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Abstract: The seismic performance of tall buildings is increasingly evaluated through the lens of functional 11 

recovery, where nonstructural elements (NSEs) play a pivotal role. Traditional intensity measures (IMs) primarily 12 

focus on structural collapse, typically correlated with the inter-story drift ratio (IDR). However, NSEs like indoor 13 

contents and equipment are more sensitive to peak floor acceleration (PFA) and peak floor velocity (PFV). To 14 

bridge this gap, this study proposes a novel NSE-oriented IM that explicitly accounts for both PFA and PFV 15 

demands. The key parameters of the proposed IM were calibrated through approximately 100000 time-history 16 

analyses on building models with fundamental periods ranging from 1 s to 10 s. Its efficiency and sufficiency 17 

were tested and demonstrated against a 489-meter super-tall building archetype. Results demonstrate that the 18 

proposed IM significantly enhances computational efficiency, requiring only 7 ground motion records to achieve 19 

a stable average response, a 70% reduction compared to the 23 records required by conventional PGA-based 20 

scaling. Finally, the IM was applied to a seismic vulnerability assessment of rocking freestanding indoor contents, 21 

providing a more reliable and efficient tool for the performance-based seismic design of super-tall buildings. 22 

Keywords: engineering demand parameter, nonstructural elements, tall building, peak floor acceleration, peak 23 

floor velocity. 24 

1. INTRODUCTION 25 

With the development of performance-based earthquake engineering (PBEE), seismic design objectives have 26 

gradually shifted from collapse prevention toward enhanced functionality and post-earthquake recovery of 27 

buildings[1][2]. Post-earthquake damage investigations have consistently shown that, even when primary 28 

structural systems remain intact, damage to NSEs may lead to significant economic losses and prolonged 29 

functional disruption[3][4]. In many buildings, NSEs account for a dominant portion of the total construction costs 30 

and seismic losses, and are therefore critical contributors to overall building performance[5]. Recent studies 31 

further indicate that damage to acceleration-sensitive NSEs can substantially reduce the functional reliability of 32 

buildings, highlighting the importance of explicitly considering NSEs performance within the PBEE 33 

framework[6][7]. 34 

Unlike structural components, NSEs do not directly experience ground motion excitations but are subjected 35 

to floor motions transmitted through the structural system[8]. Depending on their governing engineering demand 36 

parameters, NSEs are commonly classified as acceleration-sensitive, velocity-sensitive, or displacement-sensitive 37 

elements. PFA and PFV remain the engineering demand parameters adopted in most loss-assessment practice, 38 

including the FEMA P58 fragility library[2], for contents, equipment, and ceiling systems[9][10][11][12][13]. 39 

Their efficiency is nonetheless being re-examined. For anchored acceleration-sensitive components idealized as 40 
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SDOF oscillators, Banihashemi et al. [7] showed that PFA is adequate only for very short-period components 41 

(typically period lower than 0.1 s). For longer-period or nonlinear components, the floor spectral acceleration at 42 

the component period, or an average of spectral accelerations over a nearby period range, can be more efficient 43 

and sufficient. Consequently, accurate prediction of floor engineering demand parameters, particularly PFA and 44 

PFV, is essential for reliable seismic fragility analysis and loss assessment of NSEs. A recent study has developed 45 

a novel seismic evaluation framework that directly link floor engineering demand parameters to the capacity 46 

thresholds and fragility boundaries of NSEs [14]. However, obtaining accurate engineering demand parameters 47 

under specific seismic hazards remains challenging, as they are strongly influenced by the uncertainty of ground 48 

motions[15].  49 

Ground motion intensity measures (IMs) serve as the critical link between seismic hazard and engineering 50 

demand parameters[16]. Over the past decades, extensive researches have been devoted to the selection and 51 

evaluation of IMs for structural performance assessment, with particular emphasis on collapse-related demands 52 

such as maximum inter-story drift ratio (e.g., [17][18][19]). It has been widely recognized that one major challenge 53 

in IM selection arises from complex nonlinear structural behavior, which leads to period elongation and nonlinear 54 

energy transfer of buildings under strong ground motions[20]. To address these issues, various vector-valued IMs 55 

have been proposed to improve predictive capability (e.g., [21][22][23]). 56 

However, NSEs typically experience damage prior to structural components and are therefore of primary 57 

concern under service-level earthquake (SLE) and design-basis earthquake (DBE). According to the Chinese 58 

design code JGJ3-2010[24], tall buildings are generally expected to remain elastic under DBE level ground 59 

motions, implying that nonlinear structural behavior is not the dominant challenge when assessing NSE seismic 60 

demands. Instead, accurate prediction of floor acceleration and velocity responses, particularly in tall and super-61 

tall buildings, is more strongly needed which are influenced by higher-mode effects[25]. The transformation from 62 

a ground motion IM to floor level demands is uncertain and has been treated in the literature. O'Reilly and 63 

Monteiro [26] developed probabilistic demand-intensity models for cases in which a single log-linear fit cannot 64 

represent the IM-EDP relationship. Muho et al. [27] further related PFA to the deformation of the supporting RC 65 

structure, so that acceleration-sensitive NSEs can be designed consistently with the structural performance target. 66 

These studies mainly quantify a single floor acceleration demand, or a generic demand-intensity relationship. 67 

They do not provide a ground motion IM that is simultaneously efficient for PFA and PFV, which is required when 68 

the NSE inventory includes both acceleration- and velocity-controlled failure modes, as is the case for freestanding 69 

contents. This limitation is more pronounced in super-tall buildings, where higher-mode effects further weaken 70 

conventional IMs as predictors of floor acceleration and velocity [28]. These limitations highlight the need for an 71 

intensity measure capable of effectively characterizing floor acceleration and velocity demands relevant to NSEs. 72 

Motivated by these observations, this study proposes a scalar-type NSE-oriented ground motion intensity 73 

measure that explicitly targets floor acceleration and velocity demands. The key parameters of the proposed IM 74 

are derived from extensive parametric time-history analyses of building models spanning a broad range of 75 

fundamental periods, while the case-study building is used solely for validation and practical demonstration. The 76 

efficiency and sufficiency of the proposed IM are systematically evaluated and compared with commonly used 77 

IMs. Finally, the proposed IM is applied to the seismic vulnerability and loss assessment of indoor contents in a 78 

super-tall building in China, demonstrating its effectiveness in reducing demand dispersion and improving the 79 

reliability of nonstructural seismic performance evaluation. The IM developed in this study is therefore intended 80 

to predict PFA and PFV. These remain the relevant floor engineering demand parameters for the freestanding 81 

rocking contents assessed in Section 5, for which overturning is the governing failure mode. 82 

2. SEISMIC VULNERABILITIES OF NSES IN TALL BUILDINGS 83 
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This section investigates the seismic vulnerabilities of NSEs in tall buildings, with a focus on elements that 84 

do not directly interact with the structural system during earthquakes, such as ceiling systems, freestanding 85 

contents, and equipment. The seismic vulnerability assessment of such NSEs relies on two key aspects: (1) the 86 

characterization of floor acceleration and velocity demands through appropriate ground motion IMs, and (2) the 87 

estimation of NSE damage and loss through suitable fragility and loss models. Accordingly, Section 2.1 introduces 88 

the evaluation criteria for selecting ground motion intensity measures that effectively link seismic hazard to floor-89 

level engineering demand parameters (e.g., PFA and PFV), while Section 2.2 presents the fragility curves and 90 

associated loss ratios adopted for the considered NSEs. 91 

2.1 Evaluation criteria of the ground motion intensity measures  92 

An IM with good predictive capability is considered to be efficient and sufficient, when its efficiency, 93 

sufficiency meet the corresponding requirements[29]. The “cloud analysis” method is widely adopted and 94 

confirmed to be reliable and efficient for the evaluation of IMs, and is thus adopted to evaluate the efficiency and 95 

sufficiency of IMs. Specifically, unscaled ground motion (GM) records are directly used as input for time-history 96 

analyses. Hence, a cloud of data points corresponding to each couple of values, IM-EDP, for the sets of GMs 97 

could be obtained. Subsequently, to evaluate the dispersions of all EDPs, a regression analysis is performed to 98 

these points by assuming an adequate functional form for the regression model relating IM to EDP. The 99 

relationship between IM and EDP can be described as: 100 

𝐸𝐷𝑃 = 𝑎 ∙ 𝐼𝑀𝑏 ∙ (𝜀|𝐼𝑀) (1) 

in which 𝑎  and 𝑏  are regression parameters, and 𝜀|𝐼𝑀  is the random error. The equation above can be 101 

rearranged in a linear regression form in logarithmic space as represented in Eq. (2). 102 

ln(𝐸𝐷𝑃) = ln(𝑎) + 𝑏 ln(𝐼𝑀) + ln(𝜀|𝐼𝑀) (2) 

(1) Efficiency 103 

An IM is considered efficient if it yields a relatively small variability in predicted EDP under a given IM 104 

level. The correlation coefficient ρ between ln(EDP) and ln(IM) can then be obtained by regression analysis of n 105 

discrete data points (EDPi, IMi). This analysis can be performed using the least square method in time-history 106 

analysis. According to Lu et al.[25], 𝜌 ≥ 0.8 implies a good correlation. 107 

(2) Sufficiency 108 

A sufficient IM is one in which the conditional probability distribution of EDP under a given IM is 109 

independent of the other parameters involved in computing the seismic hazard [magnitude (M) and closest rupture 110 

distance (R) are usually considered]. To evaluate the sufficiency of IMs, a linear regression analysis is conducted 111 

between the residuals ln(𝜀|𝐼𝑀)  obtained from Eq. (2) relative to the GM parameters (i.e., M and R). The 112 

sufficiency could be evaluated by calculating the p-value of the regression analysis. Specifically, the p-value tests 113 

the null hypothesis that the variables M and R have no correlation with the dependent one, i.e., ln(𝜀|𝐼𝑀). A lower 114 

p-value (< 0.05) indicates that M (or R) has a strong correlation with ln(𝜀|𝐼𝑀) and the corresponding IM has an 115 

unacceptable sufficiency. An IM with a p-value of no less than 0.05 is considered sufficient[30], at least as long 116 

as its efficiency is not too low, which could inadvertently make a biased IM look as if it is sufficient[31]. 117 

2.2 Fragility curves and loss ratios of the considered NSEs 118 

The seismic fragility of non-structural elements is typically characterized by fragility functions, which 119 

describe the conditional probability of an element exceeding a specific damage state (DS) for a given level of 120 

seismic demand. Assuming the capacity of the component follows a lognormal distribution, the fragility function 121 

is expressed as: 122 
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𝑃[𝐷𝑆 ≥ 𝑑𝑠𝑖|𝐸𝐷𝑃] = Φ [
ln(𝐸𝐷𝑃) − ln(𝑥𝑚,𝑖)

𝛽𝑖

] (3) 

where 𝑃[𝐷𝑆 ≥ 𝑑𝑠𝑖|𝐸𝐷𝑃] denotes the probability that the component reaches or exceeds the ith damage state (𝑑𝑠𝑖) 123 

given a specific engineering demand parameter (EDP), Φ[∙] is the standard normal function, EDP represents the 124 

seismic demand parameter imposed on the NSE (e.g., PFA or PFV), 𝑥𝑚,𝑖 is the median capacity of the element 125 

corresponding to the damage state 𝑑𝑠𝑖 , defined as the EDP level at which there is a 50% probability of damage 126 

occurrence, 𝛽𝑖  is the logarithmic standard deviation (also referred to as dispersion), which accounts for the 127 

uncertainties in capacity, demand, and modeling. 128 

When the damage state and damage index are determined, the structural fragility curve can be easily obtained 129 

from Eq. (3). 130 

The loss ratio LR of the building under a specific ground motion can be described through Eq. (4), where the 131 

𝑃𝑓𝑖  is the probability of failure of the NSEs. 132 

𝐿𝑅 =
∑ 𝐿𝑜𝑠𝑠𝑖

𝑛
𝑖=1

𝑛 ∙ 𝐶𝑜𝑠𝑡
=

∑ 𝑃𝑖 ∙ 𝐶𝑜𝑠𝑡𝑛
𝑖=1

𝑛 ∙ 𝐶𝑜𝑠𝑡
 (4) 

In this study, the loss ratio is estimated based on the expected loss concept by weighting the component 133 

replacement cost with the corresponding failure probability. This simplified loss model is commonly adopted in 134 

nonstructural loss assessment, where detailed damage-state-dependent repair data are often unavailable. Since the 135 

objective of this study is to compare the predictive performance of different intensity measures rather than to 136 

provide an exact monetary loss estimation, the adopted formulation is considered adequate and consistent for 137 

relative evaluation purposes. 138 

3. A NONSTRUCTURAL ELEMENTS-ORIENTED GROUND MOTION INTENSITY MEASURE 139 

3.1 Modified spectra-acceleration based intensity measure 140 

Higher-mode responses in tall buildings are often significant[32], particularly for floor acceleration and 141 

velocity. Lu et al. [25] proposed a spectral-acceleration-based IM [Eq. (5)] that incorporates higher-mode effects 142 

to improve estimates of maximum inter-story drift. This IM is defined as the product of modal spectral 143 

accelerations of the archetype building, with the number of included modes, N [Eq. (6)], as the key parameter. It 144 

is effective for drift-related structural demands and can be scaled to a design spectrum. Floor acceleration and 145 

velocity demands, however, are more sensitive to higher-mode contributions than inter-story drift. Recent fragility 146 

studies of acceleration-sensitive NSEs, including suspended ceilings [33], low-frequency rocking electrical 147 

cabinets [34], and suspended piping systems [35], as well as shake table tests on velocity-sensitive indoor contents 148 

[36], confirm that PFA and PFV remain the relevant EDPs for these components. Whether the original form of 149 

the IM in Eq. (5), with N calibrated to maximum inter-story drift, is equally efficient for PFA and PFV is therefore 150 

examined first. The key parameter N is then modified in the following sections. 151 

𝐼𝑀 = √∏ (𝑆𝑎(𝑇𝑖))
𝑁

𝑖=1

𝑁

 (5) 

𝑁 = {
1,                                       𝑇1 ≤ 1s
0.39𝑇1 + 1.15,   1s ≤ 𝑇1 ≤ 10s

 (6) 

3.2 Parametric numerical model and ground motions  152 

A suite of 154 horizontal bi-directional ground motion records, totaling 308 records, is selected from the 153 

NGA West2 database of the Pacific Earthquake Engineering Research Center[37] based on the following criteria 154 

(according to Wang and Qu[20]): (1) PGA is larger than 40 cm/s2 and PGV is larger than 5 cm/s; (2) The site shear 155 
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wave velocities range from 200 cm/s to 500 cm/s; and (3) The effective period is larger than 6 s. The information 156 

of the PGAs and PGVs of the ground motions are depicted in Figure 1.  157 

 158 

Figure 1. Distribution of properties of the ground motions records. 159 

To evaluate the applicability of the IM across buildings with a wide range of dynamic properties, ten 160 

parametric models with fundamental periods (T1) ranging from 1 s to 10 s are adopted here. Each model was 161 

constructed using the flexural-shear spring formulation proposed by reference [38]. The number of stories was set 162 

to 10 times T1, consistent with the 10~20 times T1 guideline in the Chinese code[39]. All floors were assigned 163 

identical mass and lateral stiffness. The intermediate parameter α0, defined in Eq. (7), is the dimensionless 164 

flexural-to-shear stiffness ratio of the Miranda-Taghavi continuum beam [40], where H is the total height of the 165 

building model, and GA and EI are the shear and flexural rigidities. For a uniform mass and stiffness distribution, 166 

specifying T1, the story mass and α0 determines EI, GA and the period ratio T1/T2 in closed form [40]. That mapping 167 

is not the source of the number 3. The value α0 = 3 was identified from the 489 m Chengdu Super Tower of Section 168 

4, by matching its first two translational periods to the Miranda-Taghavi relation. It was then held fixed in the ten 169 

parametric models while T1 was varied. This value corresponds to a moderately flexural wall-frame pattern. The 170 

parametric study is therefore a period scan at one lateral-system type, not a claim that all buildings with T1, = 1 s 171 

to 10 s share the same α0. 172 

𝛼0 = 𝐻√𝐺𝐴 𝐸𝐼⁄  (7) 

Each model is a flexural-shear spring system [38], not a shear-only beam: story flexural and shear springs 173 

together impose α0. The models remain reduced-order. They are used to scan T1, not as substitutes for member-174 

by-member floor-response analysis. To avoid the suppressing effect of Rayleigh damping on higher-mode 175 

responses[41], the time-history responses of all building models using the modal superposition method under 308 176 

ground motions are calculated. Each mode was assigned a 4% damping ratio, consistent with the ZH building. 177 

For each parametric model, all modes contributing more than 99.5% of the total modal mass are included. In total, 178 

approximately 100000 time-history analyses were performed. The total procedure of the time history analysis of 179 

the parametric models is shown in Figure 2. The flexural-shear models are used here for global floor demands, 180 

namely the PFA and PFV along the height. For these responses the reduced-order idealization remains 181 

representative. The limitation is that uniform story properties cannot capture 3D member detailing, torsion, or 182 

local diaphragm response. 183 
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 184 

Figure 2. Time history analysis of the parametric building models. 185 

3.3 Optimal modes 186 

The efficiency of the spectral-acceleration product in Eq. (5) depends on the number of included modes, N. 187 

For each of the ten parametric buildings, N was varied from 1 to 10, and the correlation coefficient ρ between 188 

ln(IM) and ln(EDP) was computed for the maximum PFA and the maximum PFV. Figure 3(a) shows the average 189 

of these two correlations in the (N, T1) space. Two trends are evident. First, ρ does not increase monotonically 190 

with N. For a given T1, too few modes omit the higher-mode ordinates that control floor acceleration and velocity, 191 

and ρ remains about 0.4 to 0.5. Including modes well beyond the ridge of Figure 3(a) then reduces ρ, because 192 

short- period spectral ordinates that contribute little to the floor peaks enter the product and add scatter. Second, 193 

the ridge shifts toward larger N as T1 increases: the optimal N is about 2 to 3 for T1 = 1 s and about 7 for T1 = 10 194 

s. This is consistent with the increasing contribution of higher modes to PFA and PFV in longer-period buildings. 195 

Along this ridge, ρ remains in a narrow band of approximately 0.6 to 0.8 for all ten models, which justifies a single 196 

N-T1 relation rather than a building-specific N. Figure 3(b) projects the N that maximizes ρ for each T1. A linear 197 

fit gives N = 0.497T1 + 2.0667. The intercept near 2 indicates that even the shortest-period models require more 198 

than the fundamental mode for floor acceleration and velocity, unlike drift-oriented IMs that can be dominated by 199 

T1. Because N must be an integer, Eq. (8) is adopted. The rounded expression follows the fitted line closely and 200 

is used in the remainder of the paper. 201 

𝑁 = ⌊(0.5𝑇1 + 2) + 0.5⌋ (8) 

 202 

Figure 3. Proposed optimal number of modes: (a) ρ-N-T1 correlation, and (b) N-T1 correlation under highest ρ. 203 

The N-T1 relation was then checked on a building that was not used in the fit. A 42-story RC frame-core tube 204 
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building [Figure 4(a)] with T1 = 2.7 s was taken from Xiong et al. [38], where the flexural-shear surrogate [Figure 205 

4(b)] had already been shown to reproduce the global response of a detailed model. The present check uses that 206 

simplified model. Its α0 = 9.7 differs from 3 and it adopts Rayleigh damping model with 5% damping ratio 207 

calculated by the first and third modal frequencies. Under the same 308 records, the optimal N is shown in Figure 208 

4(c) which conforms to proposed Eq. (8). The optimal N of the 42-story building (denoted as 42F) is also added 209 

in Figure 3(b) which also remains close to the N that maximizes the correlation with maximum PFA and PFV. The 210 

empirical relation is therefore not an artefact of the single α0 and damping choice used in Section 3.2. This is still 211 

a reduced-order check; it does not replace member-by-member benchmarking of floor motions. 212 

 213 

Figure 4. Check of proposed Eq. 8 through a 42-story building: (a) schematic diagram of the FE model, (b) 214 

flexural-shear spring model, and (c) the optimal N of the 42-story building. 215 

4 IMPLEMENTATIONS TO THE ARCHETYPE TALL BUILDING 216 

4.1 Archetype information and numerical model 217 

The archetype is the 489 m Chengdu Super Tower, a mega frame- core tube- outrigger building. A YJK model 218 

of this project has been mentioned in the Chinese design literature [42]. The member-by-member three-219 

dimensional model used here was provided by the structural designer and analyzed in YJK [Figure 5(a)], a widely 220 

used software in the building industry in China. Because the model contains proprietary design information, it 221 

cannot be released. The model includes the mega frame, RC core tube, outriggers and belt trusses, floor 222 

diaphragms, and the corresponding story masses. Elastic modulus, section properties and story masses follow the 223 

final design drawings. Geometric nonlinearity and material nonlinearity are not included, which is consistent with 224 

the service- and design- basis assessments in this study. The first ten translational periods of this model are listed 225 

in Table 1. For the subsequent time history analyses, the three-dimensional model is condensed into a flexural-226 

shear spring model [Figure 5(b)] following Xiong et al.[38].  227 

Different from Xiong et al. [38], who assumed that buildings have uniform masses and stiffness along the 228 

height, the mass and stiffness distributions along the height are considered according to Lu et al. [25]. The masses 229 

distribution is a linear curve and the stiffness distribution is a quadratic curve [see Figure 5(c) and (d)]. The first 230 

ten free translational vibration periods and the relative error between the simplified model and the FE model of 231 

Chengdu super tower are compared in Table 1, which exhibit errors under 10% except the third mode. The third 232 

mode only has the modal mass ratio 2.9% of the total mass, thus the main dynamic responses of the FE model can 233 

be represented by the simplified model. 234 

 235 

... ...

(b)(a)

N

ρ
 

0.5

0.6

0.7

0.8

0.9

1

0 2 4 6 8 10

Optimal N

(c)



 

8 

 

 236 

Figure 5. Information of archetype building: (a) FE model, (b) simplified model, (c) mass distribution, and 237 

stiffness distribution along height. 238 

 239 

Table 1. Period comparisons (units: s). 240 

 T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 

FE model 9.94 3.42 1.72 1.36 1.05 0.80 0.61 0.54 0.41 0.35 

Simplified 9.63 3.42 2.22 1.42 1.03 0.79 0.55 0.50 0.43 0.35 

Error -3.1% 0.0% 29.1% 4.4% -1.9% -1.3% -9.8% -7.4% 4.9% 0.0% 

 241 

4.2 Ground motions and the long-period segment of the design spectrum 242 

A total of 36 earthquake ground motion records were selected from the PEER Ground Motion Database. All 243 

records have a PGA larger than 40 cm/s2 and a PGV larger than 5 cm/s. They are categorized into non-pulse-like 244 

and pulse-like suites according to the metric proposed by Baker et al.[43]. Each suite contains 18 records. Figure 245 

6 shows the spectra accelerations of the chosen ground motion records. More details of the ground motion suites 246 

can be referred to Cao et al.[44].  247 

 248 

Figure 6. Acceleration spectra of (a) non-pulse-like and (b) pulse-like ground motions. 249 

The Chinese code GB/T 50011-2010[45] specifies the design spectrum only up to 6 s, whereas the target 250 

supertall building has a fundamental period close to 10 s. To address this, local standards: Shanghai code DG/TJ 251 

08-9-2023[46] and Guangdong code DBJ/T 15-151-2019[47] are referred, which extend the design spectrum to 252 

10 s. As shown in Figure 7, to maintain consistency with GB/T 50011-2010 in the 0~2 s range, long-period 253 

component from the Shanghai code DG/TJ 08-9-2023[46] are adopted. This adopted spectrum is further compared 254 

with the 36 ground motions, as illustrated in Figure 6. 255 
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 256 

Figure 7. Design spectrum at SLE level. (5% damping ratio) 257 

4.3 Comparison with other IMs 258 

To demonstrate the advantage of the proposed spectral acceleration-based IM, several existing scalar IMs are 259 

considered, as listed in Table 2. These include IMs based on peak ground-motion values, IMs accounting for 260 

higher-mode effects, and IMs reflecting the first-mode response. The widely used metrics of efficiency and 261 

sufficiency are employed to evaluate all IMs, as described in previous studies (e.g., [29][48]). 262 

 263 

Table 2. IMs for comparison. 264 

Number Description Definition 

1 Peak ground acceleration 𝑃𝐺𝐴 = 𝑚𝑎𝑥|𝑢̈𝑔(𝑡)| 

2 Peak ground velocity 𝑃𝐺𝑉 = 𝑚𝑎𝑥|𝑢̇𝑔(𝑡)| 

3 Peak ground displacement 𝑃𝐺𝐷 = 𝑚𝑎𝑥|𝑢𝑔(𝑡)| 

4 Peak spectral acceleration 𝑃𝑆𝐴 = 𝑚𝑎𝑥|𝑆a(𝑇)| 

5 Higher modes intensity 1 𝐼𝑀123 = 𝑆a(𝑇1)1 3⁄ 𝑆a(𝑇2)1 3⁄ 𝑆a(𝑇3)1 3⁄  

6 Higher modes intensity 2 𝑆𝑁2 = 𝑆a(𝑇1)0.75𝑆a(𝑇2)0.25 

7 Higher modes intensity 3 𝑆a123 = 0.8𝑆a(𝑇1) + 0.15𝑆a(𝑇2) + 0.05𝑆a(𝑇3) 

8 Higher modes intensity 4 𝑆aH = 𝑆a(𝑇1)𝛼𝑆a(𝑇2)𝛽𝑆a(𝑇3)𝛾,  

𝛼 =
𝑚1

𝑚1 + 𝑚2 + 𝑚3

, 𝛽 =
𝑚2

𝑚1 + 𝑚2 + 𝑚3

, 

𝛾 =
𝑚3

𝑚1 + 𝑚2 + 𝑚3

 

9 Average acceleration spectrum from 

0 s to 5 s 
𝑆a,ave1 = ∫ 𝑆a(𝑇)d𝑇

5

0

5⁄  

10 Effective peak acceleration 1 
𝐸𝑃𝐴 = ∫ 𝑆a(𝑇)d𝑇

2.5

0.1

2.5⁄  

11 Spectral acceleration at 𝑇1 𝑆a(𝑇1) = 𝑆a(𝑇 = 𝑇1) 

12 Spectral velocity at 𝑇1 𝑆v(𝑇1) = 𝑆v(𝑇 = 𝑇1) 

13 Spectral displacement at 𝑇1 𝑆d(𝑇1) = 𝑆d(𝑇 = 𝑇1) 

14 Proposed 𝑆a̅ = √∏ 𝑆a(𝑇𝑖)
𝑁
𝑖=1

𝑁
, 𝑁 = ⌊(0.5𝑇1 + 2) + 0.5⌋ 

15 Average spectral acceleration from 

0.2𝑇1 to 3𝑇1 

𝑆a,ave2 = √∏ 𝑆a(𝑐𝑖𝑇𝑖)
𝑁
𝑖=1

𝑁
, the period ranges from 

0.2𝑇1  to 3𝑇1  with a uniform period spacing of 

0.01 s proposed by Eads et al. [49] 

T (s)

S
a 
(g

)

0.01 0.1 1 10
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 265 

(1) Efficiency 266 

An IM is considered efficient if it produces low variability in predicted EDPs at a given IM level. The 267 

correlation coefficient ρ between ln(EDP) and ln(IM) is obtained via regression analysis of n discrete data point 268 

(EDPi, IMi). As shown in Figure 8, IM2, IM9, and IM14 exhibit high correlation coefficients with both PFAmax 269 

and PFVmax. IM15, the average spectral acceleration of Eads et al. [49] from 0.2T1 to 3T1, is weaker on both 270 

demands (ρ = 0.76 with PFAmax and 0.89 with PFVmax). It is therefore not interchangeable with IM14 on efficiency 271 

grounds. 272 

 273 

Figure 8. Correlation coefficients between PFAmax and PFVmax and IMs. 274 

(2) Sufficiency 275 

Sufficiency is examined in Figures 9 and 10 by regressing the residuals of Eq. (2) on magnitude M and on 276 

ln(R). A p-value below 0.05 is taken as evidence that the residual still depends on that parameter. 277 

For PFAmax, most of the IMs, including IM14, remain above this threshold. The proposed IM is not the 278 

strongest candidate on this demand. Its p-value for M is 0.073, only moderately above 0.05, whereas IM2 and IM9 279 

give much larger p-values. For ln(R), IM14 remains sufficient and is comparable to IM9. IM15 is also above the 280 

threshold for PFAmax. Efficiency on PFA alone would therefore not justify preferring IM14. 281 

The ranking changes for PFVmax. Nearly all spectral and peak-ground IMs have p-values well below 0.05 for 282 

both M and ln(R). IM9, although efficient, is insufficient for PFVmax with respect to ln(R). IM2 (PGV) is sufficient 283 

with respect to M and ln(R). IM15 fails sufficiency for PFVmax with respect to M (p = 0.033). IM14 is jointly 284 

efficient candidate that stays above 0.05 in all four residual tests. 285 
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IM14 is therefore recommended as a compromise: it is jointly efficient for PFA and PFV, and it is an efficient 286 

candidate that does not fail the sufficiency checks adopted in Section 2.1. It is not claimed to be the most sufficient 287 

IM for PFA, and the PFA-M result should be read as only moderately above the threshold. PGV remains 288 

competitive for PFA and PFV, but it is difficult to scale to an acceleration design spectrum[46]. IM15 cannot 289 

replace IM14: it is less efficient for both floor demands and it is insufficient for PFVmax with respect to magnitude. 290 

 291 

Figure 9. Regression of the residuals on M for a given IM. 292 

 293 

Figure 10. Regression of the residuals on lnR for a given IM. 294 

4.4. Advantage of proposed IM in reducing number of ground motion records 295 

A good IM can reduce the number of ground motions required for time history analysis while maintaining a 296 

relative stable average structural response. To quantitatively compare the number of ground motions needed that 297 

enable a converge average response under the same seismic risk, scaled by the proposed IM and conventional 298 

PGA-based IM, repeated random sampling without replacement is performed. Using the maximum PFAmax of the 299 

archetype building under 36 ground motions, with the overall mean PFAmax as the reference, samples were drawn 300 

sequentially for each repetition k. At each sampling step i, the mean relative error was calculated as: 301 

𝐸𝑖
(𝑘)

=
1

𝑖
∑ |

𝑃𝐹𝐴𝑚𝑎𝑥,𝑗

(𝑘)
− 𝑃𝐹𝐴̅̅ ̅̅ ̅̅

m𝑎𝑥

𝑃𝐹𝐴̅̅ ̅̅ ̅̅
m𝑎𝑥,

|
𝑖

𝑗=1
 (9) 

where 𝑃𝐹𝐴𝑚𝑎𝑥,𝑗

(𝑘)
 denotes the jth randomly selected value in the kth repetition. 302 

The ensemble-averaged mean error over 𝑁trial independent repetitions was then obtained as: 303 

𝐸𝑖 =
1

𝑁trial

∑ 𝐸𝑖
(𝑘)

𝑁trial

𝑘=1
 (10) 

Multiple independent sampling repetitions (𝑁trial) were performed to account for the stochastic variability 304 

introduced by the random sampling order. Because each permutation produces a distinct sampling path and mean 305 

error trajectory, a single realization cannot reliably represent convergence. Averaging across trials smooths 306 

random fluctuations and provides a statistically stable estimate of expected convergence. The averaged error curve 307 
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𝐸̅𝑖 quantifies how quickly the sampling mean approaches the true mean as the sample size increases. Convergence 308 

is achieved when 𝐸̅𝑖 < 5%, corresponding to a ±5% tolerance relative to the population mean. Figure 11 shows 309 

both individual trajectories and the ensemble-averaged curve, with dashed lines indicating the ±5% band.  310 

For the archetype building, maximum PFAs under the 36 ground motions were randomly sampled 311 

sequentially, and the average was compared to the overall mean. To reduce randomness, 100 repetitions were 312 

conducted. As shown in Figure 11, the average PFAmax error falls below 5% with only 7 records scaled using the 313 

proposed IM, compared to 23 records when scaled by PGA. This demonstrates that the proposed IM can 314 

substantially reduce the number of ground motions required for time-history analysis while maintaining stable 315 

average responses. 316 

 317 

Figure 11. The number of input records comparison. 318 

4.5 Engineering demand parameters of the archetype building  319 

Figures 12 and 13 show the average PFAs and PFVs of the archetype building under earthquakes scaled 320 

according to the proposed IM at the service-level earthquake (SLE). For comparison, conventional PGA-based 321 

scaling is also shown. While the average maximum PFA and PFV values are similar for both scaling methods 322 

reaching 1.2 m/s² and 0.4 m/s at the top floor under SLE, the standard deviations of PGA-scaled PFA and PFV 323 

are larger at higher floors. Notably, both the Chinese code GB/T 50011-2010[45] and the American code ASCE 324 

7-22[50] underestimate PFAmax, as illustrated in Figure 12. 325 

 326 

 327 

Figure 12. PFA of the archetype under (a) PGA-based scaling, and (b) IM14-based scaling. 328 
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 330 

Figure 13. PFV of the archetype under (a) PGA-based scaling, and (b) IM14-based scaling. 331 

5. SEISMIC VULNERABILITIES OF INDOOR CONTENTS IN THE ARCHETYPE BUILDING 332 

5.1 Distribution and Fragility models of indoor contents 333 

NSEs in a building have conventionally been classified by the engineering demand parameters to be 334 

acceleration-, drift-, and velocity-sensitive. This paper focus on freestanding contents in buildings for which 335 

overturning is the only mode of failure. A content is idealized as a rigid rectangular block of height H, breadth B, 336 

and the semi-diagonal length is denoted as R [Figure 14(a)]. Housner[51] first derived the dynamics of rocking 337 

blocks and arrived at a critical spectral velocity for a block to have approximately a 50% probability of being 338 

overturned (Eq. 11). 339 

𝑆v =
2

√3
𝛼√g𝑅 (11) 

where α is the angle between the line R and the vertical [Figure 14(a)] and g=9.8 m/s2 is the gravitational 340 

acceleration. 341 

 342 

Figure 14. Rocking-dominated freestanding contents in building: (a) individual content, and (b) distribution of 343 

geometric parameters [54] of contents. 344 

To implement the overturning risk of contents to the probabilistic framework of loss assessment of buildings, 345 

FEMA P-58[2] recommended a PFV-based fragility function for the overturning of unanchored components 346 

assuming a lognormal distribution for the probability of overturning. The median PFV for overturning denoted as 347 

PFVm is given in Eq. 11, and the dispersion of β=0.5 was recommended.  348 

These β values represent capacity and modeling uncertainty and are held constant for all ground motions. 349 
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They are distinct from the record-to-record scatter of loss ratios in Figure 14, which is caused by the variability 350 

of floor PFA and PFV after scaling. The FEMA value is larger than the Petrone residuals because it includes 351 

epistemic uncertainties that the numerical rigid block analyses do not. 352 

𝑃𝐹𝑉m =
𝑆𝑎Og

2𝜋𝑓r[2.31 − 0.41 ln 𝛽r]
 (12) 

where SaO is the horizontal spectral acceleration to tip the block to the critical angle α; fr and βr are the effective 353 

rocking frequency and damping ratio, respectively. All these three parameters are expressed as functions of the 354 

geometric dimensions B and H of the block. 355 

Under the same probabilistic framework of loss assessment, Petrone et al.[11] proposed to apply different 356 

fragility functions for the overturning of blocks of different sizes based on detailed finite element simulation 357 

results. In particular, they recommended a PFA-based fragility function for small blocks with R<1m and a PFV-358 

based fragility function for blocks with R>2m. The medians of the two fragility functions, PFAm and PFVm, are 359 

given in Eqs.13 and 14, respectively. The recommended dispersion is β=0.084 for the PFA-based fragility function 360 

and is β=0.351 for the PFV-based one. Di Sarno et al.[52] further confirmed by shake table tests on hospital 361 

cabinets that PFV was an effective intensity measure even for a block of a slightly smaller than 1m semi diagonal 362 

length R. Petrone et al. calibrated these fragilities to ground motion inputs rather than to building filtered floor 363 

motions. D'Angela et al. [53] showed that the filtering action of the supporting building should be considered 364 

when unanchored contents are assessed under floor motions. In this study the demand is taken as the PFA and 365 

PFV of the archetype from time history analysis, while the Petrone/FEMA functions are retained as peak-based 366 

capacity models; the overturning capacity itself is not re-calibrated to floor motion waveforms. 367 

𝑃𝐹𝐴m = 1.23g tan 𝛼 (13) 

𝑃𝐹𝑉m = 0.52 ∙
2

√3
√g𝑅 tan 𝛼 = 0.6√g𝑅 tan 𝛼 (14) 

The overturning probability of each content is evaluated with a single lognormal fragility, with the EDP and 368 

dispersion assigned by size. For small objects (R < 1 m), a PFA-based fragility is used, with the median PFAm of 369 

Petrone et al. and β = 0.084, which is the residual dispersion of their rigid block analyses. For large objects (R > 370 

2 m), a PFV-based fragility is used, with the median PFVm of Petrone et al. and β = 0.351. For the intermediate 371 

range (1 m ≤ R ≤ 2 m), where Petrone et al. did not recommend a unique EDP, the FEMA P58 PFV-based 372 

fragility is adopted, with the median of Eq. (12) and the default total dispersion β = 0.5 recommended for 373 

unanchored contents without component-specific test data.  374 

In this study, the top floor of both the super-tall building is populated by the same set of contents of various 375 

geometric parameters. In the set of contents, the parameter of each content is randomly sampled within a 376 

prescribed region of B and H/B. Both the two regions suggested by Wada et al.[54] for common office space were 377 

adopted and two samples, A1 and A2, were generated separately by the Monte Carlo method [Fig. 14(b)]. The 378 

semi-breadth of the contents varies from 15 cm to 50 cm and from 20cm to 40cm in Regions A1 and A2, 379 

respectively. The height-to-breadth ratio varies from 1 to 9 and from 2 to 4 in Regions A1 and A2, respectively. 380 

While Region A2 is a subset of Region A1, both regions are represented by an irregular hexagon in the B-H/B 381 

coordinates, where both large and slender objects and small and stout ones are absent. As a result of random 382 

sampling, a total of 230 contents were generated within Region A1 and 100 contents in Region A2. The semi-383 

diagonal length varies from 36.9 cm to 207.6 cm in Sample A1 and from 65.9 cm to 127.4 cm in Sample A2. 384 

5.2 Loss ratios 385 

The loss ratios of the rocking contents are shown in Figure 15. The purpose of Figure 15 is not only to 386 

compare three box plots, but to show how the choice of scaling IM propagates into a design quantity, namely the 387 
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loss ratio of freestanding contents. PGA is retained because it is the IM prescribed by the Chinese code for time-388 

history analysis at SLE, DBE and MCE. IM15 is added as a collapse-oriented average spectral acceleration (Eads 389 

et al. [49]). The proposed IM is the NSE-oriented scalar measure developed in this study. 390 

Two observations are robust across both inventories and all three hazard levels. First, PGA-scaling yields the 391 

lowest median loss and the largest dispersion. The underestimation is most pronounced at DBE (9.0% versus 16.2% 392 

for Sample A1; 1.8% versus 3.9% for Sample A2). Because NSEs typically fail while the primary structure of a 393 

tall building remains elastic, a PGA-matched suite can therefore give an unconservative picture of functional 394 

recovery risk. Second, IM15 yields the highest median loss at every intensity. An IM calibrated to structural 395 

collapse and drift is not interchangeable with an IM calibrated to PFA and PFV; matching IM15 overstates the 396 

overturning loss of contents. The proposed IM lies between these two bounds and reduces the record-to-record 397 

scatter relative to PGA. 398 

The ranking of the three IMs is the same for Samples A1 and A2, which differ in geometries. The implication 399 

that can be generalized from this case study is therefore qualitative: for rocking contents in a tall building, the 400 

scaling IM should be chosen for floor acceleration and velocity, not for PGA or for a collapse-oriented spectrum. 401 

The numerical loss ratios calculated by Eq. 4 themselves remain specific to the archetype, the top floor inventory 402 

and the equal cost assumption, and should not be used as a generic loss factor. 403 

 404 

Figure 15. Loss ratios of the (a) sample A1, (b) sample A2. 405 

6. CONCLUSIONS 406 

To effectively evaluate the seismic vulnerability of NSEs within a performance-based framework, this study 407 

proposed a novel scalar ground motion intensity measure (IM) specifically tailored for floor acceleration and 408 

velocity demands. The parameters of the IM were calibrated via a parametric study of elastic flexural-shear spring 409 

models with fundamental periods from 1 s to 10 s, involving approximately 100,000 time-history analyses. 410 

The following conclusions are drawn: 411 

(1) The proposed IM demonstrates good correlation with both PFA and PFV over a wide period range 412 

(1s~10s), exhibiting particularly robust performance for super-tall buildings with long fundamental periods. These 413 

correlations are obtained from the flexural-shear parametric models. 414 

(2) Compared to conventional IMs, the proposed measure provides joint efficiency for PFA and PFV, and it 415 

does not fail the sufficiency checks; it is not the most sufficient IM for PFA. While PGV also shows strong 416 

correlation, its practical application is hindered by the difficulty of scaling it according to acceleration-based 417 

design spectra in current codes. 418 

(3) For the 489-meter archetype building, the proposed IM requires only 7 ground motion records to achieve 419 
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a converged average structural response, whereas conventional PGA-based scaling necessitates 23 records. This 420 

is the engineering counterpart of the efficiency of IM14, not a universal reduction in analysis effort. 421 

(4) For the rocking contents in this case study, the proposed IM reduces the dispersion of loss ratios relative 422 

to PGA. PGA underestimates, and IM15 overestimates, the median loss. The numerical values should not be used 423 

as a generic loss factor for NSEs. 424 

The calibration of the proposed IM is based on elastic flexural-shear spring models covering a wide range of 425 

fundamental periods. For global floor demands, namely the PFA and PFV along the height, this reduced-order 426 

representation remains appropriate. It does not replace member-by-member modelling of three-dimensional 427 

detailing, torsion or local diaphragm response. An additional frame-core tube building, not included in the 428 

calibration set and with different lateral stiffness and damping characteristics, was used to confirm that the 429 

recommended number of modes, N, remains applicable. The subsequent efficiency, sufficiency and loss 430 

comparisons refer to the 489 m Chengdu Super Tower. Further studies on detailed three-dimensional models and 431 

on buildings with strongly non-uniform stiffness are needed before the measure is adopted in design 432 

recommendations. 433 
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