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Abstract: The seismic performance of tall buildings is increasingly evaluated through the lens of functional
recovery, where nonstructural elements (NSEs) play a pivotal role. Traditional intensity measures (/Ms) primarily
focus on structural collapse, typically correlated with the inter-story drift ratio (ZDR). However, NSEs like indoor
contents and equipment are more sensitive to peak floor acceleration (PFA) and peak floor velocity (PFV). To
bridge this gap, this study proposes a novel NSE-oriented /M that explicitly accounts for both PFA and PFV
demands. The key parameters of the proposed /M were calibrated through approximately 100000 time-history
analyses on building models with fundamental periods ranging from 1 s to 10 s. Its efficiency and sufficiency
were tested and demonstrated against a 489-meter super-tall building archetype. Results demonstrate that the
proposed /M significantly enhances computational efficiency, requiring only 7 ground motion records to achieve
a stable average response, a 70% reduction compared to the 23 records required by conventional PGA-based
scaling. Finally, the /M was applied to a seismic vulnerability assessment of rocking freestanding indoor contents,
providing a more reliable and efficient tool for the performance-based seismic design of super-tall buildings.

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

floor velocity.
1. INTRODUCTION

With the development of performance-based earthquake engineering (PBEE), seismic design objectives have
gradually shifted from collapse prevention toward enhanced functionality and post-earthquake recovery of
buildings[1][2]. Post-earthquake damage investigations have consistently shown that, even when primary
structural systems remain intact, damage to NSEs may lead to significant economic losses and prolonged
functional disruption[3][4]. In many buildings, NSEs account for a dominant portion of the total construction costs
and seismic losses, and are therefore critical contributors to overall building performance[5]. Recent studies
further indicate that damage to acceleration-sensitive NSEs can substantially reduce the functional reliability of
buildings, highlighting the importance of explicitly considering NSEs performance within the PBEE
framework[6][7].

Unlike structural components, NSEs do not directly experience ground motion excitations but are subjected
to floor motions transmitted through the structural system[8]. Depending on their governing engineering demand
parameters, NSEs are commonly classified as acceleration-sensitive, velocity-sensitive, or displacement-sensitive
elements. PFA and PFV remain the engineering demand parameters adopted in most loss-assessment practice,
including the FEMA P58 fragility library[2], for contents, equipment, and ceiling systems[9][10][11][12][13].

Their efficiency is nonetheless being re-examined. For anchored acceleration-sensitive components idealized as
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SDOF oscillators, Banihashemi et al. [7] showed that PFA4 is adequate only for very short-period components
(typically period lower than 0.1 s). For longer-period or nonlinear components, the floor spectral acceleration at
the component period, or an average of spectral accelerations over a nearby period range, can be more efficient
and sufficient. Consequently, accurate prediction of floor engineering demand parameters, particularly PFA4 and
PFV, is essential for reliable seismic fragility analysis and loss assessment of NSEs. A recent study has developed
a novel seismic evaluation framework that directly link floor engineering demand parameters to the capacity
thresholds and fragility boundaries of NSEs [14]. However, obtaining accurate engineering demand parameters
under specific seismic hazards remains challenging, as they are strongly influenced by the uncertainty of ground
motions[15].

Ground motion intensity measures (/Ms) serve as the critical link between seismic hazard and engineering
demand parameters[16]. Over the past decades, extensive researches have been devoted to the selection and
evaluation of /Ms for structural performance assessment, with particular emphasis on collapse-related demands
such as maximum inter-story drift ratio (e.g., [17][18][19]). It has been widely recognized that one major challenge
in /M selection arises from complex nonlinear structural behavior, which leads to period elongation and nonlinear
energy transfer of buildings under strong ground motions[20]. To address these issues, various vector-valued /Ms
have been proposed to improve predictive capability (e.g., [21][22][23]).

However, NSEs typically experience damage prior to structural components and are therefore of primary
concern under service-level earthquake (SLE) and design-basis earthquake (DBE). According to the Chinese
design code JGJ3-2010[24], tall buildings are generally expected to remain elastic under DBE level ground
motions, implying that nonlinear structural behavior is not the dominant challenge when assessing NSE seismic
demands. Instead, accurate prediction of floor acceleration and velocity responses, particularly in tall and super-
tall buildings, is more strongly needed which are influenced by higher-mode effects[25]. The transformation from
a ground motion /M to floor level demands is uncertain and has been treated in the literature. O'Reilly and
Monteiro [26] developed probabilistic demand-intensity models for cases in which a single log-linear fit cannot
represent the IM-EDP relationship. Muho et al. [27] further related PFA to the deformation of the supporting RC
structure, so that acceleration-sensitive NSEs can be designed consistently with the structural performance target.
These studies mainly quantify a single floor acceleration demand, or a generic demand-intensity relationship.
They do not provide a ground motion /M that is simultaneously efficient for PFA and PFV, which is required when
the NSE inventory includes both acceleration- and velocity-controlled failure modes, as is the case for freestanding
contents. This limitation is more pronounced in super-tall buildings, where higher-mode effects further weaken
conventional /Ms as predictors of floor acceleration and velocity [28]. These limitations highlight the need for an
intensity measure capable of effectively characterizing floor acceleration and velocity demands relevant to NSEs.

Motivated by these observations, this study proposes a scalar-type NSE-oriented ground motion intensity
measure that explicitly targets floor acceleration and velocity demands. The key parameters of the proposed /M
are derived from extensive parametric time-history analyses of building models spanning a broad range of
fundamental periods, while the case-study building is used solely for validation and practical demonstration. The
efficiency and sufficiency of the proposed /M are systematically evaluated and compared with commonly used
IMs. Finally, the proposed /M is applied to the seismic vulnerability and loss assessment of indoor contents in a
super-tall building in China, demonstrating its effectiveness in reducing demand dispersion and improving the
reliability of nonstructural seismic performance evaluation. The /M developed in this study is therefore intended
to predict PFA and PFV. These remain the relevant floor engineering demand parameters for the freestanding

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

2. SEISMIC VULNERABILITIES OF NSES IN TALL BUILDINGS
2
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This section investigates the seismic vulnerabilities of NSEs in tall buildings, with a focus on elements that
do not directly interact with the structural system during earthquakes, such as ceiling systems, freestanding
contents, and equipment. The seismic vulnerability assessment of such NSEs relies on two key aspects: (1) the
characterization of floor acceleration and velocity demands through appropriate ground motion /Ms, and (2) the
estimation of NSE damage and loss through suitable fragility and loss models. Accordingly, Section 2.1 introduces
the evaluation criteria for selecting ground motion intensity measures that effectively link seismic hazard to floor-
level engineering demand parameters (e.g., PFA and PFV), while Section 2.2 presents the fragility curves and

associated loss ratios adopted for the considered NSEs.
2.1 Evaluation criteria of the ground motion intensity measures

An IM with good predictive capability is considered to be efficient and sufficient, when its efficiency,
sufficiency meet the corresponding requirements[29]. The “cloud analysis” method is widely adopted and
confirmed to be reliable and efficient for the evaluation of /Ms, and is thus adopted to evaluate the efficiency and
sufficiency of IMs. Specifically, unscaled ground motion (GM) records are directly used as input for time-history
analyses. Hence, a cloud of data points corresponding to each couple of values, /M-EDP, for the sets of GMs
could be obtained. Subsequently, to evaluate the dispersions of all EDPs, a regression analysis is performed to
these points by assuming an adequate functional form for the regression model relating /M to EDP. The
relationship between /M and EDP can be described as:

EDP =a-IMP? - (¢|IM) (1)
in which a and b are regression parameters, and &|IM is the random error. The equation above can be
rearranged in a linear regression form in logarithmic space as represented in Eq. (2).

In(EDP) = In(a) + bIn(IM) + In(e|IM) 2)
(1) Efficiency

An IM is considered efficient if it yields a relatively small variability in predicted EDP under a given IM
level. The correlation coefficient p between In(EDP) and In(/M) can then be obtained by regression analysis of n
discrete data points (EDP;, IM;). This analysis can be performed using the least square method in time-history
analysis. According to Lu et al.[25], p = 0.8 implies a good correlation.

(2) Sufficiency

A sufficient /M is one in which the conditional probability distribution of EDP under a given IM is
independent of the other parameters involved in computing the seismic hazard [magnitude (M) and closest rupture
distance (R) are usually considered]. To evaluate the sufficiency of /Ms, a linear regression analysis is conducted
between the residuals In(e|IM) obtained from Eq. (2) relative to the GM parameters (i.e., M and R). The
sufficiency could be evaluated by calculating the p-value of the regression analysis. Specifically, the p-value tests
the null hypothesis that the variables M and R have no correlation with the dependent one, i.e., In(e|IM). A lower
p-value (< 0.05) indicates that M (or R) has a strong correlation with In(e|/M) and the corresponding /M has an
unacceptable sufficiency. An IM with a p-value of no less than 0.05 is considered sufficient[30], at least as long

as its efficiency is not too low, which could inadvertently make a biased /M look as if it is sufficient[31].
2.2 Fragility curves and loss ratios of the considered NSEs

The seismic fragility of non-structural elements is typically characterized by fragility functions, which
describe the conditional probability of an element exceeding a specific damage state (DS) for a given level of
seismic demand. Assuming the capacity of the component follows a lognormal distribution, the fragility function

is expressed as:
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® In(EDP) — ln(xm_i)
Bi
where P[DS > ds;|EDP] denotes the probability that the component reaches or exceeds the i damage state (ds;)

P[DS > ds;|EDP] =

€Y

given a specific engineering demand parameter (EDP), ®[-] is the standard normal function, EDP represents the
seismic demand parameter imposed on the NSE (e.g., PFA or PFV), x,,; is the median capacity of the element
corresponding to the damage state ds;, defined as the EDP level at which there is a 50% probability of damage
occurrence, f; is the logarithmic standard deviation (also referred to as dispersion), which accounts for the
uncertainties in capacity, demand, and modeling.

When the damage state and damage index are determined, the structural fragility curve can be easily obtained
from Eq. (3).

The loss ratio LR of the building under a specific ground motion can be described through Eq. (4), where the
Py; is the probability of failure of the NSEs.

LR = ?:1 LOSS! — Z?:l Pl - Cost (4)
n- Cost n-Cost

In this study, the loss ratio is estimated based on the expected loss concept by weighting the component
replacement cost with the corresponding failure probability. This simplified loss model is commonly adopted in
nonstructural loss assessment, where detailed damage-state-dependent repair data are often unavailable. Since the
objective of this study is to compare the predictive performance of different intensity measures rather than to
provide an exact monetary loss estimation, the adopted formulation is considered adequate and consistent for

relative evaluation purposes.
3. A NONSTRUCTURAL ELEMENTS-ORIENTED GROUND MOTION INTENSITY MEASURE
3.1 Modified spectra-acceleration based intensity measure

Higher-mode responses in tall buildings are often significant[32], particularly for floor acceleration and
velocity. Lu et al. [25] proposed a spectral-acceleration-based /M [Eq. (5)] that incorporates higher-mode effects
to improve estimates of maximum inter-story drift. This /M is defined as the product of modal spectral
accelerations of the archetype building, with the number of included modes, N [Eq. (6)], as the key parameter. It
is effective for drift-related structural demands and can be scaled to a design spectrum. Floor acceleration and
velocity demands, however, are more sensitive to higher-mode contributions than inter-story drift. Recent fragility
studies of acceleration-sensitive NSEs, including suspended ceilings [33], low-frequency rocking electrical
cabinets [34], and suspended piping systems [35], as well as shake table tests on velocity-sensitive indoor contents
[36], confirm that PFA and PFV remain the relevant EDPs for these components. Whether the original form of
the IM in Eq. (5), with N calibrated to maximum inter-story drift, is equally efficient for PF4 and PFV is therefore

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

M = N’ﬂil(sa(n)) )

(1 T, <1s
N= {0.39T1 +1.15 1s<T, < 10s ©)

3.2 Parametric numerical model and ground motions

A suite of 154 horizontal bi-directional ground motion records, totaling 308 records, is selected from the
NGA West2 database of the Pacific Earthquake Engineering Research Center[37] based on the following criteria
(according to Wang and Qu[20]): (1) PGA is larger than 40 cm/s? and PGV is larger than 5 cm/s; (2) The site shear

4
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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

of the PGAs and PGV’s of the ground motions are depicted in Figure 1.
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Figure 1. Distribution of properties of the ground motions records.

To evaluate the applicability of the /M across buildings with a wide range of dynamic properties, ten
parametric models with fundamental periods (71) ranging from 1 s to 10 s are adopted here. Each model was
constructed using the flexural-shear spring formulation proposed by reference [38]. The number of stories was set
to 10 times 71, consistent with the 10~20 times 7; guideline in the Chinese code[39]. All floors were assigned
identical mass and lateral stiffness. The intermediate parameter ao, defined in Eq. (7), is the dimensionless
flexural-to-shear stiffness ratio of the Miranda-Taghavi continuum beam [40], where H is the total height of the
building model, and G4 and ET are the shear and flexural rigidities. For a uniform mass and stiffness distribution,
specifying T, the story mass and o determines EI, GA and the period ratio 71/75 in closed form [40]. That mapping
is not the source of the number 3. The value a0 = 3 was identified from the 489 m Chengdu Super Tower of Section
4, by matching its first two translational periods to the Miranda-Taghavi relation. It was then held fixed in the ten
parametric models while 7 was varied. This value corresponds to a moderately flexural wall-frame pattern. The
parametric study is therefore a period scan at one lateral-system type, not a claim that all buildings with 71, =1's
to 10 s share the same ay.

ag=H \/GA—/EI (7)

Each model is a flexural-shear spring system [38], not a shear-only beam: story flexural and shear springs
together impose ao. The models remain reduced-order. They are used to scan T}, not as substitutes for member-
by-member floor-response analysis. To avoid the suppressing effect of Rayleigh damping on higher-mode
responses[41], the time-history responses of all building models using the modal superposition method under 308
ground motions are calculated. Each mode was assigned a 4% damping ratio, consistent with the ZH building.
For each parametric model, all modes contributing more than 99.5% of the total modal mass are included. In total,
approximately 100000 time-history analyses were performed. The total procedure of the time history analysis of
the parametric models is shown in Figure 2. The flexural-shear models are used here for global floor demands,
namely the PFA and PFV along the height. For these responses the reduced-order idealization remains
representative. The limitation is that uniform story properties cannot capture 3D member detailing, torsion, or

local diaphragm response.
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Figure 2. Time history analysis of the parametric building models.
3.3 Optimal modes

The efficiency of the spectral-acceleration product in Eq. (5) depends on the number of included modes, N.
For each of the ten parametric buildings, N was varied from 1 to 10, and the correlation coefficient p between
In(/M) and In(EDP) was computed for the maximum PFA and the maximum PFV. Figure 3(a) shows the average
of these two correlations in the (&, 71) space. Two trends are evident. First, p does not increase monotonically
with V. For a given T, too few modes omit the higher-mode ordinates that control floor acceleration and velocity,
and p remains about 0.4 to 0.5. Including modes well beyond the ridge of Figure 3(a) then reduces p, because
short- period spectral ordinates that contribute little to the floor peaks enter the product and add scatter. Second,
the ridge shifts toward larger N as T increases: the optimal N is about 2 to 3 for 71 = 1 s and about 7 for 71 = 10
s. This is consistent with the increasing contribution of higher modes to PFA and PFV in longer-period buildings.
Along this ridge, p remains in a narrow band of approximately 0.6 to 0.8 for all ten models, which justifies a single
N-T relation rather than a building-specific N. Figure 3(b) projects the N that maximizes p for each 71. A linear
fit gives N =0.497T, + 2.0667. The intercept near 2 indicates that even the shortest-period models require more
than the fundamental mode for floor acceleration and velocity, unlike drift-oriented /Ms that can be dominated by
T:. Because N must be an integer, Eq. (8) is adopted. The rounded expression follows the fitted line closely and

is used in the remainder of the paper.

N =|(0.5T; +2) + 0.5] (8)
| -------- Fitted —¢— Proposed m 42F |
8
N=0.497T+2.0667 [~
6 f \ e
5 LT NEsT)0s)
0

0 2 4 6 8 10 12
(®) Ty (s)

Figure 3. Proposed optimal number of modes: (a) p-N-T} correlation, and (b) N-T; correlation under highest p.

The N-T relation was then checked on a building that was not used in the fit. A 42-story RC frame-core tube

6
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building [Figure 4(a)] with 7 = 2.7 s was taken from Xiong et al. [38], where the flexural-shear surrogate [Figure
4(b)] had already been shown to reproduce the global response of a detailed model. The present check uses that
simplified model. Its ap = 9.7 differs from 3 and it adopts Rayleigh damping model with 5% damping ratio
calculated by the first and third modal frequencies. Under the same 308 records, the optimal N is shown in Figure
4(c) which conforms to proposed Eq. (8). The optimal N of the 42-story building (denoted as 42F) is also added
in Figure 3(b) which also remains close to the N that maximizes the correlation with maximum PFA and PFV. The
empirical relation is therefore not an artefact of the single ap and damping choice used in Section 3.2. This is still

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

Optimal N
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N
(®) ©

Figure 4. Check of proposed Eq. 8 through a 42-story building: (a) schematic diagram of the FE model, (b)
flexural-shear spring model, and (c) the optimal N of the 42-story building.

4 IMPLEMENTATIONS TO THE ARCHETYPE TALL BUILDING

4.1 Archetype information and numerical model

The archetype is the 489 m Chengdu Super Tower, a mega frame- core tube- outrigger building. A YJK model
of this project has been mentioned in the Chinese design literature [42]. The member-by-member three-
dimensional model used here was provided by the structural designer and analyzed in YJK [Figure 5(a)], a widely
used software in the building industry in China. Because the model contains proprietary design information, it
cannot be released. The model includes the mega frame, RC core tube, outriggers and belt trusses, floor
diaphragms, and the corresponding story masses. Elastic modulus, section properties and story masses follow the
final design drawings. Geometric nonlinearity and material nonlinearity are not included, which is consistent with
the service- and design- basis assessments in this study. The first ten translational periods of this model are listed
in Table 1. For the subsequent time history analyses, the three-dimensional model is condensed into a flexural-
shear spring model [Figure 5(b)] following Xiong et al.[38].

Different from Xiong et al. [38], who assumed that buildings have uniform masses and stiffness along the
height, the mass and stiffness distributions along the height are considered according to Lu et al. [25]. The masses
distribution is a linear curve and the stiffness distribution is a quadratic curve [see Figure 5(c) and (d)]. The first
ten free translational vibration periods and the relative error between the simplified model and the FE model of
Chengdu super tower are compared in Table 1, which exhibit errors under 10% except the third mode. The third
mode only has the modal mass ratio 2.9% of the total mass, thus the main dynamic responses of the FE model can

be represented by the simplified model.
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Figure 5. Information of archetype building: (a) FE model, (b) simplified model, (¢) mass distribution, and
stiffness distribution along height.

Table 1. Period comparisons (units: s).
T T T; T4 Ts Ts g Ty To Tio
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% 44% -19% -13% -98% -74% 4.9% 0.0%

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

A total of 36 earthquake ground motion records were selected from the PEER Ground Motion Database. All
records have a PGA larger than 40 cm/s? and a PGV larger than 5 cm/s. They are categorized into non-pulse-like
and pulse-like suites according to the metric proposed by Baker et al.[43]. Each suite contains 18 records. Figure
6 shows the spectra accelerations of the chosen ground motion records. More details of the ground motion suites

can be referred to Cao et al.[44].
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Figure 6. Acceleration spectra of (a) non-pulse-like and (b) pulse-like ground motions.

The Chinese code GB/T 50011-2010[45] specifies the design spectrum only up to 6 s, whereas the target
supertall building has a fundamental period close to 10 s. To address this, local standards: Shanghai code DG/TJ
08-9-2023[46] and Guangdong code DBJ/T 15-151-2019[47] are referred, which extend the design spectrum to
10 s. As shown in Figure 7, to maintain consistency with GB/T 50011-2010 in the 0~2 s range, long-period
component from the Shanghai code DG/TJ 08-9-2023[46] are adopted. This adopted spectrum is further compared

with the 36 ground motions, as illustrated in Figure 6.
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258 4.3 Comparison with other IMs
259 To demonstrate the advantage of the proposed spectral acceleration-based IM, several existing scalar IMs are
260 considered, as listed in Table 2. These include /Ms based on peak ground-motion values, /Ms accounting for
261 higher-mode effects, and IMs reflecting the first-mode response. The widely used metrics of efficiency and
262 sufficiency are employed to evaluate all IMs, as described in previous studies (e.g., [29][48]).
263
264 Table 2. IMs for comparison.
Number Description Definition
1 Peak ground acceleration PGA = max|u’g (t)|
2 Peak ground velocity PGV = max|ug(t)|
3 Peak ground displacement PGD = max|ug (t)|
4 Peak spectral acceleration PSA = max|S,(T)|
5 Higher modes intensity 1 IMy55 = S, (T)Y38,(T,)V/38,(T5) Y3
6 Higher modes intensity 2 Syz = Sa(T;)755,(T,)0%5
7 Higher modes intensity 3 Sa123 = 0.85,(Ty) + 0.155,(T,) + 0.055,(T3)
8 Higher modes intensity 4 San = Sa(T))*S, (TS, (T3),
my m,
a = "8 = 2
m; +m,; +mg m; +m, +mg
m3
Y ="
m; +m; +mg
9 Average acceleration spectrum from 5
Saaver = f Sa(T)dT/S
OstoSs 0
10 Effective peak acceleration 1 25
EPA = S.(T)dT /2.5
0.1
11 Spectral acceleration at T; S.(T) =S,(T=Ty)
12 Spectral velocity at T; S,(T) =S,(T=Ty)
13 Spectral displacement at T; Sq(T) =S4(T =Ty)
14 Proposed S, = NIV, Sa(T), N =[(0.5T; +2) +0.5]
15 Average spectral acceleration from S, .0 = "’J]‘[?’z 1 Sa(¢;Ty), the period ranges from

0.2T, to3T,

0.2T; to 3T; with a uniform period spacing of
0.01 s proposed by Eads et al. [49]
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(1) Efficiency

An IM is considered efficient if it produces low variability in predicted EDPs at a given IM level. The
correlation coefficient p between In(EDP) and In(/M) is obtained via regression analysis of n discrete data point
(EDP;, IM;). As shown in Figure 8, IM2, IM9, and IM14 exhibit high correlation coefficients with both PFAmax
and PFVmax. IM15, the average spectral acceleration of Eads et al. [49] from 0.27; to 37}, is weaker on both
demands (p = 0.76 with PFAmax and 0.89 with PF V). It is therefore not interchangeable with /M14 on efficiency

grounds.
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Figure 8. Correlation coefficients between PFAmax and PFVmax and IMs.
(2) Sufficiency

Sufficiency is examined in Figures 9 and 10 by regressing the residuals of Eq. (2) on magnitude M and on
In(R). A p-value below 0.05 is taken as evidence that the residual still depends on that parameter.

For PFAmax, most of the IMs, including /M14, remain above this threshold. The proposed /M is not the
strongest candidate on this demand. Its p-value for M is 0.073, only moderately above 0.05, whereas /M2 and /M9
give much larger p-values. For In(R), /M14 remains sufficient and is comparable to /M9. IM15 is also above the
threshold for PFAmax. Efficiency on PFA4 alone would therefore not justify preferring /M14.

The ranking changes for PF'Vmax. Nearly all spectral and peak-ground /Ms have p-values well below 0.05 for
both M and In(R). IM9, although efficient, is insufficient for PFVmax with respect to In(R). IM2 (PGY) is sufficient
with respect to M and In(R). IM15 fails sufficiency for PFVmax with respect to M (p = 0.033). IM14 is jointly

efficient candidate that stays above 0.05 in all four residual tests.
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IM14 is therefore recommended as a compromise: it is jointly efficient for PFA and PFV, and it is an efficient
candidate that does not fail the sufficiency checks adopted in Section 2.1. It is not claimed to be the most sufficient
IM for PFA, and the PFA-M result should be read as only moderately above the threshold. PGV remains
competitive for PFA and PFV, but it is difficult to scale to an acceleration design spectrum[46]. IM15 cannot

replace IM14: it is less efficient for both floor demands and it is insufficient for PFVmax with respect to magnitude.
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Figure 9. Regression of the residuals on M for a given IM.
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Figure 10. Regression of the residuals on InR for a given /M.
4.4. Advantage of proposed IM in reducing number of ground motion records

A good IM can reduce the number of ground motions required for time history analysis while maintaining a
relative stable average structural response. To quantitatively compare the number of ground motions needed that
enable a converge average response under the same seismic risk, scaled by the proposed /M and conventional
PGA-based IM, repeated random sampling without replacement is performed. Using the maximum PFAm.x of the
archetype building under 36 ground motions, with the overall mean PFAmax as the reference, samples were drawn

sequentially for each repetition k. At each sampling step 7, the mean relative error was calculated as:

e =
E(k) _ lzl PFAmax,j — PFAnax 9)
i i dajoq PFAnay,
—(k
where PF Aim)zx, ;j denotes the j" randomly selected value in the & repetition.
The ensemble-averaged mean error over Nyial independent repetitions was then obtained as:

— 1 Ntrial

E=r—> " EY (10)
Ntrial k=1

Multiple independent sampling repetitions (Niar) were performed to account for the stochastic variability
introduced by the random sampling order. Because each permutation produces a distinct sampling path and mean
error trajectory, a single realization cannot reliably represent convergence. Averaging across trials smooths

random fluctuations and provides a statistically stable estimate of expected convergence. The averaged error curve
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E; quantifies how quickly the sampling mean approaches the true mean as the sample size increases. Convergence
is achieved when E; < 5%, corresponding to a +5% tolerance relative to the population mean. Figure 11 shows
both individual trajectories and the ensemble-averaged curve, with dashed lines indicating the 5% band.

For the archetype building, maximum PFAs under the 36 ground motions were randomly sampled
sequentially, and the average was compared to the overall mean. To reduce randomness, 100 repetitions were
conducted. As shown in Figure 11, the average PFAmax error falls below 5% with only 7 records scaled using the
proposed IM, compared to 23 records when scaled by PGA. This demonstrates that the proposed /M can
substantially reduce the number of ground motions required for time-history analysis while maintaining stable

average responses.
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051 —e— E; of the proposed IM
' —s— [, of the PGA
5 041 - £5%

0.3

7 records
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01 N

0 5 10 15 20 25 30 35 40
Number of input records

Figure 11. The number of input records comparison.

4.5 Engineering demand parameters of the archetype building

Figures 12 and 13 show the average PFAs and PFVs of the archetype building under earthquakes scaled
according to the proposed /M at the service-level earthquake (SLE). For comparison, conventional PGA-based
scaling is also shown. While the average maximum PFA and PFV values are similar for both scaling methods
reaching 1.2 m/s? and 0.4 m/s at the top floor under SLE, the standard deviations of PGA-scaled PFA and PFV
are larger at higher floors. Notably, both the Chinese code GB/T 50011-2010[45] and the American code ASCE
7-22[50] underestimate PFAmax, as illustrated in Figure 12.

—— ASCE 7-22 - =~ GB/T 50011
1.0

Mean Mean+Stdev

0.8

0.6 -

hH

04}

0.2}

0

0 0.5 1.0 15 0 0.5 1.0 1.5
(a) PFA (/s (b) PFA (m/s%)

Figure 12. PFA of the archetype under (a) PGA-based scaling, and (b) /M14-based scaling.
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Figure 13. PFV of the archetype under (a) PGA-based scaling, and (b) /M14-based scaling.
5. SEISMIC VULNERABILITIES OF INDOOR CONTENTS IN THE ARCHETYPE BUILDING

5.1 Distribution and Fragility models of indoor contents

NSEs in a building have conventionally been classified by the engineering demand parameters to be
acceleration-, drift-, and velocity-sensitive. This paper focus on freestanding contents in buildings for which
overturning is the only mode of failure. A content is idealized as a rigid rectangular block of height H, breadth B,
and the semi-diagonal length is denoted as R [Figure 14(a)]. Housner[51] first derived the dynamics of rocking
blocks and arrived at a critical spectral velocity for a block to have approximately a 50% probability of being

overturned (Eq. 11).

2
Sv=ﬁa,/gR (11)
where « is the angle between the line R and the vertical [Figure 14(a)] and g=9.8 m/s? is the gravitational
acceleration.
-~ 110 [ |RegionAl
100 [ ]Region A2
90 O Sample Al
80 O Sample A2
H -
NN g 10
AN Q60
H2 \R \\ 50
B
I 'q 40
! > 30
— 4 20
(@ B 0 2 4 6 8 10
(b) HIB

Figure 14. Rocking-dominated freestanding contents in building: (a) individual content, and (b) distribution of
geometric parameters [54] of contents.

To implement the overturning risk of contents to the probabilistic framework of loss assessment of buildings,
FEMA P-58[2] recommended a PFV-based fragility function for the overturning of unanchored components
assuming a lognormal distribution for the probability of overturning. The median PFV for overturning denoted as
PFVyis given in Eq. 11, and the dispersion of f=0.5 was recommended.

These S values represent capacity and modeling uncertainty and are held constant for all ground motions.
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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
of floor PFA and PFV after scaling. The FEMA value is larger than the Petrone residuals because it includes

epistemic uncertainties that the numerical rigid block analyses do not.

— SaOg
2nf,[231 — 0.411nB,]

where Sio is the horizontal spectral acceleration to tip the block to the critical angle a; f; and f: are the effective

PFV,, (12)

rocking frequency and damping ratio, respectively. All these three parameters are expressed as functions of the
geometric dimensions B and H of the block.

Under the same probabilistic framework of loss assessment, Petrone et al.[11] proposed to apply different
fragility functions for the overturning of blocks of different sizes based on detailed finite element simulation
results. In particular, they recommended a PFA-based fragility function for small blocks with R<1m and a PFV-
based fragility function for blocks with R>2m. The medians of the two fragility functions, PFAn and PFVy, are
given in Egs.13 and 14, respectively. The recommended dispersion is f=0.084 for the PFA-based fragility function
and is f=0.351 for the PFV-based one. Di Sarno et al.[52] further confirmed by shake table tests on hospital
cabinets that PF'V was an effective intensity measure even for a block of a slightly smaller than 1m semi diagonal
length R. Petrone et al. calibrated these fragilities to ground motion inputs rather than to building filtered floor
motions. D'Angela et al. [53] showed that the filtering action of the supporting building should be considered
when unanchored contents are assessed under floor motions. In this study the demand is taken as the PFA4 and
PFV of the archetype from time history analysis, while the Petrone/FEMA functions are retained as peak-based

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

PFA,, =1.23gtana (13)
2
PFV,, = 0.52 -ﬁJgR tana = 0.6 /gRtana (14)

The overturning probability of each content is evaluated with a single lognormal fragility, with the EDP and
dispersion assigned by size. For small objects (R < 1 m), a PFA-based fragility is used, with the median PFA,, of
Petrone et al. and = 0.084, which is the residual dispersion of their rigid block analyses. For large objects (R >
2 m), a PFV-based fragility is used, with the median PFV,, of Petrone et al. and = 0.351. For the intermediate
range (1 m < R < 2 m), where Petrone et al. did not recommend a unique EDP, the FEMA P58 PFV-based
fragility is adopted, with the median of Eq. (12) and the default total dispersion f = 0.5 recommended for
unanchored contents without component-specific test data.

In this study, the top floor of both the super-tall building is populated by the same set of contents of various
geometric parameters. In the set of contents, the parameter of each content is randomly sampled within a
prescribed region of B and H/B. Both the two regions suggested by Wada et al.[54] for common office space were
adopted and two samples, Al and A2, were generated separately by the Monte Carlo method [Fig. 14(b)]. The
semi-breadth of the contents varies from 15 cm to 50 cm and from 20cm to 40cm in Regions Al and A2,
respectively. The height-to-breadth ratio varies from 1 to 9 and from 2 to 4 in Regions A1 and A2, respectively.
While Region A2 is a subset of Region Al, both regions are represented by an irregular hexagon in the B-H/B
coordinates, where both large and slender objects and small and stout ones are absent. As a result of random
sampling, a total of 230 contents were generated within Region Al and 100 contents in Region A2. The semi-
diagonal length varies from 36.9 cm to 207.6 cm in Sample Al and from 65.9 cm to 127.4 cm in Sample A2.

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

compare three box plots, but to show how the choice of scaling /M propagates into a design quantity, namely the
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loss ratio of freestanding contents. PGA is retained because it is the /M prescribed by the Chinese code for time-
history analysis at SLE, DBE and MCE. IM15 is added as a collapse-oriented average spectral acceleration (Eads
et al. [49]). The proposed IM is the NSE-oriented scalar measure developed in this study.

Two observations are robust across both inventories and all three hazard levels. First, PGA-scaling yields the
lowest median loss and the largest dispersion. The underestimation is most pronounced at DBE (9.0% versus 16.2%
for Sample Al; 1.8% versus 3.9% for Sample A2). Because NSEs typically fail while the primary structure of a
tall building remains elastic, a PGA-matched suite can therefore give an unconservative picture of functional
recovery risk. Second, /M15 yields the highest median loss at every intensity. An /M calibrated to structural
collapse and drift is not interchangeable with an IM calibrated to PFA and PFV; matching IM15 overstates the
overturning loss of contents. The proposed /M lies between these two bounds and reduces the record-to-record
scatter relative to PGA.

The ranking of the three IMs is the same for Samples A1 and A2, which differ in geometries. The implication
that can be generalized from this case study is therefore qualitative: for rocking contents in a tall building, the
scaling /M should be chosen for floor acceleration and velocity, not for PG4 or for a collapse-oriented spectrum.
The numerical loss ratios calculated by Eq. 4 themselves remain specific to the archetype, the top floor inventory

and the equal cost assumption, and should not be used as a generic loss factor.
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Figure 15. Loss ratios of the (a) sample A1, (b) sample A2.
6. CONCLUSIONS

To effectively evaluate the seismic vulnerability of NSEs within a performance-based framework, this study
proposed a novel scalar ground motion intensity measure (/M) specifically tailored for floor acceleration and
velocity demands. The parameters of the /M were calibrated via a parametric study of elastic flexural-shear spring
models with fundamental periods from 1 s to 10 s, involving approximately 100,000 time-history analyses.

The following conclusions are drawn:

(1) The proposed IM demonstrates good correlation with both PFA4 and PFV over a wide period range
(1s~10s), exhibiting particularly robust performance for super-tall buildings with long fundamental periods. These
correlations are obtained from the flexural-shear parametric models.

(2) Compared to conventional /Ms, the proposed measure provides joint efficiency for PFA and PFV, and it
does not fail the sufficiency checks; it is not the most sufficient /M for PFA. While PGV also shows strong
correlation, its practical application is hindered by the difficulty of scaling it according to acceleration-based
design spectra in current codes.

(3) For the 489-meter archetype building, the proposed /M requires only 7 ground motion records to achieve
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a converged average structural response, whereas conventional PGA-based scaling necessitates 23 records. This
is the engineering counterpart of the efficiency of /M14, not a universal reduction in analysis effort.

(4) For the rocking contents in this case study, the proposed /M reduces the dispersion of loss ratios relative
to PGA. PGA underestimates, and /M15 overestimates, the median loss. The numerical values should not be used
as a generic loss factor for NSEs.

The calibration of the proposed /M is based on elastic flexural-shear spring models covering a wide range of
fundamental periods. For global floor demands, namely the PF4 and PFV along the height, this reduced-order
representation remains appropriate. It does not replace member-by-member modelling of three-dimensional
detailing, torsion or local diaphragm response. An additional frame-core tube building, not included in the
calibration set and with different lateral stiffness and damping characteristics, was used to confirm that the
recommended number of modes, N, remains applicable. The subsequent efficiency, sufficiency and loss
comparisons refer to the 489 m Chengdu Super Tower. Further studies on detailed three-dimensional models and
on buildings with strongly non-uniform stiffness are needed before the measure is adopted in design

recommendations.
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