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ABSTRACT 

 
A ground motion intensity measure (IM) represents the interface between the ground shaking intensity and 

structural response. An ideal IM should be efficient, sufficient and practical. The first aspect, which is the focus 

of this paper, encompasses the choice of an IM that exhibits an adequately low dispersion in structural response 

prediction. The presence of masonry infills in RC frame buildings is well-recognised as a critical aspect that 

significantly modifies the RC frames’ behaviour, especially in old buildings with no seismic design provisions. 

This renders common IMs such as spectral acceleration at the first mode period of structures, Sa(T1), somewhat 

inefficient because of the abrupt changes in stiffness of these structures, and thus of T1, due to a sudden brittle 

break of the infills during shaking. This paper addresses the collapse assessment of gravity load designed (GLD) 

infilled RC frames by exploring different IMs based on single spectral ordinate, Sa(T), or multiple spectral 

accelerations averaged in a period range, AvgSa. As such, a pool of candidate IMs are selected and evaluated to 

address efficient collapse assessment of these buildings. Furthermore, a discussion about the choice of building 

specific and generic IMs for portfolio seismic assessments is provided.  
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1. INTRODUCTION 

 

The seismic assessment of existing reinforced concrete (RC) frames with masonry infills has been the 

focus of much research in recent years. In particular, buildings designed before the introduction of 

adequate design codes in the Mediterranean area, often referred to as gravity load designed (GLD) RC 

frames, have received considerable attention (e.g., Kohrangi et al. 2016; O’Reilly and Sullivan 2017b) 

given their common presence in the existing building stock and high vulnerability. This is owing to the 

fact that these GLD RC frames were designed prior to the introduction of seismic design force 

provisions and whose members were sized for vertical loading only. This was often done with no 

consideration of what are now well-established concepts in seismic design, such as capacity design 

and adequate core confinement in RC members to ensure ductile response. While the structural 

performance of GLD RC frames is well known, some issues relating to the numerical modelling are 

still under development. Recent work (O’Reilly and Sullivan 2017a) has proposed a numerical 

modelling approach for GLD RC frame members with low levels of reinforcement and smooth 

reinforcing bars in addition to beam-column joints with no transverse shear reinforcement and end-

hook anchorage. These details were quite common practice in Italy prior to the 1970s. The modelling 

parameters for the beam-column members and joints were calibrated using experimental test data 

available in the literature. O’Reilly and Sullivan (2017a) have also shown how the proposed approach 

captured the hysteretic behaviour, deformed shape and damage mechanism, whereas more traditional 

modelling techniques were shown not to be representative for any of these.  

The development of improved intensity measures (IMs) for seismic design and assessment of 

structures has been the recently focus of a large body of research. Some of the typical IMs used in 

collapse assessment of existing structures include peak ground acceleration (PGA) and spectral 
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acceleration at the first mode period of structural vibration, Sa(T1). The use of PGA and Sa(T1) is 

certainly not without its drawbacks and limitations. For example, issues such as spectral shape (Baker 

and Cornell 2006; Bojórquez and Iervolino 2011; Eads et al. 2015, 2016), ground motion duration 

(Kazantzi and Vamvatsikos 2015a; Chandramohan et al. 2016), period elongation and influence of 

higher modes (Kazantzi and Vamvatsikos 2015b; Kohrangi et al. 2016; Kohrangi et al. 2017; 

Orumiyehei et al. 2017) have all been noted to be pertinent parameters in response prediction, 

therefore calling the need for application of more advanced and representative IMs. Period elongation, 

among others, is of particular importance for GLD RC frames with masonry infills. This is due to the 

local collapse of infill walls that may result in significant strength degradation and subsequent period 

elongation before the eventual global collapse of the building. This shift in modal properties due to the 

presence of the infill means that an IM anchored to the initial, undamaged period of the frame can be 

rather inappropriate when assessing collapse performance. Among various recently developed 

advanced IMs, average spectral acceleration, AvgSa, (Kohrangi et al. 2017) appears as a prominent 

candidate for the next generation of IMs to use in building seismic assessment. When compared to 

other IMs, AvgSa is a good response predictor (with moderately low dispersion) along the height of 

building structures for both drift and floor acceleration responses, amongst other positive aspects. The 

use of AvgSa for GLD RC frames with masonry infill was initially trialled for a single GLD RC frame 
building by Orumiyehei et al. (2017), who further corroborated some of the qualities of AvgSa initially 

noted by Kohrangi et al. (2017).  

This paper extends and examines application of AvgSa for collapse prediction of GLD RC frames with 

masonry infills. This will be done by trialling a number of IM definitions and evaluating their relative 

performance in collapse prediction. The selected IMs include building-specific IMs that are defined 

using the modal properties of each individual building as well as generic IMs to assess groups of 

buildings as part of a larger portfolio. These IMs are evaluated and compared in the following sections 

for a number of case study frames in order to highlight their pertinent aspects in the assessment of 

GLD RC frames with masonry infill. 

 

2. INTENSITY MEASURES 

 

An IM is the single interface variable that desirably connects seismological and engineering aspects of 

the problem in structural seismic assessment procedures. Seismologists use ground motion prediction 

equations (GMPEs) and probabilistic seismic hazard analysis (PSHA) to evaluate the rate of 

exceedance of an IM at a specific site in a given period of time. In other words, PSHA quantifies the 

intensity of ground motion at different return periods using the IM of interest. Engineers, on the other 

hand, use the IM to examine the subsequent response of structures and to evaluate their seismic 

performances. This characterisation of the interface between seismology and engineering, among other 

reasons, intends to avoid loosely relating the building response to seismological parameters such as 

magnitude and distance. A desirable IM ought to be: 

1. Practical -  IMs for which robust and modern GMPEs are available. 
2. Efficient - structural response should exhibit relatively low variability for the parameters of 

interest. 

3. Sufficient: important record-specific seismological parameters (e.g., magnitude, distance, 
epsilon) are represented without introducing any bias in results. This implies that unless it is 

shown that demands are not influenced by seismological parameters, the results are to be 

considered as site-specific. 

The focus of this study is on the second point above relating to the IM efficiency with respect to the 

collapse assessment of infilled GLD RC frames. For collapse assessment, the efficiency is typically 

represented by the lognormal standard deviation, or dispersion, of the intensity that causes structural 

collapse. The magnitude of this dispersion is related to the efficiency of the adopted IM. Ideally, this 

dispersion should be as low as possible but, as noted by Kazantzi and Vamvatsikos (2015), the 

reduction in dispersion due to a more efficient IM does not necessarily mean more accurate risk 

assessment. This is due to the potential decrease in the predictability of the IM due to an increased 

uncertainty in the GMPE. As such, it is critical to adopt IMs that are reasonably efficient in their 

prediction power of structural behaviour (i.e., low dispersion) but also possess a fair degree of 

practicality. Regarding sufficiency, ground motion scaling and its potential to introduce bias plays a 



 

 

prominent role. In theory, a perfectly sufficient IM would permit the unrestricted scaling of ground 

motion records without introducing any bias into the results, but no such IM exists and, therefore, it is 

desirable to limit scaling. For example, the most widely adopted IM currently, Sa(T1), has been 

criticised for introducing bias into severely non-linear response estimates (Luco and Bazzurro 2007) of 

interest when assessing the collapse of modern structures because it requires large scaling factors. 

Other issues regarding the selection of appropriate IMs relate to the choice of the conditioning period, 

T*, when using spectral acceleration, Sa(T*). Sa(T1) is typically adopted due to its physical meaning 

with respect to modal properties of a structure. However, for collapse assessment, the structure is 

expected to undergo significant period elongation when it approaches collapse. As such, the physical 

meaning of this IM loses relevance and other aspects such as spectral shape become more important. 

Kohrangi et al. (2017) noted that Sa(1.5T1) may be a better choice of IM for collapse assessment 

because this spectral ordinate better correlates with the structural response near collapse. However, 

Sa(1.5T1), is not as efficient as Sa(T1) for response prediction at the linear state of the structure. This 

complexity makes the choice for a good conditioning period (i.e., T*) more difficult. Lin et al. (2013b) 

highlighted the relative insensitivity of risk-based decisions, such as mean annual rate of collapse, on 

the choice of T*. They also note that a relatively poor choice of T* can result in quite inefficient 

response prediction. To address the need to provide reasonably efficient predictions across the entire 
range of structural response, Kohrangi et al. (2017) proposed the use of AvgSa as a good comprise. 

AvgSa possesses many positive aspects for structural assessment with respect to other advanced IMs. 

AvgSa is defined as the geometric mean of the spectral accelerations within a user-specified range, as 

follows: 

𝐴𝑣𝑔𝑆𝑎 = [∏ 𝑆𝑎(𝑇i)

n

i=1

]

1/n

for 𝑇i  ∈  [𝑇lower, 𝑇upper] (1) 

Kohrangi et al. (2017) subsequently note that, among other aspects, AvgSa is a more favourable IM 

since a) it is more predictable (i.e., has a lower GMPE dispersion) than any of the Sa’s of which it is 

composed; b) it is a relatively efficient IM across the whole range of structural response; and c) 

requires lower ground motion scaling at collapse levels when compared to other IMs. As such it is a 

good candidate to consider here for the collapse assessment of infilled GLD RC frames since the 

period elongation upon infill collapse can be accounted for, in addition to the reduction in potential 

bias due to lower ground motion scaling factors. The number of periods and range [Tlower, Tupper] to 

consider is based on the user’s choice and can be tailored depending on the requirements of the 

analysis. It was observed how the choice of a period range equally weighted between 0.2T1 and 1.5T1 

is a reasonable choice since it considers the spectral values closer to the higher modes of vibration, as 

well as those in the “inelastic first mode” when the structure approaches collapse.  

 

3. CASE STUDY APPLICATION 

 

3.1 Building typologies and modelling assumptions 

 

In this study, five case study RC frame typologies with 2, 3, 4, 6 and 9 storeys were considered. The 

structures, adopted from a previous study by O’Reilly and Sullivan (2017b), have been designed for 

gravity load only, as specified in Regio Decreto 2229/39 (1939), along with other construction 

conventions common during that time in Italy. The frames were numerically modelled using OpenSees 

(McKenna et al. 2010) adopting the modelling recommendations of O’Reilly and Sullivan (2015, 

2017a). Lumped plasticity elements 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 GLD RC frames. These were modelled using force-based distributed 

plasticity elements with a modified integration scheme to result in the plasticity being concentrated at 

the member ends (Scott and Fenves 2006). 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) for the hysteretic backbone of these struts. Beam-column joints were modelled using a zero-

length hinge at the joint centres to characterise the vulnerability to brittle shear failure as a result of no 

transverse reinforcement in this region. Different combinations of masonry infill were also considered 

in order to investigate relative differences in their performance. Two infill types were considered, 



 

 

termed medium and strong infill, as defined in Hak et al. (2012), and were modelled uniformly 

distributed over the height of the structure. The impacts of infill openings or out-of-plane behaviour 

were not considered here but are also not expected to strongly influence the findings of this study. 

Strength and stiffness degradation of all structural members were modelled via their individual 

element definition alongside the consideration of geometric non-linearity (P-Delta effects) to model 

with sufficient accuracy the collapse of the structures. The first and second modal periods of vibration 

for the case study structures are listed in Table 1. Furthermore, a modal damping model (Chopra and 

McKenna 2015) was adopted by applying a constant 5% of critical damping to all modes of vibration. 

This damping model, when combined with the adopted beam-column formulation outlined above, has 

the benefit of mitigating the introduction of potential errors highlighted by Chopra and McKenna 

(2015). 

Table 1.  Modal properties of case study structures, where the first and second values correspond to the first 

and second modal periods of vibration, T1 and T2, respectively. 

Typology 2 Storey 3 Storey 4 Storey 6 Storey 9 Storey 

Bare Frame 0.85s/0.31s 1.22s/0.43s 1.52s/0.52s 1.97s/0.70s 2.72s/0.99s 

Infilled Frame (Medium Masonry) 0.19s/0.08s 0.29s/0.11s 0.35s/0.13s 0.48s/0.18s 0.74s/0.26s 

Infilled Frame (Strong Masonry) 0.15s/0.08s 0.21s/0.08s 0.29s/0.11s 0.41s/0.15s 0.65s/0.23s 

 

3.2 Adopted IMs for collapse assessment 

For the present study, Sa(T1) and AvgSa were adopted as candidate IMs. Sa(T1) is a building-specific 

IM and it corresponds to the spectral acceleration at the first modal period of vibration of the building 

of interest. AvgSa is herein defined by Equation 1 where different upper and lower bounds on the 

period range [Tlower, Tupper] are considered in its definition in order to evaluate the effectiveness of each 

option in response prediction. The choice of period range for AvgSa can be defined differently to 

better suit the response prediction of one or multiple-like buildings (although with varying properties) 

and, therefore, to be either a building-specific or a generic IM. Both definitions were adopted herein 

and the following sections describe the chain of thoughts regarding their characterisations. 

- Building-specific AvgSa 

Kazantzi and Vamvatsikos (2015), followed by Kohrangi et al. (2017), interchangeably used ranges 

of [Tlower, Tupper]=[0.2T1, 1.5T1] or [T2, 1.5T1] for seismic response prediction of modern ductile RC 

frames with no masonry infills. Infilled GLD RC frames, however, are expected to possess a short 

initial period due to the strut action of the infills (see Table 1), followed by a significant period 

elongation due to the infill collapse at low drift levels in the critical storey. The latter is followed by 

a non-ductile RC frame mechanism because of the loss of additional stiffness of the infill. This 

means that the GLD frames’ first modal period primarily (and significantly) lengthens due to the 

infill collapse and is subsequently further lengthened due to actual RC frame damage at higher drift 

demands. The optimum period range for a building-specific AvgSa as an efficient response 

predictor for GLD frames, therefore, requires additional investigation compared to bare frame 

buildings. For each of these case study building examples and based on their static pushover (SPO) 

analyses (O’Reilly and Sullivan 2017b), the critical storey with highest relative displacement was 

identified. To estimate the infilled frames’ period elongation due to infill collapse, T1,CollapsedInfill, 

each infilled frame was temporarily modified by removing the infill element of the pre-identified 

critical storey. T1,CollapsedInfill was therefore assumed to approximately represent the first modal 

period of the infilled frames upon the collapse of the masonry infill. Note that the first modal period 

of the bare frame was not considered as a candidate estimate for T1,CollapsedInfill because this option 

would have assumed that the collapse of all the infills in all storeys occurs before the collapse of 

the then bare frame, which is very likely not the case. Table 2 lists the values of T1,CollapsedInfill 

obtained as a ratio of T1. 

Table 2.  First mode period ratios, T1,CollapsedInfill/T1, for infilled frames where masonry infill struts have been 

removed at the critical storey identified via SPO analysis. 

Typology 2 Storey 3 Storey 4 Storey 6 Storey 9 Storey 

Infilled Frame (Medium Masonry) 3.33 2.68 2.75 1.87 1.56 

Infilled Frame (Strong Masonry) 4.09 3.64 2.53 2.10 1.68 



 

 

 

Examining the T1,CollapsedInfill/T1 ratios for all five cases study buildings suggests that the initial 

periods of the infilled frames are approximately doubled after collapse of the masonry infills at the 

critical storey. Combining this primary source of period elongation with the elongation due to the 

RC frame damage resulted in an upper bound period of Tupper =1.5·(T1,CollapsedInfill)=1.5·(2.0·T1)=3.0. 

In the case of the lower bound period, Tlower, the second mode period was analysed in a similar 

fashion leading to an approximate value of Tlower =1.2·T2. Therefore, a period range of [1.2T2, 

3.0T1] was used as building-specific AvgSa for the GLD infilled frames. Note that, similar to the 

previous studies, a period range of [T2, 1.5T1] was adopted for the bare frames of this study. 

Therefore, a total of 5 structures x 3 variants per building x 2 IM per variant = 30 building-specific 

IMs in terms of Sa(T1) and AvgSa were considered herein. 

- Generic AvgSa 
To investigate the use of AvgSa as an IM for a group of like buildings in a more portfolio-oriented 

assessment, rather than building-specific, a number of generic IMs were also investigated. Three 

varieties were chosen including: (a) height-specific, where the same IM can be used for all 

typologies of the same storey number; (b) typology-specific, where the complete group of bare or 

infilled RC frames can be assessed using the same IM; and lastly, (c) a generic IM that can be used 
for all case study structures considered. The period ranges for these generic IMs were selected 

using the limiting period ranges in each case. For example, the period range of the generic IM used 

for all infilled frames was selected by taking the minimum and maximum value of 1.2T2 and 3.0T1, 

respectively, for all infilled frames. Therefore, a total of 8 generic IMs were considered: 5 storey-

specific IMs for each building height considered, 2 typology-specific IMs for either bare or infilled 

frames (no distinction between weak and strong walls) and 1 IM used for all buildings.  

To summarise, the complete set of 38 building-specific and generic IMs are listed in Table 3. 

Table 3. Complete set of 38 building-specific and generic IMs adopted in this study 

IM type IM name Notation Period range 
Building specific IMs Building Specific- Sa(T1) Sa(T1) - 

Building Specific- AvgSa AvgSa Bare frames: T2 to 1.5T1 

Infilled frames: 1.2T2 to 3T1  

Generic IMs Generic (Storey #) - AvgSa AvgSa Minimum to maximum of AvgSa’s 

period range for all same-height 

buildings 
Generic (Typology) - AvgSa AvgSa Minimum to maximum of AvgSa’s 

period range for all same-typology 

buildings 
Generic - AvgSa AvgSa Minimum to maximum of AvgSa’s 

period range for all buildings 

Note: the periods for the computation of AvgSa have a 0.1s spacing in the corresponding period range 

 

4. HAZARD ANALYSIS AND GROUND MOTION SELECTION 

 

A site on rock (i.e. Vs30 = 800 m/s) at a latitude and longitude of [42.35ο, 13.40ο] was selected in the 

Italian city of L’Aquila. The OpenQuake engine (Monelli et al. 2012), which is an open-source 

software for seismic hazard and risk assessment developed by the Global Earthquake Model (GEM) 

Foundation, was used to perform the seismic hazard computations. The analysis was based on the 

SHARE Project (Woessner et al. 2015) area source model and the GMPE proposed by Boore and 

Atkinson (2008). All the seismic sources within 200km from the considered site were used for the 

PSHA computations. Figure 1 shows one example for the hazard curves and disaggregation analysis 

computed for the 6-storey infilled frame (strong masonry). 



 

 

  
(a) (b) 

Figure 1.  (a) Site hazard curves for the different IMs adopted for the 6-storey infilled frame (strong masonry) 

case study structure, where the AvgSa IM definitions exhibit lower intensities for a fixed value of 

MAFE; (b) Disaggregation analysis for building specific AvgSa corresponding to 2% in 50 years for 

the same structure. 

Multiple stripe analysis (MSA) was performed for 10 return periods corresponding to probabilities of 

exceedance of 70%, 50%, 10%, 5%, 4%, 2%, 1%, 0.6%, 0.2%, 0.1% in 50 years. For each IM level, 

disaggregation analysis was performed in terms of magnitude and distance. Consequently, 30 ground 

motion records were selected from the NGA-West1 database for each IM level and scaled using the 

conditional spectrum (CS) approach to collectively match the entire distribution of the CS for Sa(T1), 

i.e. CS(Sa(T)) and AvgSa, i.e. CS(AvgSa). The original ground motion selection algorithm developed 

for CS(Sa(T)) by Jayaram et al. (2011) and its extended version for CS(AvgSa), by Kohrangi et al. 

(2017), were used. In addition, the selection was based on the ‘approximate’ method of CS (Lin et al. 

2013a) using the mean of the contributing scenarios obtained from disaggregation analysis. Ground 

motion scaling factors were limited to 4.0 during the selection and the Boore and Atkinson (2008) 

GMPE and Baker and Jayaram (Baker and Jayaram 2008) correlation coefficient model were used to 

generate the CS target spectrum. Figure 2 shows an example of the target and selected records based 

on building-specific CS(Sa(T1)) and CS(AvgSa) for the 6-storey infilled frame (strong masonry) at IM 

level 6, corresponding to 2% probability of exceedance in 50 years. 

 

5. ANALYSIS RESULTS 

 

The case study structures were analysed using the ground motion sets selected for each IM variation 

outlined above. Since the aforementioned ground motion selection algorithms produce two orthogonal 

pairs of acceleration time-histories and the case study structures are represented by two-dimensional 

planar models, a simplification was required with regards to which component to apply. To account 
for this, the suggestions of Baker and Cornell (2006b) were followed whereby for each ground motion 

pair, the acceleration history applied to the structure was randomly selected from the two orthogonal 

components. Lastly, since this study focuses on the collapse assessment of GLD RC frame structures, 
a quantitative definition of collapse was needed so as to systematically separate the collapse from the 

non-collapse cases at each IM level. A value of 10% maximum peak storey drift (MPSD) was adopted 

based on the findings of O’Reilly et al. (2018) as the transient drift limit beyond which it can be 

confidently assumed that the structure has indeed collapsed. Note that non-converging runs (with 

transient displacement less than 10%) were also considered as collapse cases. In the following sub-

sections the results obtained from this large response history analysis are described. 
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(a) Conditional Spectrum for Sa(T1) 

 
(b) Conditional Spectrum for AvgSa 

Figure 2.  Selected records and the target CS (i.e., mean +/- 2σ) for 6-storey infilled frame (strong masonry) at 

the 2% in 50 years hazard level for: (a) CS(Sa(T1)) and (b) building-specific CS(AvgSa). Note: 

T1=0.4s and AvgSa is defined in the [0.2s, 1.2s] period range, which are shaded in red in the 

respective plots. 

5.1. Drift demand evaluation 

 

Figure 3 illustrates the MPSD’s median and fractiles at increasing IM return periods of one selected 

structures. For an infilled RC frame, Figure 3 shows how Sa(T1) possesses, as expected, a notably 

lower dispersion compared to the building-specific AvgSa at lower return period ground motions, but 

with increasing return periods, the dispersion – seen through the relative width of the 16% and 84% 

fractiles - tends to increase for Sa(T1) whereas AvgSa is remains more stable. As expected, this 

confirms that Sa(T1) is more efficient at lower return period ground motion IM when the structures 

remain relatively elastic and, therefore, their responses are well correlated to the first-mode properties. 

For increasing return periods, however, AvgSa becomes a more favourable IM.  

 

5.2. Intensity-based collapse assessment 

 

Counting the number of collapses and dividing by the total number of analyses, the probability of 

collapse was computed at each return period stripe. From this discrete distribution of collapse 

probability versus intensity, the median collapse intensity and dispersion due to record-to-record 

variability, assuming a lognormal distribution, were quantified using a log-likelihood method of fitting 

to the truncated data obtained from MSA (Baker 2015). The Kolmogorov-Smirnov (KS) goodness-of-

fit test did not reject the lognormality of the data. Figure 4 shows and compares the fragility curve 
parameters of the case study models based on different IMs of this study. It can be seen how the 

collapse dispersion of the building-specific AvgSa IM is much lower than Sa(T1) for each of the 
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infilled RC frames, whereas they are of similar magnitude for the bare frames. The impact of masonry 

infill presence on the median collapse intensity is also apparent, in addition to the influence of 

increasing building height.  

 

Figure 3.  Analysis results for the 6 storey infilled frame (strong masonry) for the building specific IMs. Note: 

each point corresponds to a single analysis and the intensities with collapses have been marked at the 

limiting value of 10%. 

 

 

Figure 4.  Collapse fragility function parameters for each of the case study structures and IM. Dispersion values 

incorporate record-to-record variability, βRC, only and median collapse intensities have been 

normalised with respect to the 2475-year return period IM value. 

One of the features of the generic AvgSa is that a common IM allows an easy comparison between 

different buildings since it is not tied to any single structure’s properties. For instance, Sa(T1) for the 

bare and infilled frames of the same building example are quite different quantities (see Table 1), 

which renders impossible to compare the fragility curves of the two models. On the other hand, a 

generic AvgSa is relatively sufficient for both models and can be freely used to compare their fragility 

curves. For example, Figure 5(a) compares the collapse fragility of all the buildings in this study using 

the generic AvgSa and some trends are more apparent. For example, the bare frames are the most 

vulnerable to collapse among the different typologies and collapse vulnerability generally increases 

with height for a given typology. This latter aspect is also further illustrated in Figure 5(b)-(d) for the 

typology-based IMs. Furthermore, the results in Figure 5(e)-(i) suggest that while the performance of 2 
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to 6 storey infilled frames is highly improved (i.e., larger collapse capacity) when compared to their 

corresponding bare frame, this improvement is limited for the 9 storey building. This limited impact 

may be attributed to the reduced influence of the infill on the global response since when examining 

Table 2, the period elongation due to the infill collapse at the critical storey tended to decrease with 

increasing storey number, which demonstrates a limited impact on the overall dynamic response.  

These observations highlight how more meaningful comparisons can be made between the different 

structures that are found in a portfolio of buildings via their fragility functions on just one plot by 

using these generic AvgSa-based IMs. Historically, the most commonly used generic IM in portfolio 

loss estimation is PGA since it is not tied to one specific building’s properties and it is defined 

relatively simply. However, the use of PGA is now widely known to be poorly correlated with 

building response when compared with Sa(T), for example (Shome et al. 1998). Therefore, the 

development of the generic AvgSa outlined here is rather beneficial as it takes into account the 

properties of the entire group of structures and maintains a comparable level of efficiency in response 

prediction compared to other building-specific IMs, also illustrated in Figure 3 to Figure 4. 

 

Figure 5.  Collapse fragility functions for each generic IM definition, where (a) shows the generic AvgSa 

definition for all structures; (b) to (d) show the typology-based definition and (e) to (i) illustrate the 

height-based definition. 

5.3. Risk-based collapse assessment 

 

Using the fragility analysis results quantified in Section 5.2 convoluted with the hazard curves shown 

in Figure 1(a), risk-based quantities of seismic performance can also be computed. The simplest of 

these is the mean annual frequency (MAF) of collapse, λcollapse, obtained by integrating the fitted 

collapse fragility with the hazard curve, λ, based on Equation 2: 

𝜆𝑐𝑜𝑙𝑙𝑎𝑝𝑠𝑒 = ∫ 𝑃[𝐶|𝐼𝑀] |
𝑑𝜆

𝑑𝐼𝑀
| 𝑑𝐼𝑀 (2) 

where P[C|IM] represents the probability of collapse for a given IM level. The results obtained for 

λcollapse are plotted in bar charts of Figure 6 for each case study structure. Note that while the effects of 

modelling uncertainty have not been accounted for in this study, these effects are expected to increase 

the current λcollapse values reported herein but they do not affect the overall conclusions of the work. 

The interested reader is referred to the work of O’Reilly and Sullivan (2017) for further details. An 

immediate observation regarding the performance of these structures is that the bare frames tend to 

have much higher rates of collapse than the infilled frames. This result could also be inferred by 

inspecting the results of the generic IMs in Figure 5. Furthermore, the overall magnitude of the λcollapse 

tends to increase with height for the infilled frames, reflecting their increased collapse vulnerability 

that was also observed in Figure 5 for the generic AvgSa used for all structures. 
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With regards to the reduced median collapse intensity for infilled RC frames when using AvgSa seen 

in Figure 4, this may be initially interpreted as an increased collapse vulnerability. However, as 

illustrated in Figure 1, this typically arises due to the lower value of intensity for a fixed MAFE among 

the IMs. Upon integrating these collapse fragilities with their respective hazard curves using Equation 

2, some risk-consistent conclusions can be drawn. In fact, it is seen how the λcollapse tends to be lower 

and more consistent for AvgSa than Sa(T1) for the infilled RC frames. This increased λcollapse is a 

reflection of the additional amplification introduced via the reduced efficiency of Sa(T1) and can be 

seen more clearly when using the closed-form definition outlined in Cornell et al. (2002): 

𝜆 = 𝜆(𝐼𝑀̂) exp(0.5𝑘2𝛽𝑅𝐶
2 ) (3) 

where λ represents the MAFE of a limit state such as collapse, 𝐼𝑀̂ represents the median intensity, k 

represents the slope of the hazard curve in the neighbourhood of 𝐼𝑀̂, and βRC represents the collapse 

fragility dispersion due to the record-to-record variability. From Equation 3, it can be seen that for a 

fixed rate of median intensity, an increased dispersion due to a reduced efficiency of the IM results in 

an overall increase and conservative estimation of λcollapse. The work discussed here illustrates how this 

conservatism may be reduced using more efficient IMs to result in more accurate estimations of 

collapse risk. 

 

Figure 6. Mean annual frequency of collapse, λcollapse, for each of the case study structures and IM. 

6. CONCLUSIONS 

 

This paper discussed the collapse assessment of gravity load designed (GLD) frames with masonry 

infill using different IM definitions. It was seen how by using a more flexible IM definition, i.e. AvgSa, 

both building-specific and generic IMs can be developed to assess the performance of both single and 

groups of buildings. This exercise was carried out with reference to a common IM currently used in 

seismic assessment, Sa(T1), as a reference. Based on the collapse assessment results presented here, 

some observations can be made regarding the use of different IMs when characterising the collapse 

performance of infilled GLD RC frames. These include: 

• The collapse fragility dispersion is generally lower for AvgSa than Sa(T1). While this fact alone 

does not necessarily indicate that AvgSa is a better predictor of collapse than Sa(T1) because the 

variability may have simply been moved elsewhere, Kohrangi et al. (2017) noted how the AvgSa 

GMPE dispersion is in fact lower meaning that the total uncertainty is indeed reduced. 

Furthermore, it was noted that the Sa(T1) dispersion in drift demands was typically lower than 

AvgSa at lower return periods, where the structure would be expected to have limited non-linear 

behaviour, but for higher return periods where extensive damage is expected, AvgSa is a superior 

predictor of infilled GLD RC frame response. 

• It was shown that by using generic definitions of AvgSa, more meaningful and hazard-consistent 

comparisons can be made between groups of structures. This was demonstrated here for all of the 

structures collectively, in addition to further subdivisions based on structural typology and storey 
number. This approach has the benefit of being applicable to large groups of structures typical of a 

regional assessment. The use of AvgSa was shown to maintain a comparable level of response 
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prediction efficiency when compared to the other examined building-specific IMs. This represents 

an improvement compared to other traditional IMs like PGA that are generic enough to be used for 

all structures, but are known to be poorly correlated to structural response of most buildings. 

• When examining the risk-based quantities for each case study structure using the different IMs 

trialled, it was seen how many of the trends previously identified using the generic AvgSa were 

confirmed. It was also noted how the mean annual frequency of collapse, λcollapse, computed using 

Sa(T1) was typically larger than that computed using the different definitions of AvgSa. While it is 

not possible to know the correct value of λcollapse, the relative consistency between the different 

AvgSas implies that it most likely lies in that range. The conservatism of Sa(T1) was attributed to 

the reduced efficiency of the IM in collapse assessment of the GLD RC frames illustrated via its 

larger dispersion. 
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