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This paper proposes methodological developments for quantifying the impact of residual axial shortening of first-13 
story steel columns on earthquake loss estimations in steel moment-resisting frame (MRF) buildings. A new 14 
formulation is proposed that accounts for the likelihood of having to demolish a steel MRF building due to column 15 
residual axial deformations in addition to residual story-drift ratios. The formulation is informed by means of data 16 
from a comprehensive survey conducted worldwide to assess the likelihood of steel column repairability due to 17 
residual axial shortening. A practical method for quantifying column axial-shortening in parametrized system-level 18 
numerical simulations is presented. The proposed approach is illustrated by conducting economic seismic loss 19 
estimations in two case-study steel MRF buildings designed in urban California according to the current seismic design 20 
practice. It is found that when the ground-motion duration is appreciable, the examined steel MRFs are more prone to 21 
column axial-shortening than residual story-drifts at moderate to high seismic intensities. The results suggest that 22 
economic losses due to demolition may be underestimated if column residual axial-shortening is neglected from loss 23 
estimations. Limitations as well as directions for future research are discussed. 24 
 25 
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INTRODUCTION 31 
 32 
Experimental evidence (MacRae et al. 2009; Suzuki and Lignos 2015; Ozkula et al. 2017; Elkady and Lignos 2018a; 33 
Cravero et al. 2019) and field observations from past earthquakes (Saatcioglu et al. 2013; NILIM 2016) suggest that 34 
first-story steel columns in capacity-designed moment-resisting frame (MRF) buildings may experience nonlinear 35 
geometric instabilities at modest lateral drift demands. In turn, these may cause column axial-shortening (Δ ) and 36 
flange distortion (𝛿 ) as illustrated in  37 
Figure 1a for a wide-flange steel column. These instability modes are strongly influenced by the geometric properties 38 
of the steel column along with the cumulative inelastic damage that it experiences during a seismic event (MacRae et 39 
al. 2009; Elkady and Lignos 2018b). Elkady and Lignos (2018a) demonstrated that the evolution of column axial-40 
shortening (and the associated flange distortion) is loading-history dependent (see  41 
Figure 1b). Particularly, lateral loading histories comprising a large number of inelastic cycles (e.g., long-duration 42 
ground motions) could potentially result into an appreciable amount of column residual axial-shortening even at 43 
modest lateral drift demands (e.g., 2% to 3% rad). This issue has raised concerns regarding the steel MRF column 44 
repairability in the aftermath of earthquakes (Cravero et al. 2019). For instance,  45 
Figure 1c shows that at a story-drift of 3%, a W14x61 column subjected to cyclic lateral loading experiences column 46 
axial shortening of 30mm and a flange distortion of 40mm. At the same lateral drift demand, the column’s flexural 47 
strength is reduced to 30% of its maximum strength, Mmax. The 4-axes plot is termed repairability curve as introduced 48 
by Cravero et al. (2019) for a number of column cross-sections and different loading scenarios. Although the emphasis 49 
of the present paper is on steel structures, a similar challenge is manifested in reinforced concrete (RC) MRFs due to 50 
the associated RC beam elongation under cyclic loading (Fenwick and Megget 1993; Henry et al. 2017). From a 51 
governmental and (re-) insurance standpoint, the above challenges potentially have economic and social impacts 52 
(Stevenson et al. 2017). Therefore, such local engineering demand parameters (EDPs) should be prognosticated with 53 
sufficient accuracy. 54 
 55 



While deterioration models that enable explicit quantification of column axial-shortening have evolved (Suzuki and 56 
Lignos 2017; Do and Filippou 2018; Kolwankar et al. 2018), the current state-of-the-art in vulnerability assessment 57 
of structures employs point-hinge deterioration models (e.g., Ibarra et al. 2005). Although these models may efficiently 58 
predict story-based EDPs (Lignos et al. 2011; Lignos et al. 2013) and inform earthquake-induced risk and loss 59 
assessments (Kazantzi and Vamvatsikos 2015), they cannot explicitly appraise local EDPs of interest. As such, the 60 
relationship between column axial shortening, lateral residual deformations and building demolition has not been 61 
properly quantified.  62 
 63 
In a recent study, Suzuki and Lignos (2017) developed a fiber-based model for steel columns that efficiently traces 64 
the residual axial shortening due to local buckling-induced softening. Suzuki and Lignos (2019) used this model in 65 
parametrized nonlinear response-history analyses of more than 80 steel frame buildings with MRFs.  66 
Figure 1d depicts the first-story column residual axial-shortening (Δ ) versus the maximum lateral residual story-67 
drift ratio (RDR) in an 8-story steel MRF, subjected to 40 long-duration seismic records. Chiefly, the first-story column 68 
base experiences appreciable axial shortening without considerable lateral residual deformations along the steel MRF 69 
height. Depending on the amount of Δ , floor tilting may occur (Suzuki 2018), and building demolition may be 70 
inevitable.  71 
 72 

  
(a) (b) 

  
(c) (d)  

 73 
Figure 1. (a) Steel column axial shortening (Elkady and Lignos 2018a); (b) evolution of column axial-74 

shortening and flange distortion [data from Elkady and Lignos (2018a)]; (c) sample reparability curve for a 75 
W14x61 column subjected to cyclic lateral loading [data from Cravero et al. (2019)]; (d) residual column 76 

axial-shortening versus residual story-drift ratio of an 8-story steel MRF under long-duration ground 77 
motions [data from Suzuki and Lignos (2019)]. 78 

 79 
Building-specific loss assessment methodologies underscore the significance of lateral residual deformations in 80 
earthquake-induced loss estimation of frame structures (FEMA 2012; Ramirez and Miranda 2012; Hutt et al. 2016; 81 
Hwang and Lignos 2017a, b). Prior studies have investigated the sensitivity of loss computations on the selected 82 
intensity measures (Kohrangi et al. 2016) as well as the employed nonlinear modeling assumptions of the respective 83 
frame structures (Hwang and Lignos 2017a, b). To the best of the authors’ knowledge, none of the available building-84 
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specific loss estimation methodologies properly considers local EDPs (e.g., column axial shortening) that could 85 
ultimately result into building demolition. 86 
 87 
This paper proposes a methodology to properly account for local EDPs that could adjudge a building irreparable 88 
regardless of the respective residual story-drifts in the aftermath of earthquakes; thus, demolition may be necessary. 89 
Although the emphasis is on steel MRF buildings, the methodology is generally applicable to other structural systems 90 
conditioned that appropriate data and component fragility functions are made available. Statistical results are presented 91 
based on a survey that was conducted to comprehend when a steel column within a steel MRF may be deemed 92 
irreparable. A practical way to estimate column residual axial-shortening is demonstrated. Finally, using two case-93 
study steel buildings designed to current practice, it is shown that when column residual axial-shortening is disregarded 94 
from building-specific loss estimations, demolition losses may be appreciably underestimated at given seismic 95 
intensities of interest to the profession. 96 
 97 
PROPOSED BUILDING-SPECIFIC LOSS ESTIMATION METHODOLOGY 98 
 99 
Under a given seismic intensity, a building can experience “Collapse” (C) due to increasing lateral drift demands. In 100 
the case of no-collapse (NC), “Demolition” (D) may be imperative due to large residual deformations that render a 101 
building irreparable. In the case of no-collapse and no-demolition (ND), “Repairs” (R) may be necessary due to 102 
structural and non-structural component damage. The above three events are mutually exclusive and collectively 103 
exhaustive. In turn, the total expected monetary losses arising from these events, conditioned on a given intensity 104 
measure (IM), 𝐸[L |IM], may be quantified based on Eq. (1) (Krawinkler and Miranda 2004; Aslani and Miranda 105 
2005; Ramirez and Miranda 2012): 106 
 107 
𝐸[𝐿 |𝐼𝑀] = 𝐸[𝐿 |𝐶] ∙ 𝑃(𝐶|𝐼𝑀) + 𝐸[𝐿 |𝑁𝐶 ∩ 𝐷] ∙ 𝑃(𝐷|𝑁𝐶, 𝐼𝑀) ∙ 𝑃(𝑁𝐶|𝐼𝑀) + 𝐸[𝐿 |𝑁𝐶 ∩ 𝑅, 𝐼𝑀] ∙108 
𝑃(𝑅|𝑁𝐶, 𝐼𝑀) ∙ 𝑃(𝑁𝐶|𝐼𝑀) (1) 109 
 110 
in which, 𝐸[L |C] is the expected loss due to collapse; 𝐸[L |NC ∩ 𝐷] is the expected loss due to demolition when 111 
collapse did not occur; and 𝐸[L |NC ∩ 𝑅] is the expected loss due to repairs when collapse did not occur; 𝑃(C|IM) 112 
and 𝑃(NC|IM) are the probabilities of collapse and no-collapse, respectively at a given IM; 𝑃(𝐷|𝑁𝐶, IM) and 113 
𝑃(𝑅|𝑁𝐶, IM) are the probabilities of demolition and repair, respectively, given no collapse at a given IM. In general 114 
terms, the probability of building demolition given no-collapse at a given IM, 𝑃(D|NC, IM), is quantified by integrating 115 
the demolition fragility function, 𝑃(D|𝐸𝐷𝑃), over the probability density function of the controlling EDP, 116 
𝑃(𝐸𝐷𝑃|𝑁𝐶, IM). Losses due to demolition, 𝐸[L |IM], are then calculated as the product of the probability of 117 
demolition times the cost of demolishing and constructing a new building; simply noted herein as “Cost”. FEMA- 118 
P58 (FEMA 2012) evaluates losses due to demolition by only considering the RDR as expressed in Equation (2). 119 
Hence, the demolition fragility function, 𝑃(D|𝑅𝐷𝑅), is univariate. Let us assume that this is a lognormal cumulative 120 
distribution function (CDF) with a median, 𝜇 , representing the limiting value that prompts demolition and a 121 
standard deviation, 𝜎 , representing the uncertainty in this limiting value.  122 
Figure 2 shows a univariate demolition fragility function based on typical a mean and standard deviation reported in 123 
Ramirez and Miranda (2012). 124 
 125 
𝑃(𝐷|𝑁𝐶, 𝐼𝑀) = ∫ 𝑃(𝐷|𝑅𝐷𝑅) 𝑑𝑃(𝑅𝐷𝑅|𝑁𝐶, 𝐼𝑀) (2) 126 
 127 

 128 



 129 
Figure 2. Typical univariate demolition fragility as a function of RDR. 130 

 131 
Equation (2) does not depict the influence of column residual axial-shortening (Δ ) on the potential losses due to 132 
building demolition. Thus, Equation (3) is proposed for this purpose, in which, 𝑃(𝑅𝐷𝑅, Δ |𝑁𝐶, 𝐼𝑀) is the 133 
probability of experiencing a certain RDR and Δ  levels in a building that has not collapsed at a given IM, and 134 
P(D|𝑅𝐷𝑅, Δ ) is the bivariate demolition fragility function; that is the probability of having to demolish the 135 
building conditioned on RDR and Δ . 136 
 137 
𝑃(𝐷|𝑁𝐶, 𝐼𝑀) = ∫ ∫ 𝑃(𝐷|𝑅𝐷𝑅, ∆ ) ∙ 𝑑𝑃(𝑅𝐷𝑅, ∆ |𝑁𝐶, 𝐼𝑀) (3) 138 
 139 
To develop this bivariate demolition CDF, let us assume that the joint probability density function, 𝑓(D|𝑅𝐷𝑅, Δ ) 140 
in Equation (4) is lognormal. This hypothesis is evaluated later on. In this case, 𝜇  and 𝜇  are the central 141 
tendencies (median) of the lognormally distributed variables RDR and Δ  (representing the limits for prompting 142 
demolition), respectively; 𝜎  and 𝜎  are the standard deviations of the normally distributed variables ln𝑅𝐷𝑅 143 
and lnΔ , respectively; 𝜌 is the population product-moment correlation coefficient of ln𝑅𝐷𝑅 and lnΔ . A 144 
sample bivariate demolition PDF with arbitrary parameters is shown in  145 
Figure 3a. 146 
 147 
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 151 
The bivariate CDF for demolition can then be obtained by integrating the PDF. This integration is not analytically 152 
attainable (Yue 2002); thus, it is numerically achieved. In particular, the cumulative probability of demolition, under 153 
a given pair of EDP values (𝑅𝐷𝑅  and Δ , ), is deduced by integrating under the PDF surface as illustrated in  154 
Figure 3b. The deduced bivariate demolition CDF is shown in  155 
Figure 3c. In this figure, it is worth highlighting that when Δ  is zero, the demolition fragility function reverts to 156 
the univariate function of RDR shown earlier in  157 
Figure 2. The same holds true with respect to Δ  when RDR is zero. 158 
 159 

 
(a) bivariate PDF surface (b) bivariate PDF contours (c) bivariate CDF surface 

 160 
Figure 3. Bivariate demolition fragility function. 161 

 162 
To evaluate Equations (3) and (4), multiple parameters should be computed. These include the population parameters 163 
of the individual univariate demolition fragility functions; that is 𝜇 , 𝜇 , 𝜎  and  𝜎 , in addition to 164 
the correlation coefficient, 𝜌. These are deduced herein based on a conducted international survey, as discussed in the 165 
following section. Moreover, the same population parameters need to be deduced for the RDR and Δ  values 166 
representing the engineering demand at a given IM. These story-based and local EDPs can be quantified by means of 167 
system-level nonlinear response-history analyses as discussed in the subsequent sections. 168 
 169 



Population Parameters of the Bivariate Demolition Fragility Function 170 
 171 
The population parameters of the individual demolition fragility functions, 𝑃(D|𝑅𝐷𝑅) and 𝑃(D|Δ ), depend on 172 
the building’s use/lateral load system typology/material, regional practices as well as engineering judgment. In 173 
essence, these parameters represent the RDR and Δ  limits that dictate whether it is sensible and economically 174 
efficient to repair a building in the aftermath of an earthquake. Prior studies (Iwata et al. 2006; McCormick et al. 2008; 175 
Ramirez and Miranda 2012) indicate that a limiting 𝜇  value suggesting demolition, may range from 0.5% to 1.5%. 176 
These values are typically associated with a standard deviation, 𝜎  of 0.30. On the other hand, the dependency of 177 
building demolition on the column axial-shortening has never been scrutinized. For this reason, the authors conducted 178 
an international survey (Güell et al. 2018) to quantify rational Δ  limits that may prompt demolition in steel frame 179 
buildings (i.e., irreparable column damage due to cross-sectional local buckling) in conjunction with RDR. The 180 
surveyed individuals were provided with “repairability curves” that combine in a single plot the column axial 181 
shortening and flange distortion deformation amplitudes along with the column’s residual flexural capacity as a 182 
function of story-drift demands (Cravero et al. 2019). The statistics from the collected survey responses are 183 
summarized in  184 
Figure 4.  185 
 186 

 187 
 188 

Figure 4. Summary of the conducted survey’s responses on the 𝚫𝒂𝒙𝒊𝒂𝒍 limit for demolition. 189 
 190 
In brief, the survey comprises 33 responses from leading engineering practitioners and academics in America, Europe, 191 
Asia and the South Pacific. The reported Δ  limit ranged from 5mm to 75mm. This variation was lognormally 192 
distributed, based on a standard K-S test (Kolmogorov 1933; Smirnov 1939) at a 5% significance level, with a central 193 
tendency, 𝜇  =15mm. This central tendency is further categorized by region. In particular, responses from Japan 194 
and New Zealand were the most conservative indicating a median Δ  of 10mm and a standard deviation, 𝜎 , 195 
of 0.69. On the other hand, responses from North America revealed a median of 24mm and a standard deviation of 196 
0.45. The univariate fragility functions for Δ , based on the deduced fragility parameters per region, are plotted in 197 
Figure 5a. To the best of the author’s knowledge, this data is considered to be unique. 198 
 199 
The respondents were also asked for the RDR limit that prompts demolition. The reported values are summarized in 200 
Figure 4 as well as the correlation coefficient between the natural logarithm of the reported RDR and Δ  demolition 201 
limits, noted as 𝜌 . In summary, responses from North America, Europe, Japan and New Zealand had median RDR 202 
values, 𝜇 , of 1.10%, 0.96% and 0.58%, respectively. These responses suggest that in high seismicity countries 203 
(i.e., Japan and New Zealand) more conservative residual deformation limits may be expected. The univariate fragility 204 
functions for 𝑅𝐷𝑅, based on the deduced fragility parameters per region, are plotted in Figure 5b.  205 
 206 



   
(a) (b) 

Figure 5. Univariate demolition fragilities as a function of 𝚫𝒂𝒙𝒊𝒂𝒍 based on the conducted survey. 207 
 208 
Computation of Column Residual Axial Shortening 209 
 210 
The computation of residual story drifts along a building’s height is well established (Ruiz‐García and Miranda 2006; 211 
Hwang and Lignos 2018). However, the computation of column axial-shortening is not trivial. It typically requires the 212 
use of high-fidelity nonlinear building models that explicitly capture buckling-induced softening in steel columns 213 
under cyclic loading. These could either be continuum finite-element models (Elkady and Lignos 2018b; Wu et al. 214 
2018) or fiber-based models with effective stress-strain formulations that trace softening over a buckling length (e.g. 215 
Suzuki and Lignos 2017). Non-local formulations have also been proposed (Kolwankar et al. 2018) to tackle the issue 216 
of spurious mesh dependency in stress-strain formulations with softening (Pijaudier‐Cabot and Bažant 1987). 217 
Alternatively, empirical formulations can facilitate the computation of ∆  of a steel column (MacRae et al. 2009; 218 
Elkady and Lignos 2018b). These formulations rely on geometric parameters and column plastic-rotation demands, 219 
thereby still allowing the use of phenomenological models in large-scale parametrized nonlinear simulations. Equation 220 
(5) provides such an expression as proposed by Elkady and Lignos (2018b).  221 
 222 

∆  [𝑚𝑚] = 13.62 ∑ 𝜃 .
.

1 −
.

, (R2=0.873) (5) 223 

 224 
The formulation depends on the cumulative plastic rotation (Σ𝜃 ) a column experiences for a given loading history, 225 
the column web slenderness ratio (ℎ/𝑡 ; where ℎ is the web depth and 𝑡  is the web thickness) and the applied 226 
gravity—induced axial load ratio (𝑃 /𝑃 ; where 𝑃  is the gravity-induced axial load and 𝑃  is the column’s axial yield 227 
strength).  228 
Figure 6a shows the predicted ∆  for a steel column experiment conducted by the first and third author in prior 229 
work (Elkady and Lignos 2018a). 230 
 231 
Alternatively, fragility functions for steel columns may be used where column axial-shortening damage states (DSi) 232 
are expressed as a function of a given EDP.  233 
Figure 6b shows such an example (Elkady et al. 2018a). However, it should be noted that these functions do not 234 
consider the influence of cumulative damage on the respective ∆ , which is strongly dependent to the ground 235 
motion characteristics. 236 

 237 
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 238 
Figure 6. (a) Comparison of predicted and measured column axial-shortening; (b) Sample fragility functions 239 

for column axial-shortening damage states [𝒉/𝒕𝒘=35 and 𝑷𝒈/𝑷𝒚=0.25] (Elkady et al. 2018a) 240 
 241 

Computation of Correlation Between the EDPs 242 
 243 
The population product-moment correlation coefficient (Pearson coefficient) between the natural logartithmic values 244 
of the lateral residual drift demands and the column residual axial shortening (i.e., global and local EDPs of interest), 245 
noted as 𝜌 , can be simply computed based on the available building simulation data through comprehensive 246 
nonlinear response history analyses. A detailed discussion of these computations is provided in the subsequent section 247 
based on the analyzed case-study buildings. 248 
 249 
CASE STUDY BUILDINGS AND NONLINEAR MODELS 250 
 251 
In this section, the potential implications of considering column residual axial-shortening in building-specific loss 252 
estimations is investigated. Two case-study buildings are used for this purpose. These buildings, which represent the 253 
current design practice in North America, have a rectangular plan view shown in  254 
Figure 7. They are designed with perimeter special moment frames (SMFs) according to ANSI/AISC 341-10 (AISC 255 
2010) and ASCE/SEI 7-10 (ASCE 2010) in urban California. Steel columns are idealized as fixed at the ground level. 256 
Design details along with the seismic performance assessment of the buildings can be found in prior studies by the 257 
first and third authors (Elkady and Lignos 2014, 2015). 258 
 259 
Two-dimensional (2D) numerical models of the buildings in the East-West (EW) loading direction are developed in 260 
the OpenSees simulation platform (Mckenna 1997). Point plastic-hinge models are employed to represent the 261 
nonlinear behavior of structural components. The point plastic hinges, which are assigned at pre-defined locations of 262 
anticipated inelasticity, comprise the modified Ibarra-Medina-Krawinkler deterioration model (Ibarra et al. 2005; 263 
Lignos and Krawinkler 2011) for both beams and columns. Deterioration model parameters for steel columns are 264 
computed based on modeling procedures discussed in Lignos et al. (2019). Whereas deterioration parameters of steel 265 
beams are computed with empirical formulations proposed by Lignos and Krawinkler (2011). These have been 266 
adjusted to properly capture the composite action effects (Elkady and Lignos 2014). The gravity framing system is 267 
explicitly considered herein based on the modeling approach discussed in Elkady and Lignos (2015) in lieu of 268 
experimental and numerical findings (Gupta and Krawinkler 2000; Flores et al. 2014; Elkady and Lignos 2015; Del 269 
Carpio Ramos et al. 2019) highlighting the stabilizing effects of the gravity system on the seismic response of steel 270 
buildings. Besides, the gravity framing consideration as part of the 2D building model has direct implications on 271 
earthquake-induced loss computations (Hwang and Lignos 2017a, b). The first-mode period, T1, of the 4- and 8-story 272 
buildings in the EW loading direction is 1.25 and 1.72 sec, respectively, based on standard eigenvalue analysis. 273 
Viscous damping is considered based on the Rayleigh damping model based on the procedure outlined in Zareian and 274 
Medina (2010). Two percent damping ratio (𝜉 = 2%) is assumed at the first and third modes of the case study buildings.  275 
 276 
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 277 
 278 

Figure 7. Plan view and elevation of the analyzed 4-story case study building. 279 
 280 
GROUND MOTION SETS FOR NONLINEAR RESPONSE HISTORY ANALYSES 281 
 282 
Figure 8a shows the design-basis (DBE) and maximum-considered earthquake (MCE) absolute acceleration response 283 
spectra for the building location as per ASCE (2016). At MCE, the first-mode spectral acceleration ordinates of the 4- 284 
and 8–story buildings correspond to 0.90g and 0.55g, respectively. A short- and long-duration ground motion set 285 
(noted henceforth as the SD and LD sets, respectively) are considered. These sets were compiled by Chandramohan 286 
et al. (2016). Each set comprises 73 horizontal record pairs (146 individual records). The two sets are distinguished 287 
by the effective duration, Ds (5%~75%). Records within the LD set have an effective duration larger than 25 seconds. 288 
Each of the LD records has a spectrally-matched SD record; an illustrative comparison is shown in  289 
Figure 8b. Referring to  290 
Figure 8a, the median spectra of the two ground motion sets confirms the above observations. The two ground motion 291 
sets are used herein in comparative nonlinear response-history analyses to isolate and quantify the influence of ground 292 
motion duration on the steel MRF column residual axial-shortening but not to form conclusions on the collapse risk 293 
of the case-study buildings under consideration. It should be noted that in this spectral matching procedure, the SD 294 
records were scaled by factors ranging from 0.34 to 5.0. These scaling factor magnitudes are reasonable, hence, bias 295 
in structural response can be considered as fairly limited (Dávalos and Miranda 2019a, b). 296 
 297 
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 298 
Figure 8. (a) Comparison between DBE and MCE spectra at the design location as per ASCE/SEI 7-16 and 299 
the median spectra of the SD and LD sets; (b) comparison of the elastic response spectra of two spectrally-300 

matched earthquake records.  301 
 302 
NONLINEAR BUILDING SIMULATIONS AND DISCUSSION 303 
 304 
Incremental dynamic analysis (IDA) (Vamvatsikos and Cornell 2002) is conducted by scaling each ground motion 305 
record till it causes structural collapse. Record scaling is done with respect to the 5%-damped average spectral 306 
acceleration, 𝑆𝑎  within a period range of 0.2T1 to 3T1. This IM is suggested in prior related studies (Eads et al. 307 
2015; Kohrangi et al. 2016) in an effort to reduce the influence of the record-to-record variability on the structural 308 
response.  309 
Figure 9 summarizes typical IDA results for the 4-story building under the SD set for a range of EDPs of interest 310 
including the peak story-drift ratio (SDR), the peak absolute floor acceleration (PFA), the residual story-drift ratio 311 
(RDR) and the column residual axial shortening (∆ ). In the same figure, the median, 16th and 84th percentile curves 312 
are superimposed based on counted statistics to get a sense of the record-to-record variability on the EDPs of interest. 313 
Equation (5) is used to compute the expected ∆  in the first-story steel MRF columns due to local buckling. 314 
 315 

  
(a) (b) 

  
(c) (d) 

 316 
Figure 9. IDA curves for the 4-story building subjected to the SD set. 317 
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 318 
Figure 9a indicates that the collapse capacity of the 4-story steel frame building is nearly 1g with a standard deviation 319 
of 0.21. Notably, the record-to-record variability is fairly small due to the IM selection as expected (Eads et al. 2015; 320 
Kohrangi et al. 2016).  321 
Figure 9b depicts the expected saturation of PFA demands once the 4-story building becomes inelastic. However, 322 
damage in acceleration-sensitive non-structural components should still be expected even at low to moderate seismic 323 
intensities (Aslani and Miranda 2005).  324 
Figure 9c shows the progression of RDR with respect to IM. A large variability in RDR values is observed under 325 
different ground-motion records. This observation is consistent with prior studies (Ruiz-García and Miranda 2006; 326 
Hwang and Lignos 2018).  327 
Figure 9d suggests that column axial-shortening is fairly minor under SD records scaled at seismic intensities lesser 328 
than the DBE. However, at higher intensities, first-story columns experience inelastic rotation demands; hence, axial 329 
shortening increases exponentially due to the progression of web local buckling particularly in deep columns (Ozkula 330 
et al. 2017; Elkady and Lignos 2018a). 331 
 332 
The median IDA curves of the 4-story building based on the SD and LD sets are compared in  333 
Figure 10. At spectral ordinates associated with DBE (i.e., 𝑆𝑎 =0.44g) or MCE (𝑆𝑎 =0.67g), differences in 334 
median RDR values are insignificant (less than 10%) between the two ground motion sets. Conversely, the impact of 335 
ground-motion duration on ∆  is evident. In particular, the median ∆  values under the SD set are about five 336 
times smaller than those under the LD set. This is attributed to the ground-motion duration that imposes large 337 
cumulative plastic-rotation demands on the first-story steel MRF columns. 338 
 339 

  
(a) (b) 

 340 
Figure 10. Comparison between median IDA curves for the 4-story building when subjected to the SD and 341 

LD sets. 342 
 343 
Figure 11 depicts the above observations at discrete ground-motion intensities for the EDPs of interest for the two 344 
case-study buildings. The general consensus is that story-based EDPs (SDRs, PFAs, RDRs) are somewhat dependent 345 
on the ground-motion type. Based on Figure 12, buildings subjected to LD records experience about 10% lower SDR 346 
and PFA demands compared to SD records. A stronger effect is observed on RDR where LD records result into 20% 347 
to 45% lower demands compared to SD records. Most importantly, the ground-motion duration has a profound 348 
influence on the residual axial-shortening in first-story columns. Notably, LD records result into four to six times 349 
larger Δ  than that obtained with SD records. This issue is more pronounced in the 4-story building since short-350 
period buildings typically experience a much larger number of inelastic drift cycles compared to long-period ones 351 
(Krawinkler 1996; Suzuki and Lignos 2019). 352 
 353 
The nonlinear response-history analyses results of the examined buildings suggest that while lateral residual 354 
deformations at MCE intensities may be fairly small (≈0.5% rad) under the LD set, column residual axial-shortening 355 
is appreciable (larger than 10mm and up to ~60mm), thereby controlling losses due building demolition (see  356 
Figure 11b, 8-story building subjected to the LD set). Moreover, the influence of inelastic loading excursions during 357 
LD records tends to reduce the collapse capacity, 𝑆𝑎 , of the examined buildings by about 12% compared to 358 
that obtained based on SD records (see  359 
Figure 11b). Prior studies (Raghunandan and Liel 2013; Chandramohan et al. 2016) on the collapse capacity of frame 360 
structures indicated a reduction from 20% to 50% due to ground motion duration. 361 
 362 



(a) 

 (b) 
 363 
Figure 11. Comparison of median EDPs of the 4- and 8-story case study buildings at: (a) DBE; and (b) MCE 364 

seismic intensities for SD and LD sets. 365 
 366 

 367 
Figure 12a shows the correlation coefficient between RDR and ∆  of the 4-story building as a function of the 368 
seismic intensity, 𝑆𝑎 . For a given 𝑆𝑎 , the correlation is calculated between the residual deformation values 369 
deduced from the surviving ground-motion records (i.e., records that did not cause collapse at this seismic intensity). 370 
Based on this figure, the relation between 𝜌  and 𝑆𝑎  follows more-or-less the same trend for both two ground 371 
motion sets. Below the median collapse capacity of the 4-story building, 𝑆𝑎 <1.0g, the correlation between the two 372 
quantities is fairly weak (-0.25< 𝜌  <0.25). This implies that a large RDR does not necessarily imply a large ∆  373 
and vice versa. This supports the argument to consider ∆  in the demolition loss formulation. At intensities higher 374 
than 𝑆𝑎 , the correlation increases. This can be attributed to the fact that at higher seismic intensities both 375 
residual deformation metrics tend to be large and systematically increase with 𝑆𝑎 . Moreover, due to the lesser 376 
number of survival records, the correlation increases. The observed fluctuations in the correlation values (e.g., see the 377 
sudden drop in 𝜌  at 𝑆𝑎 ≈1.5g) is mainly attributed to the sensitivity of the RDR to record-to-record variability 378 
as well as the seismic intensity. While ∆  systematically increases when the seismic intensity increases, RDR may 379 
experience strong fluctuations even within the same record, scaled at different intensities. Looking at two of the 380 
surviving records, scaled at 𝑆𝑎 =1.5g, an increasing trend is observed in ∆  throughout the response history (see  381 
Figure 12c). On the other hand, although both records lead to large SDR demands (i.e., ~10% rad), the measured RDR 382 
values are fairly different; Record 1 yields an RDR of about 5.5% while Record 2 yields a modest RDR value of 0.7%. 383 
This phenomena, observed in Record 2, is often referred to as structural resurrection (Vamvatsikos and Cornell 2002). 384 
In this case, although the building underwent considerable lateral drift demands, the observed RDR is fairly small. 385 
Same observations hold true for the 8-story case-study building but are not shown here due to brevity. 386 
 387 
Following the above discussion, 𝜌 , which is used to construct the joint probability function of the EDPs at a given 388 
IM, is deduced based on the natural logarithmic values of the demand RDR and ∆  values as shown in  389 
Figure 12b. Note that in the logarithmic domain, the fluctuations in the 𝜌  values are somewhat filtered. 390 
Accordingly, curve-fitting may be used to characterize a continuous 𝜌 -IM function for a more practical 391 
implementation in loss computations. 392 
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(c) (d) 
 394 
Figure 12. Pearson correlation coefficient, 𝝆𝑬𝑫𝑷, between the RDR and ∆𝒂𝒙𝒊𝒂𝒍 values in the (a) normal and (b) 395 

logarithmic domains; sample time-histories of (c) ∆𝒂𝒙𝒊𝒂𝒍 and (b) SDR for two surviving ground-motion 396 
records scaled near collapse intensity. 397 

 398 
EXPECTED LOSSES WITH/WITHOUT COLUMN RESIDUAL AXIAL SHORTENING 399 
 400 
To get a sense of the influence of column residual axial-shortening on building earthquake losses, the methodology 401 
proposed in Section 2 is employed. Vis-à-vis the discussion in Section 4, emphasis is placed on the building seismic 402 
responses under the LD set. Two cases are considered as follows: 403 
 404 

 Case 1: the building-specific loss assessment methodology proposed by Ramirez and Miranda (2012) is 405 
employed, which only considers the influence of residual story-drifts on losses due demolition. For the 406 
univariate demolition fragility function; a median residual drift-ratio of 1.1% is considered with a standard 407 
deviation value of 0.25, representing the survey-reported values from North America (see Figure 5b). 408 

 Case 2: the proposed loss assessment methodology outlined in Section 2 is employed; in which, ∆  is 409 
explicitly considered in addition to RDR. The population parameters of the RDR demolition fragility are taken 410 
as in Case 1. The ∆  fragility function is constructed based on the survey responses from North America 411 
(see Figure 4). The correlation coefficient between the natural logarithmic values of the RDR and ∆  412 
limiting values is directly computed based on the survey’s North American data; that is 𝜌 = 0.24. 413 

 414 
The structural and non-structural building components, their assumed damage states and associated repair costs are 415 
similar to those summarized in Hwang and Lignos (2017a). Because FEMA P-58 (FEMA 2012) does not provide 416 
fragility functions for wide-flange steel columns, the ones proposed by Elkady et al. (2018a) are adopted herein. The 417 
assumed total replacement cost for demolition of the 4- and 8-story buildings is 14 and 28 million dollars (M$), 418 
respectively. Building-specific loss assessment for Cases 1 and 2 are conducted with the software EaRL (Elkady et al. 419 
2018b). The discussion herein is facilitated based on detailed results from the 4-story building. 420 
 421 
Figure 13 shows the corresponding vulnerability curves of the 4-story building in terms of normalized expected losses, 422 
𝐸[L|IM], versus 𝑆𝑎  for Cases 1 and 2. These curves are disaggregated into losses due to Collapse, Demolition and 423 
Repair. While  424 
Figure 13a shows that in Case 1 demolition losses due to residual story-drifts become critical at 𝑆𝑎 ≈0.75g,  425 
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Figure 13b suggests that in Case 2 the expected loss due to demolition attains a peak at 𝑆𝑎 ≈0.5g when the column 426 
residual axial-shortening is considered as a potential indicator for building demolition (i.e., Case 2). In turn, this 427 
augments the expected demolition loss since the probability of losses due to structural collapse is nearly zero at 428 
𝑆𝑎 ≈0.5g. 429 
 430 

  
(a) Case 1 (b) Case 2 

 431 
Figure 13. Expected normalized loss versus seismic intensity measure for the 4-story building- results based 432 

on LD set. 433 
 434 

These observations are further exploited in  435 
Figure 14 where losses are visualized at the DBE and MCE seismic intensities for both case-study buildings. In 436 
particular, according to Case 1, the expected losses at the DBE seismic intensity are controlled by repairs in structural 437 
and/or non-structural components for both buildings. Referring to  438 
Figure 14, since first-story steel MRF columns experience local buckling due to the large number of inelastic cycles, 439 
even at modest lateral drift demands, the demolition loss may control if column residual axial-shortening is considered 440 
in the loss computations (i.e., Case 2). The results suggest that demolition losses represent at least 40% of the building 441 
replacement cost at the DBE intensity, regardless of the building height. 442 
 443 
At seismic events with a low probability of occurrence (MCE),  444 
Figure 14 suggests that losses due to demolition could be underestimated by at least 60% if column residual axial-445 
shortening is neglected in the loss computations. This is attributed to the fact that, at MCE, the examined case-study 446 
buildings experience fairly small residual drift-ratios along their height (i.e., less than 0.5%) under the long-duration 447 
ground motion set. 448 
 449 
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 450 

Figure 14. Breakdown of normalized expected losses for the (a) 4-story and (b) 8-story buildings at selected 451 
seismic intensities based on LD set. 452 

 453 
Influence of adopted fragility parameters on losses due to building demolition  454 
 455 
Intuitively, the assumed parameters that define the bivariate fragility function (see Equation 4) due to the residual 456 
story-drift and column axial-shortening have a profound effect on losses due to building demolition. Referring to  457 
Figure 4, these values may be fairly different for (a) the same structure, (b) community-critical structures, and (c) the 458 
design region. The sensitivity of the computed losses due demolition is quantified herein based on variations in the 459 
assumed bivariate demolition fragility function parameters of Eq. (4). Particularly, the demolition loss, normalized by 460 
the total replacement cost (Cost) is quantified for a range of paired 𝜇  and 𝜇∆  values. The standard deviation 461 
parameters and the correlation coefficient are assumed to be constant in such variations. The results are presented in 462 
the form of surface plots as shown in  463 
Figure 15. The points representing the median parameters used in Section 5.2 (i.e., 𝜇 =1.1% rad and 𝜇∆ =24mm) 464 
are superimposed as a reference in the same figure. 465 
 466 
In most cases, and particularly at MCE intensity (see  467 
Figure 15c and d), the variation in demolition loss is not considerable even when more generous (e.g., 𝜇∆  ≥25mm) 468 
fragility parameters are assumed. The modest variation in demolition loss with regards to the assumed fragility 469 
parameters can be inferred by the smooth surface slope. For instance, for the 4-story building, considering a 𝜇∆  470 
value of 50mm, instead of 5mm, results in a 10% reduction in the expected losses due demolition. These observations 471 
are mainly attributed to the large vertical residual deformations measured in those cases (210mm and 57mm in the 4- 472 
and 8-story buildings, respectively). Hence, at such deformation amplitudes, the probability of demolition approaches 473 
unity (see  474 
Figure 3c). 475 
 476 
Contrary to the MCE intensity, when vertical and horizontal residual deformations are relatively small, the demolition 477 
loss can vary significantly based on the assumed fragility parameters. For instance, in the case of the 8-story building 478 
under the DBE intensity (see  479 
Figure 15b), adopting a 𝜇∆  value of 50mm instead of 5mm results in about 80% reduction in the expected 480 
demolition loss. The steep slope of the surface plot in this case also indicates that demolition loss may become 481 
appreciable (more than 50% contribution to total losses) only if the median fragility parameters are 𝜇 ≤0.5% and/or 482 
𝜇∆ ≤15mm. In summary, these simple comparisons further demonstrate the importance of considering the 483 
“Demolition” event loss due to column residual axial shortening. 484 
 485 

DBE intensity MCE intensity



  
(a) 4-story building at DBE intensity (b) 8-story building at DBE intensity 

  
(c) 4-story building at MCE intensity (d) 8-story building at MCE intensity 

 486 
Figure 15. Variation in expected demolition losses with assumed median fragility parameters based on the LD 487 

set. 488 
 489 
LIMITATIONS OF THE PRESENT STUDY AND FUTURE WORK 490 
 491 
Despite the fact that the present work highlights the influence of a key local EDP, namely column residual axial-492 
shortening, that may control decisions associated with building demolition and/or structural repairs in the aftermath 493 
of earthquakes, a number of limitations along with avenues for future work are recognized in this section. In particular, 494 
 495 
 All columns considered herein were assumed to be ideally fixed at the ground level. The inherent flexibility of 496 

exposed or embedded column base connections (Rodas et al. 2017) may significantly influence the column 497 
residual axial-shortening (Inamasu et al. 2019a, b). 498 

 Field observations from past earthquakes (e.g., Clifton et al. 2011; Garini et al. 2015) along with numerical studies 499 
(Olarte et al. 2018) suggest that the inelastic behavior of columns in structures as well as bridge piers could be 500 
considerably affected by soil-structure-interaction, which was neglected in the present study. 501 

 The paper findings suggest that recently proposed structural solutions (Freddi et al. 2017; Latour et al. 2019) may 502 
be further exploited to potentially minimize steel MRF column structural damage due to local buckling. This is 503 
likely to reduce the likelihood of building demolition due to column residual axial-shortening. 504 

 Exploiting the benefits of controlled soil plastification (Anastasopoulos et al. 2010; Gelagoti et al. 2012) in 505 
prospective seismic designs may be an alternative to minimize column residual axial-shortening in steel MRFs. 506 
However, this shall be explored in a probabilistic manner within the Performance-based Earthquake Engineering 507 
framework (Cornell and Krawinkler 2000). 508 

 As a simplification, the population parameters of the univariate demolition fragility function with respect to axial 509 
shortening are deduced in this study by weighting all experts’ judgments, within the same geographical region, 510 
equally. Elaborate approaches, that use different weighing schemes while taking the expert’s background into 511 



account (Jaiswal et al. 2012, Ioannou et al. 2017), can be exploited to deduce representative population 512 
parameters. 513 

 Two, low and mid-rise case study buildings with special steel moment frames were investigated herein to quantify 514 
the column axial shortening and to demonstrate its potential influence on demolition loss estimations. The validity 515 
of the measured levels of axial shortening as well the observed trends and correlations should be further examined 516 
in various building geometries and structural typologies. 517 

 The reported results are based on scaling of two spectrally matched ground-motion record sets up to the DBE and 518 
MCE intensities. Generally, such scaling procedures may result in physically unrealistic ground motions and may 519 
induce bias in structural response (Shome et al. 1998; Luco and Bazzurro 2007). Although the above issues were 520 
considered herein by limiting the magnitude of scaling and by using an efficient/sufficient intensity measure (i.e., 521 
Saavg), further investigations are encouraged using site-specific ground-motion records as well as main shock-522 
after shock scenarios where column axial shortening may be pronounced. 523 

 524 
CONCLUSIONS 525 
 526 
Existing building-specific loss estimation methodologies only consider residual story-drifts (RDR) when quantifying 527 
economic losses associated with building demolition. Experiments and field observations suggest that steel frame 528 
structures may be deemed to be demolished if local buckling-induced residual axial-shortening of first-story steel 529 
columns is appreciable in the aftermath of earthquakes. Parametrized nonlinear response history analyses of steel 530 
moment-resisting frame (MRF) systems subjected to large suites of ground-motion sets suggest that column axial-531 
shortening may be significant even at modest story-drift demands at least when the ground motion duration is 532 
significant. 533 
 534 
This paper presents a new methodology that expands the current state-of-the-art on building specific-loss estimation 535 
(FEMA P-58, FEMA (2012); Ramirez and Miranda (2012)). The methodological developments take into account 536 
important local engineering demand parameters (EDPs), such as column residual axial-shortening, in addition to 537 
residual story-drift demands, to compute the likelihood that a steel frame building should be demolished after a seismic 538 
event. Accordingly, we proposed a bivariate demolition function that combines both aspects controlling demolition, 539 
namely RDR and column residual axial shortening, ∆ . The population parameters of this function were established 540 
by means of a survey, which was conducted worldwide. Methods to compute the column axial shortening in system-541 
level nonlinear response history analyses were also presented. 542 
 543 
Two case-study steel MRF buildings designed according to today’s seismic design practice were examined to exploit 544 
the differences in forced building demolition on vulnerability curves, when column residual axial shortening is 545 
considered in economic loss estimations. The case-study buildings were subjected to a large suite of spectrally-546 
matched short- and long-duration seismic records. While in the former, building demolition is controlled by residual 547 
story-drifts, in the latter both the 4- and 8-story buildings experienced fairly small residual story-drift demands 548 
(RDR<0.5% rad) but considerable column residual axial shortening (∆ >10mm) at modest lateral drift demands. 549 
Hence, conventional building-specific loss estimation methodologies may underestimate the demolition loss by more 550 
than 60% if ∆  is neglected in the loss computations. 551 
 552 
The proposed methodological framework could facilitate the systematic quantification of the influence of the physical 553 
mechanisms of soil-structure-interaction on loss quantification. The benefits of low damage technologies for column 554 
base connections could be further exploited by means of seismic life-cycle analysis. 555 
  556 
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