less desirable features or problems 
of IMj = Sa(T1) can be overcome by simply switching to IMj = AvgSa.

In light of these results, two possible solutions seem plausible for an appropriate seismic 
assessment of infilled RC frames: 1) using the classical conditional spectrum approach to 
selecting ground motions with AvgSa, as outlined by Kohrangi et al. (2017); or 2) using the 
GCIM (Bradley 2010) approach to record selection (Bradley 2012c) with IMj = Sa(T1) but 
ensuring that the velocity-based characteristics (i.e. PGV, IV, FIV3) are hazard-consistent. 
Additional considerations can be made (e.g. duration effects) but what is clear is that there 
is a strong case for not using Sa(T1) by itself for these structural typologies.

9  Summary and conclusions

This article has examined the seismic assessment of non-ductile infilled reinforced concrete 
(RC) frames utilising different intensity measures (IMs). It examined the response of sev-
eral case study structures at a site in Italy to characterise the seismic response via multiple 
stripe analysis (MSA), where ground motions were selected and scaled for numerous return 
periods, and incremental dynamic analysis (IDA) where a single set was scaled incremen-
tally until the structure collapsed. The general response of the structures in terms of dis-
persion and efficiency was examined in relation to both intensity-based assessment along 
with risk-based fragility function development. The sufficiency of each IM with respect 
to ground motion rupture parameters was investigated and the potential bias introduced in 
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some IMs’ characterisation of seismic response was also examined and highlighted. From 
the results of this study, the following points can be noted:

• For intensity-based assessment, examining the dispersion in demand at a given return 
period, PGA and PGV reported largest values, with Sa(T1) showing low dispersion ini-
tially but quickly climbing for higher ones, and AvgSa tended to have a moderately low 
level of dispersion across all intensities suggesting it may be a preferred candidate for 
intensity-based verifications required by building codes when analysing these typolo-
gies;

• For demand-based assessment, examining the dispersion in intensities required to 
exceed a given drift demand, PGA and PGV were again seen to have relatively high 
dispersions, Sa(T1) showed the same initial high efficiency but gradually became 
highly disperse, while AvgSa exhibited a relatively moderate dispersion throughout. 
This suggests that when building intensity-based fragility functions for buildings, as 
is done in regional assessment, the consistent and relatively low dispersion across 
limit states seen with AvgSa would make these fragility functions more accurate;

• Briefly comparing the derivation of fragility functions using both multiple stripe 
analysis (MSA) and incremental dynamic analysis (IDA), it was seen how when 
using PGA and PGV that some discrepancies arose between the two sets, whereas 
for Sa(T1) and AvgSa they tended to coincide quite well for the structures analysed;

• All IMs were generally observed to be sufficient, meaning that results were not 
dependent on ground motion rupture parameters like magnitude or distance. PGA 
and PGV were observed to be sensitive to the level of scaling applied to the ground 
motions when utilising MSA, whereas all IM results showed some dependence to 
scaling when utilising IDA;

• Examining the results for potential bias due to other ground motion IM parameters 
showed that when using PGA and PGV, the results tended to show a dependence on 
all other parameters investigated;

• Structural response when using Sa(T1) as the IM were shown to depend on the veloc-
ity-based parameters of the ground motion records used for the typologies examined. 
This supports previous findings regarding the large dispersion in response of infilled 
RC frames, which was further investigated here and attributed to the biasing effect 
of the velocity-based characteristics of ground motions used;

• Similar analysis of the structural response when using AvgSa as an IM showed no 
such dependence as in the case of Sa(T1), giving it a more consistent response pre-
diction with reasonable dispersion and insensitivity to other ground motion param-
eters found to be problematic for the other IMs examined here.

Overall, this study has shown that classic IMs like PGA and PGV to possess a num-
ber of issues when used as part of intensity or risk-oriented assessments of non-ductile 
infilled RC frames. The pitfalls and reasons for undesirable high levels of dispersion 
when predicting structural response via Sa(T1) was scrutinised and found to possess sev-
eral notable, although not insurmountable, snags. The relatively new addition to seismic 
risk assessment, AvgSa, was seen to indirectly dampen many of these issues without 
much extra effort. Hence, the choice in these situations remains whether to maintain and 
adjust the classic IM of Sa(T1) for non-ductile infilled RC frames or whether it would be 
better to utilise a more promising alternative in AvgSa.
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