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Abstract: Ground-motion intensity measures (IMs), which quantify and describe the characteristics of
earthquake ground motion, are of utmost importance in the assessment of seismic risk and the design
of resilient structures with large spans. The appropriate selection of a ground-motion IM is crucial
in establishing a reliable and robust correlation between seismic hazards and structural demands.
The current study presents a novel ground-motion IM that incorporates the influence of multiple
vibration modes and period elongation resulting from isolation based on the velocity spectrum. A
comprehensive study has been conducted to examine the efficiency of 37 different ground-motion
IMs on a roof-isolated large-span structure with engineering demand parameters (EDPs), using
far-field ground-motion data. The initial examination of the proposed intensity measure involves a
planar lumped-mass model. Subsequently, a numerical model of a large-span roof-isolated structure,
specifically the Beijing Workers’ Stadium, is constructed and examined. The results suggest that the
proposed intensity measure (IM) demonstrates satisfactory adequacy and achieves optimal efficiency
when considering three different engineering demand parameters among 37 other ground-motion
intensity measures.

Keywords: roof isolation; large span; ground-motion intensity measure; velocity spectrum; engineer-
ing demand parameters

1. Introduction

In recent years, there has been a growing preference for large-span structures in the
construction of iconic building roofs. These structures are known for their capacity to
distribute forces well, exhibit exceptional overall integrity, and stability. Notwithstanding
the exceptional structural performance, it is worth noting that large-span spatial roofs may
experience significant structural damage when subjected to certain seismic events, wind
loads, and fluctuations in temperature [1]. To avoid the damage, a careful assessment of
the structural load [2–4], and a precise numerical analysis of the structural mechanical
performance [5–7] of large-span spatial structures have been conducted, and new tech-
nologies, including seismic isolation for domes and lattices, have been developed to meet
diverse and demanding design needs [8–10]. The distinctive structural configurations of
large-span spatial structures are marked by the abundance of natural frequencies and three-
dimensional vibration modal shapes under seismic loading. The seismic response of these
structures is influenced by multiple modes, with high-order modes typically playing a dom-
inant role [11–13]. For the seismic design of spatial structures using a mode superposition
dynamic analysis, an essential criterion is needed to discern the dominant modes.

Roof-isolation systems, implemented by inserting isolation bearings between the roof
and supporting columns of a building, can alleviate the thermal load and filter inertial
forces transmitted to the roof. As a result, these systems serve as an elegant and efficient
solution for enhancing the seismic resilience of large-span structures. Large-span roof
isolation provides several advantages, such as the release of thermal stresses, the isolation
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of earthquake effects, and the enhancement of the structural seismic behavior via the mass-
damping effects [14–19]. To enhance the credibility of seismic performance evaluations
for large-span structures with roof isolation, it is inevitable to have a comprehensive
understanding of the advancement of a more sufficient, efficient, and reliable ground-
motion intensity measure to cover those structures.

Quantifying the attributes of ground motion and describing the possible structural
harm that may occur in the event of an earthquake, ground-motion IMs are indispensable in
the fields of earthquake engineering and seismic-risk assessment [20]. The careful selection
of ground intensity contributes to a more precise assessment of seismic performance and
the successful mitigation of the variability in predicting structural reactions. Earthquakes
are often assessed based on parameters such as frequency, amplitude, and duration. The
investigation of intensity measures in seismic analysis commonly focuses on the peak
ground acceleration (PGA) and fundamental period spectral acceleration (Sa(T1)) due to
the extensive availability of hazard curves for these parameters. Regrettably, a plethora
of studies have demonstrated that, in certain instances, Sa(T1) may not possess sufficient
predictive capability. Given its failure to incorporate the elongated period, as the structure
extends beyond the point of elasticity, and its neglect of the impact of the higher modes,
Sa(T1) is inadequate. In order to address the constraint above, researchers have devised a
range of IMs that are derived from the acceleration spectrum.

Generally, the modification of the spectral-acceleration-based intensity measures
is in the power-law form and in the power-law form and linear superposition form.
Cordova et al. [21] present an IM in exponential form to reflect the acceleration spectral
shape. Based on the acceleration spectrum, Lin et al. [22] design two exponential form
IMs, denoted as SN1 and SN2, which account for the first two modes of participation and
period elongation, respectively. Similarly, Lu et al. [23] propose an improved IM, and Zhou
and Su [24] develop S12 and S123 for super-high buildings. In addition to exponential form
intensity measures, Shome [25] introduces two linear IMs, denoted as S∗

a12 and S∗
a123, which

consider the initial two periods and three modes, respectively. Zhang et al. [26] propose a
linear IM, S∗

a , based on the acceleration spectrum.
The peak ground velocity (PGV) measure, which is less sensitive to the higher-

frequency components, is another useful ground-motion intensity measure. Extensive
research has demonstrated that isolated structures which are susceptible to loading within
the intermediate-frequency range may benefit from considering velocity-related IMs, as
they can offer a more precise assessment of the likelihood of damage [27–29]. Housner’s
definition of seismic intensity (SI) involves calculating the area under the pseudo-velocity
spectrum curve within the frequency range of 0.1 s to 2.5 s [30]. Von Thun et al. [31]
modify the seismic intensity (SI) measure by incorporating a velocity spectrum, resulting
in the development of a novel intensity measure known as the Velocity Spectrum Intensity
(VSI) measure. The VSI measure has demonstrated considerable potential as an intensity
measure due to its strong association with the structural damage observed in tall buildings.
Based on the normalized velocity response spectrum, the Applied Technology Council
defines the effective peak velocity as the mean spectral velocity within the period range
of 0.1 to 0.5 s divided by 2.5. [32] These intensity measures mentioned above employ the
integer operations of the velocity spectrum and cover a frequent period range of low-rise
structures. However, due to the significant influence of multiple vibration modes on the
dynamic response of structures, several velocity spectrum-based IMs have been devised to
account for the impact of multiple vibration modes. Zhang et al. [33] propose a modifica-
tion to the existing approach by substituting spectral acceleration with spectral velocity,
resulting in the development of a novel intensity measure based on the velocity spectrum.
Xiao et al. [34] employ the normalized modal mass participation coefficient as a weighing
exponent and present a new intensity measure derived from the velocity spectrum.

Despite the fact that extensive research has been carried out on the efficiency of in-
tensity measures across various structural types, only a limited number of studies have
specifically examined isolated structures. According to Ryan [35], the PGV measure is
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a generally reliable IM when it comes to forecasting the behavior of base-isolated struc-
tures. Narasimhan et al. [36] examine the efficiency of velocity-based IMs in predicting
the nonlinear behavior of structures with base-isolation elements and find that the PGV
measure can reduce the variability of maximum base displacement. Additionally, the
research conducted by Avsar [37] suggests that velocity-related intensity measures (IMs)
exhibit a more robust association with the isolation system’s response. The peak ground
velocity (PGV) measure is the preeminent indicator among velocity-associated intensity
measures examined in the existing body of literature. The suitability of ground-motion
intensity measurements for tall structures made of seismically isolated reinforced concrete
is investigated by Yang et al. [38]. The researchers conclude that the modified VSI measure
demonstrates a high degree of efficiency in accurately forecasting structural displacement,
exhibiting a satisfactory level of sufficiency.

As discussed, current studies concerning the ground-motion intensity measures for
seismic-isolation structures have mainly focused on examining the effectiveness of intensity
measures in base-isolated buildings. The relationship between roof-isolated structures and
the IM is not straightforward. Consequently, this paper presents a correlation study between
the EDPs of roof-isolated large-span structures and 37 ground-motion IMs, including a new
IM that is based on the velocity spectrum.

2. Introduction of Ground-Motion IMs

The characteristics of ground motion that are important in earthquake engineering
applications are amplitude, frequency content, and duration. It is vital to acknowledge
that the complexity and ambiguity surrounding earthquake ground motions make it
exceedingly difficult to identify an intensity measure that can effectively capture all the
significant properties of these ground motions.

2.1. A Novel Ground-Motion IM for Roof-Isolation Structures

Recent research has demonstrated that the utilization of spectral velocity-related
intensity measures has proven to be effective in the seismic evaluation of base-isolated
structures. However, there is a limited body of research on the relationship between ground-
motion intensity measures and roof-isolated structures. The roof-isolation system involves
the placement of isolator bearings between the roof of a building and the supporting
columns, as well as the incorporation of viscous dampers that are connected to both the
roof and a structural element situated beneath it. Roof-isolation structures, being a specific
category of inter-story-isolated systems, demonstrate additional sets of modes in their
dynamic response, characterized by significant mass participation as compared to base-
isolation structures. Furthermore, the implementation of isolation bearings has the effect of
increasing the duration of structural vibration periods, which leads to a reduction in the
seismic base shear force. In certain circumstances, the isolated roof can also function as
a vibration absorber and mimic the behavior of a nonconventional Tuned Mass Damper
(TMD) on the lower levels of the structure. To achieve the desired Tuned Mass Damper
(TMD) effect, it is necessary to employ roof-isolation bearings in the design and maintain
an appropriate mass ratio between the lower structure and the isolated structure. The
significance of the mass ratio in the response of the inter-story-isolated structures has
been demonstrated, as it determines the dominant element of behavior and facilitates the
identification of the governing relationship between isolation and tuned mass damping.

Hence, it is imperative to incorporate the aforementioned qualities when synthesizing
a ground-motion intensity measure for roof-isolation structures. Intensity measures often
incorporate the influence of multiple vibration modes and elongated periods by utilizing
linear combinations or exponential expressions of spectral amplitudes. The ground-motion
IMs with linear combinations or exponential expressions are presented in Table 1.
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Table 1. Summary of the spectrum-based IMs.

Elongated Period
Multiple Vibration Modes

Linear Expressions Exponential Expressions

Acceleration-
spectrum-
based IM

S∗ = Sa(T1)
αSa(CT1)

1−α

[21]

S∗
a12 = 0.8Sa(T1) + 0.2Sa(T2)

S∗
a123 = 0.8Sa(T1) + 0.15Sa(T2) + 0.05Sa(T3)

[25]

IM123 = Sa(T1)
αSa(T2)

βSa(T3)
γ

[39]

IM12 = Sa(T1)
αSa(CT1)

β

[39]
S∗

a =
n
∑

i=1
αiSa(Ti)

[26]

SN2 = Sa(T1)
0.75Sa(T2)

0.25

[22]

SN1 = Sa(T1)
0.5Sa(1.5T1)

0.5

[22]

S12 = Sa(T1)
α1

α1+α2 Sa(T2)
α2

α1+α2

S123 =

Sa(T1)
α1

α1+α2+α3 Sa(T2)
α2

α1+α2+α3 Sa(T3)
α3

α1+α2+α3

[24]

Sa = n

√
n
∏
i=1

Sa(Ti)

[26]

Velocity-
spectrum-
based IM

S∗
v = n

√
n
∏
i=1

[Sv(Ti)]

[33]

S∗
v =

n
∏
i=1

[Sv(Ti)]
ai

[34]

The IMs presented in Table 1 incorporate either the inclusion of multiple vibration
modes or the elongated period, but not both simultaneously. Additionally, it is important
to consider the reasonable inclusion of the influence of the roof mass ratio. The design
and expression of the new IM is based on the earlier work indicated in Table 1, which is
expressed as follows:

S∗
v =

1
n

n

∑
i=1

Sv(Ti)
1−γSv(CTi)

γ (1)

where Sv(Ti) is the ith modal spectral velocity, Sv(CTi) refers to the ith modal spectral
velocity of the isolated structure, n is the number of modes that included, γ denotes the roof
mass ratio and is used to adjust the effect of roof isolation. It is evident that S∗

v accounts for
both the spectral characteristics of seismic velocity and the influences of the higher modal
vibration of the structure and roof-isolation effects. Meanwhile, it inherits the advantages
of existing IMs by incorporating both exponential and linear combination approaches.

2.2. The Other Ground-Motion Intensity Measures

In conclusion, it is evident that no individual IMs have the capability to offer the most
accurate prediction in terms of the structure’s response. However, certain measures may
exhibit greater efficacy as predictors of response, depending on the features of the structure.
To conduct a thorough comparative analysis, some ground-motion IMs have been chosen
for inclusion in this study. Table 2 provides concise definitions and introductory explana-
tions for the ground-motion intensity in question. Based on the definitions provided in
Table 2, the peak ground acceleration (PGA), peak ground velocity (PGV), and peak ground
displacement (PGD) measures exhibit a direct correlation with the magnitude of ground
motions. The utilization of these IMs has been extensively implemented in several design
codes owing to their practicality as well as ease of use. Additional IMs, which are not
immediately derived, typically involve a more intricate formulation, such as the Arias in-
tensity (AI), Housner’s spectral intensity (SI), and effective peak acceleration (EPA), among
others. In this study a total of 37 ground-motion IMs are examined. These IMs discussed in
earthquake engineering are widely utilized, with comprehensive documentation provided
in the literature [40,41].
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Table 2. Information of the introduced ground-motion IMs.

IMs Short Definition

1 First modal spectral acceleration Sa(T1)

2 PGA max|a(t)|
3 PGV max|v(t)|
4 PGD max|d(t)|

5 PGV/PGA [42]
max |v(t)|
max |a(t)|

6 PGD/PGV [43]
max |d(t)|
max |v(t)|

7 SI SI =
∫ 2.5

0.1 PSv(T, ξ = 0.05)dT

8 arms [44] arms =
√
( 1

t f

∫ tot
0 a(t)2dt)

9 vrms [44] vrms =
√
( 1

t f

∫ tot
0 v(t)2dt)

10 drms [44] drms =
√
( 1

t f

∫ tot
0 d(t)2dt)

11 Duration [45] t95 − t5

12 AI [46] AI = π
2g
∫ tot

0 a(t)2dt

13 Ic [40] Ic = a1.5
rms

√
td

14 SED [41] SED =
∫ tot

0 v(t)2dt

15 CAV [41] CAV =
∫ tot

0 |a(t)|dt

16 CAD [41] CAD =
∫ tot

0 |v(t)|dt

17 Ea [47] Ea =
∫ tot

0 a(t)2dt

18 Ars [47] Ars =
√

Ea

19 Ev [47] Ev =
∫ tot

0 v(t)2dt

20 Vrs [47] Vrs =
√

Ev

21 Ed [47] Ed =
∫ tot

0 d(t)2dt

22 Drs [47] Drs =
√

Ed

23 Pa [41] Pa = 1
t95 − t5

∫ t95
t5

a(t)2dt

24 aRMS [41] aRMS =
√

Pa

25 Pv [41] Pv = 1
t95 − t5

∫ t95
t5

v(t)2dt

26 vRMS [41] vRMS =
√

Pv

27 Pd [41] Pd = 1
t95 − t5

∫ t95
t5

d(t)2dt

28 dRMS [41] dRMS =
√

Pd

29 ASI [31] ASI =
∫ 0.5

0.1 Sa(T, ξ = 0.05)dT

30 VSI [31] VSI =
∫ 2.5

0.1 Sv(T, ξ = 0.05)dT

31 EPA [31] EPA = mean (s0.1−0.5
a (ξ = 0.05))

2.5

32 EPV [31] EPV = mean (s0.1−0.5
v (ξ = 0.05))

2.5

33 Ia [48] Ia = PGA · 3
√

ttot

34 Id [48] Id = PGD · 5
√

ttot

35 Iv [48] Iv =
3
√

PGD2 · 3
√

ttot

36 If [49] I f = PGV · 4
√

ttot

Note: ttot is the total duration. Time points t5 and t95 represent the instances at which 5% and 95% of the seismic
energy is achieved, respectively.

3. Ground-Motion Database

Generally, in the current investigations of ground-motion intensity measures, there
are two approaches commonly employed for the selection of ground-motion records. The
first is to directly select the ground-motion records recommended in the appendix of FEMA
P695 [50] for analysis. The second approach relies on the seismic code to choose ground-
motion records depending on the specific characteristics of the site where the structure is
situated. Most of the known studies opt for the first method. Furthermore, the process of
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evaluating the sufficiency of the ground motion entails computing the correlation between
the residual of the intensity measure (IM) and the distance from the epicenter, denoted as
R. In order to ensure the generality and universality of the research results, it is necessary
to ensure enough far-site ground-motion samples. Consequently, a selection of 22 far-field
seismic ground motions, as recommended by the FEMA P695 guidelines, sourced from the
NGA project database, is employed in the dynamic analysis of a roof-isolated structure in
the following sections. Figure 1 depicts the acceleration spectrum of the aforementioned
records. The seismic events encompass a range of magnitudes, specifically falling within
the interval of 6.5 to 7.9. Additionally, the distance exhibits variability, ranging from 7 km
to 23 km. The comprehensive data pertaining to the ground-motion recordings is shown in
Table 3. The ground-motion data that have been chosen in the time history analysis have not
undergone any scaling. Table 3 presents a comprehensive overview of the ground-motion
recordings, providing detailed information.
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4. Property of Ground-Motion IMs

To evaluate the predictive capability of an intensity measure, a number of properties
are typically examined. In this investigation, both sufficiency and efficiency are taken
into account. Engineering demand parameters (EDPs) are numerical metrics that are
employed to assess the response and reaction time of a system or structure in the event
of an earthquake. Physical quantities that can be explicitly measured or calculated using
information on the structure’s response are the typical sources from which EDPs are
derived. The parameters have been deliberately chosen to encompass essential elements of
the response that are crucial for evaluating the functionality and safety of the structure.

4.1. Efficiency

An efficient IM is characterized by the ability to induce a comparatively low degree
of variation in the structural response for a specific value of the IM. Shome et al. [25]
demonstrate that the connection between the IM and EDP generally adheres to a stan-
dard power law. As a result, regression analyses are conducted utilizing the subsequent
functional form:

EDP = a · IMb (2)

where a and b denote the coefficients. We can rewrite Equation (2) in linear logarithm
expression as follows:

ln(EDP) = ln a + b ln(IM) (3)

Equation (3) is employed in the context of linear regression analysis to quantitatively
assess the pattern exhibited by the dataset.

The Pearson correlation coefficient, which is a statistical metric employed to quantify
the degree of linear association between two variables, is used to quantify the level of
efficiency of an intensity measure. The correlation between two variables is stronger when
the coefficient approaches 1. The Pearson correlation coefficient can be expressed as follows:

ρPearson =

n
∑

i=1
(Xi − X)(Yi − Y)√

n
∑

i=1
(Xi − X)

2 n
∑

i=1
(Yi − Y)2

(4)

where X and Y are the average values. n is the data number.

4.2. Sufficiency

In the performance-based seismic-evaluation system, evaluating the annual average
probability of a structure exceeding a certain limit state on the specific site is a crucial aspect.
Sufficiency describes the statistical independence of the seismic intensity indicators from
the seismic characteristic parameters (usually magnitude M and distance R). If the seismic
intensity indicator lacks sufficiency, the seismic evaluation of the structure will depend to
some extent on the selection of seismic motions. The sufficiency of the IM is quantified by
the following equations [51]:

ln(ε|IM) = ln(a) + c · M + ln(ε|IM, M) (5)

ln(ε|IM) = ln(a) + c · ln(R) + ln(ε|IM, R) (6)

When the significance level index in the residual regression on magnitude M or the
logarithm of distance R exceed 0.05, the IM is proved to be sufficient.

5. Discussion

In this section, the ground-motion intensity measures of the roof-isolated structure are
investigated using a multi-degree-of-freedom (MDOF) planar lumped-mass elastic model
and a three-dimensional real stadium structural model. MDOF models can be used to
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explore multiple solutions by modifying design parameters throughout the basic design
process. However, they fail to account for the torsion effect and the nonlinear behavior of
a real structure. As a result, following the initial investigation with the MDOF model, a
three-dimensional real stadium structural model is developed.

5.1. Planar Lumped-Mass Elastic Multi-Degree-of-Freedom Models

The literature [52] reports the existence of a prototype three-story steel skyscraper of
this particular kind. Figure 2 presents a visual depiction of the MDOF lumped-mass model.
The graphic presented illustrates the simplification of each layer as a lumped mass, with the
roof being isolated by the implementation of isolators. The floor-to-floor height is 3.96 m.
The effective stiffness is 3000 N/mm in the horizontal direction. The vertical connection of
each floor is modeled by the elastic beam element. The column bases are modeled as fixed
at the ground level to the ground. The Bouc–Wen model, which is extensively employed
in the simulation of isolators, is used to illustrate the behavior of isolation. The initial
proposal of this model by Bouc in 1967, followed by subsequent modifications by Wen,
provides a description of the characteristics of the isolation system [53,54]. The elastic time
history analysis is performed with SAP2000. Table 4 presents the mass data and dynamic
parameters of the model. It is important to acknowledge that the vibration period of the
roof-isolated model is denoted as CTi, in order to distinguish it from the vibration period
of the non-isolated model, Ti. The lumped-mass model and Bouc–Wen model are depicted
in Figure 2. The dynamic properties of the lumped-mass model is shown in Table 5.
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Table 5. Dynamic properties of the lumped-mass model.

T1 T2 T3

Roof isolation 1.594 1.320 1.120
Non-seismic isolation 1.016 0.335 0.187

Period elongation coefficient C 1.57 3.94 5.99

In general, the presence of an isolated roof contributes to two structural phenomena:
the isolation effect and the mass-damping effect. It has been demonstrated that the mass
ratio is a significant factor influencing the interaction between the two effects. An increase
in the mass ratio between the isolated layers typically leads to a transition from mass
damping to isolation. In the case of roof-isolated constructions, particularly those with
enormous spans, it is observed that the mass of the roof is rather insignificant when
compared to the mass of the lower floors. The dominance of the mass-damping effect
is observed in the structural response. In certain instances, the mass of the roof may be
insufficient to effectively decrease the displacement or base shear stress experienced by
the lower levels. However, it is important to acknowledge that the primary focus of this
study is on examining the connection between structural response and ground-motion IMs.
This study does not place significant emphasis on comparing and analyzing the effects of
isolation and mass damping. The first three modal shapes of the lumped-mass model are
illustrated in Figure 3. The first three modal periods are 1.594, 1.320, and 1.120, respectively.

Buildings 2024, 14, x FOR PEER REVIEW 10 of 27 
 

In general, the presence of an isolated roof contributes to two structural phenomena: 
the isolation effect and the mass-damping effect. It has been demonstrated that the mass 
ratio is a significant factor influencing the interaction between the two effects. An increase 
in the mass ratio between the isolated layers typically leads to a transition from mass 
damping to isolation. In the case of roof-isolated constructions, particularly those with 
enormous spans, it is observed that the mass of the roof is rather insignificant when com-
pared to the mass of the lower floors. The dominance of the mass-damping effect is ob-
served in the structural response. In certain instances, the mass of the roof may be insuf-
ficient to effectively decrease the displacement or base shear stress experienced by the 
lower levels. However, it is important to acknowledge that the primary focus of this study 
is on examining the connection between structural response and ground-motion IMs. This 
study does not place significant emphasis on comparing and analyzing the effects of iso-
lation and mass damping. The first three modal shapes of the lumped-mass model are 
illustrated in Figure 3. The first three modal periods are 1.594, 1.320, and 1.120, respec-
tively. 

   
(a) The first modal shape (b) The second modal shape (c) The third modal shape 

Figure 3. The first three modal shapes of the lumped-mass model. 

5.1.1. Dynamic Response of the Lumped-Mass Model 
The structural response is influenced by various factors, including the structural de-

sign, materials used in construction, and the dynamic properties of the ground motion. A 
total of 44 ground-motion records are put into the elastic time history analysis. Key aspects 
of the dynamic response of a structure include the maximum inter-story drift ratio (MIDR) 
and the maximum floor acceleration (MFA). The MIDR is essential for assessing the seis-
mic performance of a structure. It helps to determine if the structure can withstand the 
lateral forces generated by seismic events without experiencing excessive damage or col-
lapse. Different building codes and design standards specify maximum allowable drift 
ratios based on factors such as the building’s occupancy, structural system, and location 
in a seismic zone. The MFA is strongly related to the seismic-resilience assessment and is 
crucial to ensure public safety and minimize the non-structural members of the structure. 

The average inter-story drift ratio θ  of both the roof-isolated and non-isolated struc-
ture under the far-field record is illustrated in Figure 4. The standard derivation of the 
maximum inter-story drift ratio is 0.0038 for the roof-isolated model and 0.0047 for the 
non-isolated model. The displacement curve of the non-isolated model exhibits a bending 

Figure 3. The first three modal shapes of the lumped-mass model.

5.1.1. Dynamic Response of the Lumped-Mass Model

The structural response is influenced by various factors, including the structural
design, materials used in construction, and the dynamic properties of the ground motion.
A total of 44 ground-motion records are put into the elastic time history analysis. Key
aspects of the dynamic response of a structure include the maximum inter-story drift ratio
(MIDR) and the maximum floor acceleration (MFA). The MIDR is essential for assessing
the seismic performance of a structure. It helps to determine if the structure can withstand
the lateral forces generated by seismic events without experiencing excessive damage or
collapse. Different building codes and design standards specify maximum allowable drift
ratios based on factors such as the building’s occupancy, structural system, and location
in a seismic zone. The MFA is strongly related to the seismic-resilience assessment and is
crucial to ensure public safety and minimize the non-structural members of the structure.
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The average inter-story drift ratio θ of both the roof-isolated and non-isolated structure
under the far-field record is illustrated in Figure 4. The standard derivation of the maximum
inter-story drift ratio is 0.0038 for the roof-isolated model and 0.0047 for the non-isolated
model. The displacement curve of the non-isolated model exhibits a bending deformation
pattern. After the roof isolation, there is no significant change in the base shear and the
θ of the first floor. As the number of floors increases, the inter-story drift ratio gradually
decreases. Due to the use of roof isolation, the motion pattern of the roof changes to
translation under the action of an earthquake, and the θ becomes almost zero.
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Figure 4. Average maximum inter-story drift of the structure under the 44 far-field ground-motion records.

5.1.2. Regression Study

The efficiency is evaluated using Equation (4) and the closer the Pearson coefficient
is to 1, the higher the efficiency of the intensity measure. Taking the roof mass ratio
into consideration, as is illustrated in Equation (1), the proposed intensity measure is

rewritten as 1
n

n
∑

i=1
Sv(Ti)

0.643Sv(CTi)
0.357. Figure 5 illustrates the scatter plots and correlation

coefficients of ln(θmax)− ln(IM). The correlation coefficients of ln(θmax)− ln(PGA) and
ln(θmax)− ln(S∗

c ) are 0.6875 and 0.8395, respectively. The improvement in the correlation
coefficient indicates a higher efficiency of the velocity-related intensity measure. In addition,
the comparison between the most common used velocity-related intensity measure (the
PGV measure) and the proposed parameter indicates that it is necessary to contain the
velocity spectrum and the higher modes. The correlation coefficients increase significantly
from 0.5444 to 0.8395.

As is introduced in the second section, the S∗
c is derived from the spectral velocity

and is modified with the higher modes and roof mass ratio. Taking the first mode into
consideration, the S∗

v is rewritten as Sv(T1)
1−γSv(CT1)

γ. When the isolated mass ratio
γ is 1, i.e., the base isolation, the proposed S∗

v becomes the first spectral velocity of the
base-isolated model. On the other hand, the mass ratio γ = 0 represents the non-isolated
model. To illustrate the influence of the isolated mass ratio, the comparison between
Sv(T1)

1−γSv(CT1)
γ, Sv(T1), and Sv(CT1) is presented in Figure 5c. The Sv(T1)

1−γSv(CT1)
γ

reaches a higher efficiency level as the correlation coefficients increase from 0.7657 (Sv(CT1))
to 0.8395 (Sv(T1)

1−γSv(CT1)
γ). Previously studies concerning the ground-motion intensity

for base-isolated structures indicated that the first modal spectral velocity, i.e., Sv(CT1)
in this study, is a promising IM and obtains relative high efficiency. However, for the
roof-isolated structures, the import of the isolated mass ratio as a weighing coefficient
improves the performance of the first modal spectral velocity. Moreover, the Sv(CT1) is
regarded as a special form of the proposed Sv(T1)

1−γSv(CT1)
γ when the isolated mass

ratio γ = 1, which refers to the base isolation.
In addition to the MIDR, the MRD is another widely used EDP. Figure 5 presents the

scatter plots of the IMs and the MRD. Despite the different correlation coefficient values,
the Pearson coefficient of S∗

v is much closer to 1 compared with the PGA and PGV measures,
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which is similar to the cases of the MIDR. Compared with Sv(CT1), the Pearson coefficient
of S∗

v is improved from 0.6949 to 0.7605. The increment in the Pearson coefficient denotes
the necessity to account for the isolated mass ratio, as can be seen from Figure 6c.
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5.1.3. Vibration Modes Involved in the Proposed IM

The IM presented in this study is modified by adding the different periods of each
mode. Therefore, it is essential to initially determine the ideal number of modes that accu-
rately represent the influence of higher modal vibrations on seismic reactions. It should be
emphasized that the inclusion of higher-order modes in the IM may not always be desirable
in practical applications of IMs. Consequently, in order to obtain a heightened efficacy
of the proposed measure of intensity, it is important to investigate the ideal quantities of
modes inside the IM.

Figure 7 presents the correlation coefficient ρ of the first five modes involved in S∗
v

with the MIDR and MRD. The correlation coefficients are relatively higher in the MIDR
case compared with the MRD. Obviously, the correlation coefficient ρ firstly increases and
then decreases with the increasing of modes both for the MIDR and the MRD. In both cases,
taking the first three modes will guarantee the best efficiency of S∗

v .
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As a result, it is not always advantageous to incorporate the maximum number of
modes into the combination of ground-motion intensity measurements. The spectral
velocity signifies the structural response and frequency content resulting from the ground
motion. Consequently, the efficiency of the IM diminishes as the frequency content it
represents surpasses the frequency range that is susceptible to the structure. While the
impact of higher modes is more pronounced on isolated structures, its strength diminishes
as the mode ascends in comparison to the cumulative effect of the lower modes.

5.2. The Roof-Isolated Large-Span Stadium Structure Model

To overcome some shortcomings of the planar lumped-mass model, a three-dimensional
roof-isolated large-span structure model of the Beijing Workers Stadium is established to
examine the performance of the ground-motion intensity measures. The Beijing Workers
Stadium, also known as the Workers’ Gymnasium, is a well-known multi-purpose indoor
arena in Beijing, China. It holds great significance in the country as it has hosted numerous
major sporting events, concerts, and cultural shows.

The stadium was originally built in 1959 and has undergone several renovations over
the years to meet modern standards. However, due to the hosting of the opening and
closing matches of the Asian Cup Football Tournament in 2023, it needed to be transformed
into a professional football stadium. The original elliptical field was transformed into a
rectangular football pitch and the seating arrangement in the stands also needed to meet
the requirements of a professional football stadium. After inspections, the old venue could
not meet the future usage requirements and structural safety requirements. Therefore, it
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was demolished and rebuilt according to the original design concept to meet the new usage
requirements and ensure structural safety.

The renovation and reconstruction of the Beijing Workers’ Stadium was finished in
2022. The main structure consists of a concrete frame-shear wall structure system and
a large-span roof. The Beijing Workers’ Stadium has three underground floors and six
above-ground floors, with a total construction area of 385,000 square meters and a total
height of 47 m. The main structure of the stadium has an east–west span of 213 m and a
north–south span of 280 m. The plan diagram of the Beijing Workers’ Stadium is shown
in Figure 8.

The roof is covered by a large-span single-layer reticulated shell structure with a “radi-
ating arch rib and cross bracing” system. The primary load-bearing components include
the inner and outer rings of beams and arch ribs, with the cross bracing providing lateral
restraint for the arch ribs. The outer dimensions of the single-layer shell is 271 m × 205 m,
with an inner opening size of 125 m × 85 m. The spacing between the inner and outer
rings of beams range from 44 m to 58 m, with a cantilever beam of 5 m to 15 m length
on the innermost side. The height difference between the inner and outer rings of beams
is 17.922 m.

The roof is isolated with the frictional pendulum isolation bearings (FPB). A total
number of 80 FPBs are used to achieve lower vertical stiffness and ensure horizontal shear
transfer. The friction pendulum has a double-sliding surface structure. Compared with
a regular single-sliding surface friction pendulum support with the same parameters, it
has lower horizontal stiffness, allowing for larger sliding distance within a limited space.
The planar size of the FPB is 1.02 m × 1.02 m. The upper and lower sliding surfaces are
spherical surfaces with a curvature radius of 2.32 m, and the slider height is 330 mm. The
swinging period is 4.13 s. The static friction coefficient of the FPB used in this study is
0.035, and the dynamic friction coefficient is 0.015–0.025. The bearing is composed of a
thick laminated rubber bearing for vertical vibration isolation and a friction pendulum
for horizontal earthquake isolation. The vertical equivalent stiffness is significantly lower
than that of the typical frictional pendulum isolation bearing after using a modified vertical
stiffness test approach.
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Figure 8. The plan and elevation diagram of the Beijing Workers’ Stadium.

The friction pendulum bearings are installed at the bottom of each arch rib, with
a static friction coefficient of 0.035 and a dynamic friction coefficient of 0.015–0.025. In
order to reduce the horizontal displacement of the large-span roof under the action of a
major earthquake, viscous dampers, which are passive energy dissipation devices [55], are
installed between the pier columns and the outer circular beams. The damping coefficient
is 130 kN/(mm·s−1), and the damping index is 0.3. The schematic diagram of the connec-
tion of the seismic-isolation device for the large-span roof-isolated structure is presented
in Figure 9.
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The establishment of nonlinear numerical models for the Beijing Workers’ Stadium has
been carried out in the SAUSAGE program, which is one of the high-performance programs
in China that specialize in structural nonlinear analysis. In the analysis, the geometric
nonlinearity, material nonlinearity, and construction process are fully considered. The
equilibrium equation of the structure is established on the geometric state after deformation.
The P-∆ effect, nonlinear buckling effect, and large deformation effect are comprehensively
considered. The nonlinear stress–strain constitutive relationship of materials is employed
to simulate the elastic–plastic characteristics of steel bars, steel, and concrete, which can
effectively simulate the elastic–plastic behavior of structural components throughout the
analysis. The beam and column elements are simulated using a nonlinear fiber beam
element, while the shear wall is modeled using a multi-layer shell element. The concrete
damaged plasticity (CDP) model is utilized for the purpose of simulating the progressive
deterioration of concrete material. The initial elastic modulus is 3.25 × 104 MPa, and the
design tensile and compressive strength are 1.71 and 19.1 MPa. The strain–stress model
of reinforcement has been chosen to be the bilinear model, which takes into account the
Bauschinger effect. The initial elastic modulus of steel is 2.0 × 105 Mpa, and the yield
strength is 360 MPa. The numerical model is fixed at the base. The Rayleigh damping
model is used in the nonlinear time history analysis. The damping ratio for concrete
material is 5%, and for steel material it is 2%. The main dead load and live load for each
layer are 6 kN/m2 and 4 kN/m2, respectively. Tables 6 and 7 provide the mass data and
dynamic characteristics of the Beijing Workers’ Stadium, respectively. Large-span spatial
structures have closely spaced frequencies and complex vibration modes. However, when
the roof is isolated, the first three modal shapes of the model become X-direction translation,
Y-direction translation, and torsion. To obtain relatively high efficiency, the first three modal
periods are used in the proposed IM.

Table 6. Mass properties of the Beijing Workers’ Stadium.

F1 F2 F3 F4 F5 ROOF

Mass (t) 40,787.084 29,717.344 29,409.178 26,131.259 29,635.109 20,122.477
Mass Ratio 0.23 0.17 0.17 0.15 0.17 0.11

Table 7. Vibration period of the Beijing Workers’ Stadium.

Period (s) T1 T2 T3 T4 T5 T6 T7 T8

Roof isolation 2.679 2.628 2.206 1.502 1.422 1.242 1.214 1.049
Non-seismic isolation 1.328 1.303 1.094 0.943 0.897 0.763 0.746 0.617

Period elongation coefficient 2.01 2.01 2.01 1.59 1.58 1.62 1.62 1.7

The spectral velocity Sv(T1) is not only the structural response (maximum velocity of
the elastic single-degree-of-freedom with specific damping ratio under the ground motion)
but also the measure to describe the intensity of the ground motions from the aspect of
frequency content. In the CQC combination method, multiple modes that account for a
90% mass participation of spatial structures are considered. That is essential to achieve a
relatively accuracy result. However, the ground-motion intensity Sv(T1) is insufficient to
cover enough ranges of frequency, to which the studied structures are sensitive. As a result,
taking as many modes as possible is not always beneficial to improve the efficiency of the
IM. The optimal number of modes should be investigated when the spectral-response-based
IMs are employed.

5.2.1. Efficiency

The results of the Pearson coefficients between ln(IM) and ln(EDP) under the selected
ground motions are illustrated in Figure 10. In this section, the EDPs examined include
the MIDR, MRD, and MFA. The MIDR and MRD, which evaluate the degree of structural
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damage under earthquakes and local damage, story collapse, and instability, are both
widely used EDPs. The MFA is proven to be closely related to the non-structural damage
and reflects the level of seismic resilience.
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Figure 10. Numerical model of the Beijing Workers’ Stadium.

Figure 11 illustrates that the proposed intensity measure exhibits a substantial increase
in efficiency as measured by the MIDR, MRD, and MFA when compared to the first modal
spectral velocity of the non-isolation and roof-isolation structures, denoted as Sv(T1) and
Sv(CT1), respectively. Previous studies have demonstrated that Sv(T1) serves as a signifi-
cant indicator in classifying the damage incurred by base-isolated structures. Nevertheless,
the notable distinctions in the dynamic response of structures with roof isolation versus
those with base isolation underscore the necessity to implement adjustments in accordance
with factor Sv(T1).

The substantial improvement in the efficiency of the modified parameter (Figure 11)
suggests that the isolated mass ratio and higher modes must be simultaneously accounted
for in the first modal spectral velocity. Figure 12 depicts the ideal quantity of modes
involved in S∗

v . In order to optimize the benefits of the S∗
v and attain the utmost efficiency, it

is imperative to examine the initial three modes throughout all the EDPs (MIDR, MFA, and
MRD). The efficiency of S∗

v exhibits an early growth followed by a subsequent decline in
response to an increase in the number of modes. This conclusion aligns with the findings
of the elastic lumped-mass model that was examined in the preceding section.

Figure 13 displays the Pearson coefficients between the EDPs and the selected ground-
motion IMs. It is noteworthy to mention that the proposed S∗

v exhibits superior efficiency in
relation to the MFA, MIDR, and MRD compared to conventional ground-motion parameters.

In Figure 13a, the first four efficient IMs are S∗
v , VSI, SI, and ASI. In the MRD case,

Figure 13c illustrates that the VSI measure exhibits the second highest level of efficiency
compared to other IMs, with Ic and ASI ranking behind. For the MFA, when comparing
Figure 13a,c, the primary distinction observed in Figure 13b pertains to the enhanced
efficiency in the growth of IMs associated with acceleration-based IMs (such as ASI, Ea,
Pa, and PGA). For example, the Pearson coefficients of the PGA in Figure 13a–c are 0.626,
0.633, and 0.825. Significant progress has been made, as the MFA can be seen as a direct
amplification of the ground-motion acceleration, specifically known as the peak ground
acceleration (54). Consequently, the MFA exhibits sensitivity towards the ground-motion
IMs associated with acceleration, leading to an increase in the overall efficiency.
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Figure 12. The number of modes combined in the IM.

For widely used single parameter intensity measures, namely, the PGA, PGV, PGD,
and Sa(T1) measures, the most efficient IM is the PGA measure, which is also the key
parameter used in the structural design of the Beijing Workers’ Stadium. With regard to
the ground-motion IMs connected to velocity, the VSI measure distinguishes itself through
the sophisticated definition, which incorporates a broad spectrum of frequency content
and velocity.

Although the MRD and MIDR belong to the displacement demands, the displacement-
related IMs, including the PGD, Drs, CAD, Displacement RMS, dRMS, Pd, Id, and Ed IMs, tend
to demonstrate limited efficiency. In this regard, displacement-related IMs are inadequate
for simulating the potential damage to roof-isolated structures caused by far-field ground
motions. Furthermore, the correlation between the EDPs and the significant duration is
weak in every case, as evidenced by the Pearson coefficients below 0.3. While both the
PGV/PGA and PGD/PGV IMs attempt to capture a portion of the frequency content
of earthquakes, their efficiency differs significantly. For the Riddle parameters (Ia, Id, Iv,
If), the relative ranking is constant; Ia has the highest Pearson coefficient. From these
figures, it should be noted that the acceleration-energy-based ground-motion IMs, such
as acceleration RMS, Ea, Ars, Pa, and aRMS IMs, exhibit relatively high correlation with the
structural response.

To investigate the suitability of different IMs for seismic-isolation structures, an inter-
story-isolated high-rise structure with a similar fundamental period to the Beijing Workers’
stadium structure is selected for comparison [29]. The Pearson correlation coefficients
between IMs and the MIDR of two structures with roof isolation and inter-story isolation
are presented in Table 8. Despite the different structural types, the results of the Pearson
correlation coefficients have similarities. Among the single parameter intensity measures
PGA, PGV, and PGD, the most efficient IM is the PGA IM. Furthermore, some velocity-
based IMs, including VSI, SI, PGV IMs, have relatively high efficiency. The IM with the
greatest change in the Pearson correlation coefficient is the PGD IM, where the difference is
close to 27 times.
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Figure 13. Pearson correlation coefficients between IMs and the EDPs.

Table 8. Pearson correlation coefficients between IMs and MIDR on two structures with roof isolation
and inter-story isolation, respectively.

PGA AI CAV PGV Ic SED PGD ASI VSI SI

High-rise inter-story-isolated structures 0.678 0.490 0.265 0.768 0.557 0.608 0.412 0.470 0.854 0.860
Large-span roof-isolated structures 0.626 0.643 0.454 0.595 0.653 0.379 0.015 0.656 0.708 0.663

5.2.2. Sufficiency

The sufficiency of the intensity measure (IM) can be assessed by regressing the residual
term ln(ε|IM) against the seismic magnitude M or the logarithm of the distance R, as
indicated by Equations (5) and (6). This allows for the evaluation of the importance of
the link between the residual and magnitude M or the logarithm of the distance R. The
present study used the F-test method at a significance level of 5% to examine the linear
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relationship. When the p-value in the regression analysis is less than 0.05, it suggests
that the sufficiency of the related independent variable does not match the sufficiency
requirements. The findings of the analysis performed for the sufficient evaluation of the
suggested intensity measure are presented in Figure 14. The p-value is more than 0.05 in
both instances. Consequently, the sufficiency of the S∗

v is guaranteed.
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Figure 14. Sufficiency evaluation of the S∗
v : (a) magnitude M, (b) distance R.

It is necessary to acknowledge the limitations of this work. Notwithstanding the high
efficiency and adequate sufficiency of this proposed ground-motion IM, other properties
of a well-established IM, including scaling robustness and the correlation between IMs
and structural damage, are not discussed. Furthermore, in the process of the time history
analysis, the situation of a three-directional seismic wave input and the travelling wave
effect are not considered. These limitations will necessitate additional investigations.
Finally, while the suggested intensity measure has been studied in the context of large-span
roof-isolated structures, there is no restriction on its application to other types of structures.

6. Conclusions

The comparative evaluation of the findings has yielded the subsequent conclusions:
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1. Roof isolation significantly increases the inherent period of the structure. By consider-
ing higher-order vibration modes and the isolated mass ratio in the spectral velocity,
the Pearson coefficient can be improved by 34.2% for the MIDR, 51.5% for the MFA,
and 41.5% for the MRD. The significant increment in the Pearson coefficient indicates
the improvement in the efficiency of the proposed IM.

2. The efficiency of the proposed IM firstly increases and then decreases with the in-
creasing of modes. Taking the first three modes into consideration will lead to a 5%
increase in efficiency in terms of the MIDR and MRD. For roof-isolated structures, it is
recommended to employ the first three modes in the proposed IM.

3. The proposed S∗
v , which has adequate sufficiency, demonstrates the best efficiency in

terms of the MFA, MIDR, and MRD among other ground-motion IMs. Moreover, the
VSI is a superior definition for the synthesis of ground-motion IMs. The acceleration-
energy-based ground-motion IMs, such as the PGA, Ars, Ea, Pa, acceleration RMS, and
aRMS, exhibit a relatively high correlation with the structural response.

4. Among the commonly used ground-motion intensity measures (PGA, Sa(T1), PGV)
in the structure design, the PGA IM has the highest efficiency. For the proposed
intensity measure, its incorporation into the probabilistic seismic hazard analysis
(PSHA) framework in the design process of roof-isolated large-span structures entails
further study.
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