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Abstract

In nonlinear structural response time history analysis, defining a target spectrum and
selecting a suitable set of seismic ground motion records are of paramount importance.
Commonly used target spectra include the Uniform Hazard Spectrum (UHS) and the
Conditional (Mean) Spectrum (CMS or CS). The CMS (CS) mitigates the limitations of
UHS, which are characterized as “overly conservative” and having an “unrealistic spectral
shape”. It has been employed as a target spectrum in recent years. However, CMS only
considers the fundamental period T; of the structure while ignoring the effects of higher
modes on the structure. For tall buildings and irregular structures, CMS may not provide
a complete solution. To address this issue, this study proposes a modal conditional mean
spectrum (MCMS) on the foundation of CMS to account for the effects of higher modes.
MCMS is constructed by employing modal participation mass-weighted averaging, the
value of the CMS is enhanced for short periods, while the long-period portion remains
unchanged. Subsequently, two high-rise case study structures (symmetric and asymmet-
ric) are designed, and nonlinear structural response time history analyses are conducted
using MCMS, CMS (7)), and UHS as target spectra. Through a compare of four engineer-
ing demand parameters: Peak Floor Acceleration (PFA), Peak Floor Velocity (PFV), Peak
Floor Displacement (PFD), and Maximum Interstory Drift Ratio (IDR), the results indicate
that the structural responses for UHS are 1.3—1.9 times greater than those for CMS, and the
structural responses for MCMS exceed those for CMS by 6—11%.

Keywords Modal conditional mean spectrum - Time-history dynamic analysis - Higher
mode - Tall buildings - Steel frame-center braced structure

1 Introduction

Selection and scaling of earthquake ground motion are associated with nonlinear struc-
tural response time-history dynamic analysis in performance-based seismic evaluation of
earthquake engineering (Goulet et al. 2007). The basic steps for ground motion selection
and scaling include the following: (1) Develop an appropriate target spectrum. (2) Selec-
tion and scaling a suitable set of earthquake ground motion records in accordance with the
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target spectrum. A smart target spectrum can be used to minimize approximation effects
due to combining site hazard and structural response prediction through an “aimed” set
of earthquake ground motion records. Such a target spectrum could be a uniform hazard
spectrum (UHS) (McGuire 1995), design response spectrum (DRS), conditional mean
spectrum (CMS) (Baker 2011), conditional spectrum (CS) in which both the mean and
deviation are considered (Jayaram et al. 2011a, b), and Eta-based conditional mean spec-
trum (E-CMS) (Mousavi et al. 2011). A UHS is developed by carrying out probabilistic
seismic hazard analysis (PSHA) calculations, and any point on it represents that every
spectral acceleration value has an equal rate of being exceeded. However, it should be clear
that a UHS is essentially an envelope response spectral acceleration of all earthquakes at a
site (Bommer et al. 2000), rather than originating from an actual earthquake. In different
periods, each spectral acceleration value may come from different controlling earthquake
scenarios. However, for the specific structure of a site, the spectral acceleration value can-
not be reached using the UHS at all periods (Baker and Cornell 2005), leading to a con-
servative structural response calculated according to the UHS, which is not conducive to
the accurate evaluation of seismic performance of a structure (Naeim and Le 1995; Reiter
1990). A DRS is statistically averaged from the acceleration response spectrum of many
earthquake ground motion records and formulated to several straight lines or curves (such
as the DRS in the ASCE/SEI 7-10 (2010), Eurocode 8 (2004), and Chinese Code (CCSDB
2010)). Thus, a DRS is essentially a UHS abstracted with empirical formulas.

To overcome the limitations of the “overly conservative” and ‘“unrealistic spectral
shape” of a UHS or DRS, Baker and Cornell (2008), Baker (2011) proposed the CMS
as an alternative target spectrum by considering the spectral shape parameter . From the
definition of CMS, it can be seen that the CMS matches the UHS at a single conditioning
period 7". In a period far from T° (T<T" or T>T"), the divergence between the UHS and
CMS gradually increases, eliminating the “conservatism” of the UHS (Baker and Cornell
2006). Furthermore, the spectral shape of the CMS is closer to the response spectrum of
a ground motion record, which can better reflect the characteristics of the actual ground
motion. Haselton et al. (2008) analyzed a reinforced concrete (RC) frame structure consid-
ering the spectral shape parameter € to compare the CMS and UHS, and the results showed
that selecting ground motions without considering & increases the structural response by
30-60%. Eads et al. (2016) investigated various parameters for characterizing spectral
shape measurements, proposed and evaluated a metric for quantifying the spectral shape
called SaRatio, and studied how they are potentially linked to ground motion records that
induce collapse in a given structure. The results indicate that SaRatio generally provides
better predictions of collapse intensity compared to other spectral shape indicators.

To estimate the probability distribution of the structural response under a certain earth-
quake hazard level, the conditional standard deviation should be considered in addition to
the CMS. Jayaram et al. (2011a, b) and Lin et al. (2013a, b, c) proposed that the condi-
tional spectrum (CS) simultaneously matches the mean and deviation of the target spec-
trum. Lin et al. (2013a, b, ¢) studied the mean value and distribution of the CMS and CS
spectral response under both risk-based assessments and intensity-based assessments, and
the results proved that the CMS yielded similar median estimates of structural response
compared to CS but exhibited lower dispersion due to missed variability. In addition, the
results showed that the influence of the selection of the conditioning period for the CS on
structural response estimates is more sensitive in an intensity-based assessment than in a
risk-based assessment. Haselton et al. (2009) compared and analyzed 14 ground motion
selection and scaling schemes for 4 kinds of RC frame and shear wall structures, showing
that the CMS and CS have higher estimation accuracy for predicting the median values
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of interstory drift ratio of buildings. Fox and Sullivan (2016) proposed a simplified seis-
mic assessment procedure of RC wall structures based on the CS to incorporate record-
to-record variability. Hashash et al. (2015) took a site-specific location near a Mississippi
River crossing in the central United States as an example to construct the corresponding
CMS, which proved its rationality from the perspective of the actual site response. Mousavi
et al. (2012) proposed an E-CMS method by considering the influence of the peak velocity
PGV (n, a new indicator of the elastic spectral shape) on the basis of the CMS. The results
show that the correlation of the CMS with period and ductility is more significant when
n is considered. In a study by Azarbakht et al. (2015), the E-CMS was employed as the
target spectrum for record selection. The analysis of a group of multi-degree-of-freedom
systems indicated that, based on the newly introduced n index, deviations can be reduced,
leading to a higher average annual collapse frequency and increased reliability. Particularly
at elevated hazard levels, or when dealing with low natural periods or significant high-
mode effects, the reduction in deviations becomes more pronounced. In addition, E-CMS
is joined to the PSHA in an explicit way, which is also generally accepted. In another work
by Mohandesi et al. (2019), utilizing a simplified linear seismic source, the seismic hazard
decomposition based on the n index was explored. The E-CMS was applied across different
hazard levels for the purpose of selecting ground motion records. Subsequently, an analy-
sis was conducted on a three-story building using these selected records. Shantz (2006)
constructed an inelastic displacement surface (IDS) spectrum based on the CMS. The IDS
spectrum is a three-dimensional surface spectrum with period T as the x coordinate, the
displacement ductility coefficient p as the y coordinate, and the maximum displacement
reaction as the z coordinate to predict the nonlinear reaction of a structure. In addition, the
aftershock after the main earthquake will increase the damage to a structure, resulting in
a cumulative damage effect. Zhu et al. (2017) constructed the CMS considering the main
shock-aftershock ground motion sequences.

The CMS (CS) has been employed worldwide, and there are many practical applica-
tion cases of constructing a local CMS in many countries. For example, Vacareanu et al.
(2014) constructed the CMS of Bucharest, and Daneshvar et al. (2015) constructed the
CMS of Eastern Canada. It has also been used in the evaluation of the seismic performance
of buildings (Daneshvar et al. 2014) and dams (Bernier et al. 2016). Ji et al. (2017) first
researched the correlation coefficients of spectral accelerations used to generate a CMS
based on ground motion records from 2007 to 2014 in China. Then, implementation and
specific-case studies of the CMS and CS based on seismic safety evaluation in China were
given (Ji et al. 2018). Based on ArcGIS, Li (2016) completed seismic hazard disaggre-
gation in the Xi ’an area in China and obtained the UHS and CMS of the area. In addi-
tion, several kinds of application software have been developed based on the CMS, such as
the online ground motions selection database tool developed by PEER (https:/ngawest2.
berkeley.edu/), the Conditional Spectrum Ground Motions Selection (CSGMS) software
developed by Baker and Lee (2018), the QuakeManager software developed by Mahmoud
(2008), and the Design Ground Motion Library (DGML) developed by Wang et al. (2015).

According to the aforementioned studies, a CMS method considering the spectral
shape parameters has received increasing attention and recognition by earthquake
engineering scholars and has also been accepted as a more reasonable target spectrum
recently. However, with the deepening of the research, this method has encountered
the following two bottlenecks. First, the CMS only selects only one conditional period
(usually the first mode of the structure corresponding to the first period 7), ignoring
the influence of the high-order vibration mode (other periods) on the structure. This is
acceptable for low-rise structures controlled by the basic period T, but for high-rise

@ Springer


https://ngawest2.berkeley.edu/
https://ngawest2.berkeley.edu/

1190 Bulletin of Earthquake Engineering (2024) 22:1187-1216

structures (especially super high-rise buildings and irregular buildings), the use of the
CMS will introduce new problems. According to the theory of modal analysis of struc-
tural dynamics, the response of a multi-degree-of-freedom (MDOF) structure can be
regarded as the result of the superposition of multiple modes, and the influence of each
mode on the whole structure can be measured by the modal participation mass ratio. As
the number of degrees of freedom (DOFs) of a structure increases or the irregularity
increases, the participating mass ratio of the first mode of the structure will decrease,
and the participating mass ratio of a higher-order mode will become larger, which may
cause the basic period T to not be controlled. Thus, for high-rise buildings (super high-
rise and irregular) or bidirectional ground motion inputs that need to consider the mul-
timode effect (Bradley 2012a, b), it is often necessary to consider multiple periodical
points, and the CMS as the target spectrum has obvious shortcomings. This problem is
an important bottleneck limiting the generalization and wide application of the CMS.
Second, an acceleration response spectrum is essentially the response value of an elastic
one-degree-of-freedom system, so it cannot reflect the duration and energy accumula-
tion effects of ground motion well. Bradley (2010, 2012a, b) proposed a generalized
conditional mean spectrum method (GCMS) to solve these two problems so that the
selected ground motion could meet multiple parameters sets (including energy, dura-
tion, intensity, amplitude, etc.) at the same time. Kwong and Chopra (2017) proposed a
simplified generalized conditional mean spectrum algorithm for structures that may be
affected by two modes, which can match two conditional periods at the same time with-
out the need to separate seismic hazard disaggregation and CMS calculation. In practi-
cal applications, it was found that although the above latest research results provide two
feasible ways to construct a generalized CMS, there are still some problems before prac-
tical application. Bradley’s GCMS approach is more mathematically focused, but lacks
a direct link to structural properties. Kwong and Chopra’s simplified generalized CMS
method can only consider two conditional periods, both of which should not be too far
apart.

Su et al. (2016) introduced an innovative seismic intensity metric that incorporates
higher-order cyclic vibration modes into the comprehensive assessment of mass coef-
ficients and spectral acceleration values. Research has demonstrated a substantial and
meaningful correlation between this metric and structural demand parameters. Addition-
ally, Zhang et al. (2018, 2019) proposed a novel matching technique that accounts for the
influence of higher-order vibration modes. By utilizing vibration mode participation coef-
ficients as weights across different periods, this method effectively reduces the discrete-
ness of computational outcomes. In summary, the aforementioned studies approach the
consideration of higher-order vibration modes from various angles in time-history analysis,
employing vibration mode participation coefficients to quantify the extent of their impact.
Therefore, based on modal analysis theory and the CMS, this paper proposes a modal con-
ditional mean spectrum (MCMS) considering the influence of higher-order modes. Based
on the idea of mode superposition in modal analysis, this method considers the influence of
higher-order mode shapes by weighted (measured using the modal participation mass ratio)
averaging the conditional mean spectrum under each period of the structure. Moreover, this
method considers that the multi-conditional period is from the structure itself, so it has a
clear physical meaning. Then, two typical high-rise structures (symmetric and asymmetric
structures) were designed, and nonlinear structural response time-history analysis was con-
structed for the two structures using the new MCMS. The results were compared with the
traditional CMS(T) (single conditional period T;) and UHS, which proved the rationality
of considering the influence of higher-order mode effects.
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2 Proposed modal conditional mean spectrum

The construction process of MCMS is illustrated in the flowchart shown in Fig. 1. The cal-
culation procedure can be broken down into eight distinct steps:

ey

@)

3)

“

&)

PSHA to obtain UHS

Firstly, we need to conduct a PSHA for the given site to obtain the UHS at different
exceedance probabilities. Typically, UHS values are selected for exceedance probabili-
ties of 2% in 50 years, 10% in 50 years, and 63% in 50 years, corresponding to return
periods of 2475 years, 474 years, and 50 years, respectively.
Modal analysis

For the given structure, a modal analysis is performed. Unlike traditional CMS that
only requires the primary periods of the structure, in the MCMS approach, we need to
obtain the periods of all vibration modes 7; and their corresponding mode participation
mass ratios 4;. Based on the definition of 4, the sum of the masses participating in all
modes is equal to the total mass, i.e.,

N
D=1 (1)
i=1

This value reflects the relative contribution of each mode to the structural dynamic
response. Therefore, it is a constant ranging from O to 1. As the mode order increases,
the value continuously decreases, indicating that higher mode vibrations contribute less
to the structural dynamic response. This step can be obtained through finite element
analysis software.

Determine a target Sa and deaggregation, given T

Before starting the calculation, we need to determine a target Sa (Spectral Accelera-
tion) value at a specific period of interest. This period of interest can be selected from
the modal analysis results, which provide the periods of all vibration modes. The target
Sa value, Sa(T;), can be obtained from the UHS at the corresponding period 7.

Additionally, we need to determine the seismic magnitude (M), distance (R), and
epsilon (¢) values associated with the target Sa(7;). The M-R (Magnitude—Distance)
values can be chosen from the mean values obtained from deaggregation, where
deaggregation is a process that decouples seismic hazard analysis. It involves using
Bayesian principles to infer the contribution proportions of earthquake parameter
combinations that simultaneously satisfy seismic activity and spatial compatibility of
potential seismic sources based on the results of the site hazard analysis.

Given M and R, calculate the mean and standard deviation of the response spectrum.

Next, we compute the mean and standard deviation of the logarithmic spectrum
acceleration values (¢ InSa(M, R, T;) and oy, ,(T;)) across all periods, for the given
target values of M, R. These terms can be calculated using existing ground motion
models, and there are online computational tools available to assist in obtaining these
values (for example, http://www.opensha.org and http://peer.berkeley.edu/products/
rep_nga_models.html).

InSa(T) — ppy s,
T = In Sa(M,R,T)

2

Oln Sa(T)

Given &(T;), calculate € at all other periods T;.
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\ PSHA to obtain UHS \

!

’ Modal analysis

i=1

"
‘ Determine the target Sa and disaggregation ‘

v

Compute the mean and standard deviation of the
response spectrum, given M and R

'

Compute &(75) at other periods, given &(7;) i=it1
l A
Compute CMS(T))
> A >90%
Yes l

Calculate the MWCMS

!

MCMS

Fig. 1 MCMS construction process

(6)

The conditional mean at other period points can be regarded as the product of coef-
ficient £(7;) multiplied by the correlation coefficient between the two periods’ €, as
shown in Eq. 3.

ne(Tp1e(Ty) = p(T), Te(T)) 3)

where ue(T,)|e(T;) represents the mean of (7,) under the given condition £(7;), and
p(T,, T;) denotes the correlation coefficient between two periods. A simplified predic-
tion formula for correlation coefficients applicable to the US was provided by Baker
(2011). The correlation coefficient for spectral acceleration in China can be refer-
enced from Ji et al. (2017). This correlation coefficient will be utilized in the subse-
quent numerical validations in this article.

Calculate CMS(T;).

CMS can now be calculated using the mean and standard deviation from step 4, along
with the conditional mean € from step 5. By substituting Eq. 3 into Eq. 2, we obtain the
corresponding conditional mean of In Sa(7T') under the given condition In Sa(7;). This
is shown in Eq. 4:

ulnSa(T )| InSa(T;) = ulnSa(M, R, T,) + p(T, T)e(T)oy, 5.(T) “4)

where plInSa(M,R,T) and oy, ,(T) are defined as presented, and p(7,7;) can be
computed from Eq. 5. M, R, £(T;) are obtained from the step 4 of deaggregation.
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@)
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Calculate the weighted values of CMS.

Utilizing the natural periods as the periods of interest (7%), repeat the aforementioned
steps 3—6. This will yield conditional mean spectra CMS(T;), CMS(T), ... CMS(T,)
corresponding to each natural period. Assuming the first four natural periods of the
structure are 3s, 1s, 0.5s, and 0.4s, their corresponding CMS values are illustrated in
Fig. 2. Finally, employing the participation mass ratios 4; associated with each period’s
mode shape as weights, perform a weighted aggregation of CMS(T;), resulting in a
modal weighted conditional mean spectrum (MWCMS) that accounts for higher-order
mode shapes, as depicted in Eq. 5.

N
Saywens(T) = Y., 45a(T)) 5)

i=1

The value of Saycpys(T) represents the Sa of MWCMS, and Sa(T;) represents the
value of the CMS corresponding to the period T;. By performing a weighted average
of the CMS values for all modes of the structure, theoretically, an optimal result can be
obtained. Since the contribution of higher-order modes decreases with increasing mode
order (as A decreases), in practical applications, modes of exceptionally high order can
be disregarded to reduce computational effort. According to the Chinese Code (CCSDB
2010) regulations for modal superposition methods, the first j terms of the nth mode are
considered, ensuring that the participation mass ratio exceeds 90% of the total mass,
i.e., ij:=1 A; > 90%. This leads to a normalized and simplified MWCMS, as shown in
Eq. 6.

J_ ASa(T)
Saywems(T) = l,— (6)
izt A
The construction of target spectra for Case 1 in this study is presented ahead in this
section. In this Case, the sum of A for the first four modes alone reaches 90%, with
corresponding periods of 3.4 s, 1.0 s, 0.5 s, and 0.3 s. The comparisons of CMSs for
each mode, UHS, MWCMS, are shown in Fig. 2a.
Construction of MCMS

, : . . . 0.8 ,

| —o— CMS(T1=3.3s) 1 o7] | —o— CMS(T1=3.35)
: CMS(T2=1.0s) 06 : e MWCMS

| —2— CMS(T3=0.5s) : | e UHS

I —o— CMS(T4=0.3s), 1 @0.5] I

! —o— MWCMS 1 £04; |

] ]

—— UHS(2%/50y) 1 &£03]
a 021/
0.14
SRR 0.0 —1 . . . e Ve
™ 2 3 4 5 6 0 ™ 2 3 4 5 6
Period,(s) Period,(s)

Fig.2 Comparison of Target Spectra for Case 1 in this study
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From Fig. 2a, it can be observed that MWCMS intersects with CMS (T,) at a point
labeled as T". To the left of 7", due to the consideration of the influence of higher-order
structural modes and the inherent characteristics of the CMS spectral shape, the Sa
values of MWCMS are greater than those of CMS (T, ). Conversely, to the right of 7",
because the higher-order periods of CMS exhibit faster attenuation in the long-period
range, the resulting Sa of MWCMS are lower than those of CMS (T)). To account for
the influence of higher-order structural modes without diluting the effects of nonlinear-
ity, this study combines the characteristics of MWCMS and CMS (T,), defining the Sa
of MCMS as Eq. 7

 f Sayweus(T) (T <T")
Styews(T) = { Safﬂfm T >T" (7)

On the left side of 7", the MCMS Sa is equal to the MWCMS. On the right side of 7",
the Sa of MCMS is equal to the CMS (T1). As the MWCMS intersects with CMS (T1) at
T", MCMS maintains continuity at 7", as illustrated in Fig. 2b.

3 Case study: structures and target spectra
3.1 Case structure design and modeling

In this study, two 30-story steel frame-center braced structures (symmetric and asym-
metric 2D structures) are designed as Cases to verify the MCMS theory, and the design
process follows the rules of the Chinese Code CCSDB (2010) and CSDSS (2017). Both
case structures are located in Ya’an City (latitude =29.795° N and longitude = 102.846°
E), Sichuan Province, China, with a seismic design intensity of 7 degrees (the design
the peak ground acceleration value of 0.15 g) and a site category of Class II (equivalent
shear wave velocity to 30 m depth is 360 m/s). The design value of the dead load of the
floor and roof is 3.5 KN/m?, and the design value of the equivalent uniform live load is
2 KN/m?. The frame beams and columns and braced components are selected according
to the Chinese Code (CHRCSS 2017) with hot-rolled wide flange H-beams (HW), and
the steel strength is Q345.

The frame of Case 1 has three spans. Each span is 6000 mm, and the story height is
3000 mm. A set of chevron central braces is set in the middle span of the frame plane,
and the angle between the braces and the beam axis is 45°. The elevation arrangement
of the structure is shown in Fig. 3a. The frame of Case 2 has four spans. Each span
is 9000 mm, and the story height is 3600 mm. In the frame plane, the fourth span is
retracted at the 10th floor, the third span is retracted at the 15th floor, and the first span
is retracted at the 22nd floor. A set of chevron central bracing is arranged in the area
of floors 1-26 of the second span, with an angle of 38.7° between the bracing and the
beam axis. The elevation arrangement of the structure is shown in Fig. 3b. The selection
of member sectional information for the two case structures is shown in Table 1.

The finite element analysis of the structure was performed using OpenSees software,
with the steel frame using nonlinear beam-column elements (Pacone et al. 1996) and
the braced component using truss elements, which can release of the moment freedom
to consider pin connection. The cross-section is discretized into a fiber section, and the
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corresponding constitutive model of steel material is assigned to the fibers. The SteelO1
model is used for the steel material. SteelO1 is a kinematic strain-hardening model, the
most important feature of which is that it considers the Bauschinger effect and the deg-
radation of strength and stiffness.

3.2 Modal analysis results

The modal analysis of the two case structures was performed, and the periods and their
modal participating mass ratios were obtained as shown in Table 2. Eigen-value perio-
dicity is being utilized in this study, and for concrete structures, we consider the period
during their uncracked elastic phase. According to the previous section, the selection of
the mode orders was determined with the modal participating mass ratios being greater
than 90%, so the first four orders were considered for both cases.

3.3 Creation of the UHS, CMS and MCMS

This study will reference the results of the China Sichuan Ya’an UHS and CMS constructed
by (Ji 2018). In the site-specific PSHA analysis, two dominant seismic zones in the vicin-
ity were considered: Longmenshan seismic zone and Xianshuihe-Dongdian seismic zone,
comprising nine potential seismic sources. Their distribution can be seen in Fig. 2 of Ji
et al. (2018). The HUO89 Ground Motion Prediction Equation (GMPE), suitable for appli-
cation in China, is adopted. The obtained UHS for 63%, 10%, and 2% exceedance prob-
abilities in 50 years are shown in Fig. 4. Following the disaggregation method (McGuire
1995) for target earthquakes, which involves deducing the contribution ratios of different
earthquake parameter combinations from the results of PSHA, the 3D results for the first
four periods of the designated earthquakes are obtained. Since the periods for Case 1 and

26 Floo
A 22 Floor|

15 Floor

b) /\
: 10 Floor

3,000*30=90,000
3,600%30=108,000

XBCDE

I
9,000*4=36,000

‘/}' K4
6,000*3=18,000

Fig.3 Elevations of the two case structures, a Case 1, b Case 2 (unit: mm)
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Table 1 Sectional information of the two case structures (unit:mm)

Case 1

Case 2

Type of component Story

Size of section

Type of component  Story

Size of section

Beam 1-3 GB-HW- Beam 1-30 GB-HW-
350*350*%10*16 500*%300%20*30

4-20 GB-HW- Bracing 1-15 GB-HW-
300*300%15*15 300*300%15*30

21-30 GB-HW- 16-30 GB-HW-
300*300%10*15 300%200%20*30

Column 1-5 GB-HW- Column A 1-7 GB-HW-
400¥400*30*50 600*600*50*50

6-10 GB-HW- 8-15 GB-HW-
400*400%20*35 500*500%30%*50

11-15 GB-HW- 16-22 GB-HW-
400%400*18%28 400%400%25*25

16-20 GB-HW- Column B 1-7 GB-HW-
400%400*13*21 800*800*60*85

21-25 GB-HW- 8-15 GB-HW-
350%350*12*19 700%700*50*70

26-30 GB-HW- 16-22 GB-HW-
300*300%10*15 500*500%30*50

Bracing 1-5 GB-HW- 23-30 GB-HW-
200*200%8*12 400*400%25%25

6-10 GB-HW- Column C 1-7 GB-HW-
175%175%7.5*%11 800#800*60*85

11-30 GB-HW- 8-15 GB-HW-
150*150*7*10 700*700%50*70

16-22 GB-HW-
500*500%30*50

23-30 GB-HW-
400%400%25%25

Column D 1-7 GB-HW-
500*500%30%*50

8-15 GB-HW-
400%400%25%25

Column E 1-10  GB-HW-
400*400%25%25

Case 2 are similar, and their 3D results are also comparable, we only present the results for
Case 1, as depicted in Fig. 5. Subsequently, in the calculations, only the dominant scenar-
ios (peak scenarios) are employed, similar to the approach by Ebrahimian et al. (2012). The
decomposition results of the dominant scenarios for both cases are presented in Table 3.
For further detailed descriptions that have not been covered here, please refer to the men-
tioned reference.

The CMS at each interesting period for the two cases was generated according to Eq. 4,
and the values of the MCMS of the two cases were further calculated according to Egs. 6
and 7. The final obtained target spectra for Case 2 are presented in Fig. 6, encompassing
the UHS with a 2% exceedance probability in 50 years, CMS corresponding to various
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Table 2 Modal analysis results of two cases
Mode Case 1 Case 2

Period/s Modal participat-  Ratio sum Period/s Modal participat- ~ Ratio sum

ing mass ratios ing mass ratios

1 3.338298 66.1161 66.1161 2.934941 54.5124 54.5124
2 0.987063 17.1815 83.2976 1.101851 25.7642 80.2765
3 0.500022 6.5598 89.8574 0.544832 8.9536 89.2301
4 0.325342 3.3756 93.2329 0.351194 3.247 92.4772
5 0.239905 1.8166 95.0495 0.250255 2.5861 95.0633
6 0.189475 1.1605 96.21 0.194175 0.7014 95.7647
7 0.157273 0.7205 96.9305 0.166082 1.0853 96.85
8 0.133744 0.5179 97.4485 0.138596 0.4773 97.3273
9 0.117012 0.3811 97.8296 0.126841 0.4035 97.7307
10 0.103622 0.3019 98.1314 0.112808 0.4424 98.1731
11 0.093573 0.2656 98.397 0.100423 0.259 98.4321
12 0.085122 0.2006 98.5976 0.097254 0.0959 98.528

periods, WACMS, and MCMS. It should be noted that the target spectra results for Case 1
have already been shown in Fig. 2 of Sect. 2. The values of T"’ for Case 1 and Case 2 are
located around 1.3s and 1.35s, respectively.

Similar results were found for the hazard level with a 10% exceedance probability and
a 63% exceedance probability in 50 years. Given the limited length of the article, we only
provide the results CMS and MCMS for the hazard level with the 2% exceedance probabil-

ity in 50-year.

3.4 Selection and scaling of ground motion records

In this study, the UHS, the CMS(7}), and the MCMS with 63%, 10%, 2% exceedance prob-
ability in 50 years of the two cases are used as the target spectra. Due to space constraints,

Fig. 4 UHS for the site with the
63, 10, and 2% exceedance prob-
ability in 50-year

0.7 63%/50y|
0.6 ——10% /50y | |
05 ——2%/50y | |
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04 -
<
w2
0.3 .
0.2 il
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0 1 4 5 6
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Period, (s)
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Fig.5 Results of the PSHA disaggregation results given the UHS with 2% probability of exceedance in 50
years of Case 1,a Sa (T;=3.35),b Sa (T,=1.0s), ¢ Sa (T;=0.55),d Sa (T,=0.35)

Table 3 The PSHA disaggregation results of the 2% exceedance probability in 50-year

Target from disag- Magnitude Distance R/km Contribution coef- Epsilon
gregation M ficient/% €

Case 1 Sa(T=3.35) 6.96 86.4 2.00 1.91
Sa(T=15s) 6.90 89.3 1.81 1.71
Sa(T=0.5s) 6.91 84.5 1.94 1.86
Sa(T=0.3s) 6.90 84.5 1.95 1.95

Case 2 Sa(T=2.95) 6.96 86.4 2.00 1.91
Sa(T=1.15) 6.90 89.3 1.81 1.71
Sa(T=0.55s) 6.91 84.5 1.94 1.86
Sa(T=0.35s) 6.90 84.5 1.95 1.95

similarly in this section of the records matching, results are given for only 2% exceedance
probability in 50 years. The database of matched ground motion records is from PEER
NGA-west2 (https://ngawest2.berkeley.edu/) with a magnitude interval of (5.5, 8.5) and a
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source-to-site distance interval of (80 km, 95 km), The matching period range is (0.3 s,
2T)), where T, represents the fundamental period of structures.

In the context of spectra matching, according to Chinese code (CCSDB 2010), it is
required that the records average response spectra should deviate from the target spec-
trum by no more than 20% at the fundamental period. This differs from the provisions in
other countries’ codes. For instance, ASCE/SEI 7-10 specifies that the average response
spectrum should not be less than the target spectrum, while Eurocode 8 (Part 1) stipu-
lates that the average response spectrum should not be lower than 90% of the target
spectrum. In this study, adhering to Chinese code, we have employed a simple and effec-
tive weighted least-squares error (WLSE) method to quantify the agreement of matched
ground motion records and the target spectrum as described in Zhang et al. (2019). The
equation of WLSE is shown in Eq. 8, where w(T}) is the weighting factors, Sa(7;) and
Sa(T;)" ¢ are the acceleration response spectrum values of the ground motion records
and the target spectrum, respectively. In this study, we do not consider the effect of
weighting factors, i.e., we take all of w(7;)=1.

N
WLSE = Y w(T))[Sa(T) - Sa(T,/“*" | )
i=1

The 30 records with the smallest WLSE values were selected from the database for
each target spectrum, and information of five sets (CMS for Case 1, MCMS for Case 1,
CMS for Case 2, MCMS for Case 2, and UHS for both Case 1 and 2) of ground motion
records were provided in Appendix Table 4, and the spectrum shape is shown in Fig. 7.
The five sets of ground motion records were input into the above OpenSees model for
structural nonlinear time-history analysis.

3.5 Analysis of ground motion records response spectra

Two sets of seismic records were matched using three target spectra, resulting in 30
response spectra. Figure 8 shows a comparison of the mean acceleration response spectra,
velocity response spectra, and displacement response spectra for the selected records, with
a common 5% damping ratio used in the response spectrum calculation.

Figure 8a and b display the acceleration response spectra for the two cases. It can be
observed that MCMS and CMS closely coincide and overlap in the long-period range

0.8 7 T T T T 0.8 T

0.7 ! —o— CMS(T1=3.35) ] (7] ! —o— CMS(T1=3.3s)

o6ll/ ! CMS(T2=1.0s) 0.6 | —— MWCMS
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£ 0.4 | ——MWCMS 1 £0.4; :
03] | —s— UHS(2%/50y) 1 &o03l. |
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Fig.6 Comparison of Target Spectra for Case 2
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(T>1.5 s), while in the short-period range (T <1.5s), MCMS consistently yields higher
results compared to CMS. This trend aligns with the behavior of the target spectra, indicat-
ing that the seismic record matching methods effectively capture the spectral characteris-
tics of the target spectra and highlight the differences between different target spectra.

Figure 8c and d show the velocity response spectra for the two cases. The overall trend
of the UHS is significantly higher than CMS and MCMS, as expected. MCMS consist-
ently yields higher velocity spectra values compared to CMS across all periods. The veloc-
ity response spectra are particularly sensitive in the mid-period range, resulting in peaks
in that region. MCMS’s velocity response spectra peak around 1.8s is approximately 10%
higher than CMS’s, while UHS’s velocity response spectra are about 60% higher than CMS
and MCMS.

Figure 8e and f display the displacement response spectra for the two cases. The dis-
placement response spectra exhibit more variation in the long-period range, which is in

07— 1 CMS for Case 1 (T,=3.3s) 07 ——— MCMS for Case 1

Mean of 30 Records ++++ Mean of 30 Records
0.6+ - = Meansstandard deviation (o) a 0.6 - - Meansstandard deviation (6)) b 1
0.54 Selected records 0.5 Selected records

Sa/g

0.1 05 1 2 3456 0.1 05 1 2 3456
Period/s Period/s
0.7 —— CMS for Case 2 (T,=3.0s) 0.7 —— MCMS for Case 2
Mean of 30 Records Mean of 30 Records
0.61 - - Meansstandard deviation (5)| € 0.6 - - Meansstandard deviation (o)) d ]
0.5 Selected records 0.5 Selected records

Sa/g
Sa/g

—— UHS  (2%/50y)
1.8 Mean of 30 Records
1.6 - = Meantstandard deviation (o)
1.4 Selected records ¢

0.1 05 1 2 3456
Period/s

Fig.7 The spectra of the selected records: a CMS for Case 1, b MCMS for Case 1, ¢ CMS for Case 2, d
MCMS for Case 2, and e UHS
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accordance with structural dynamics knowledge. Similar to the velocity response spectra
comparison, MCMS consistently yields higher spectral values compared to CMS across
all periods. At the main period, MCMS’s displacement spectra values are about 6% higher
(Case 1) and 9% higher (Case 2) than CMS’s.

4 Results and discussions of case study

In this section, we will discuss the results of time history analysis, which involve three
hazard levels (2%/50 years, 10%/50 years, and 63%/50 years), four structural response
demands (PFA, PFV, PFD, IDR), and the selection of 5 and 30 seismic records. Due to the
significant variability and uncertainty among seismic records, in the analysis of results, it
is common practice to use the average of a set of records to represent the response corre-
sponding to the target spectrum. Therefore, Due to space constraints, we will only provide
the mean results for each Case.

Figures 9, 10, 11 and 12 present the average values of PFA, PFV, PFD, and IDR
obtained from time history analyses using different sets of records at various hazard levels
for the two cases. Different target spectra are represented by different colors in the figures.
Solid symbols indicate the mean values from 30 records, while hollow symbols represent
the mean values from 5 best matched records.
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Fig. 8 Comparison of the mean values of the three best-matched response spectra (2%/50 y)
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From the overall results of the four sets of structure response, it can be observed that
the general trends for both cases remain relatively consistent across the three hazard levels,
with variations primarily seen in numerical values. For the same target spectrum, the struc-
ture response might exhibit slight variations at specific floors due to the different number
of selected records. Overall, it is evident that the UHS yields significantly higher values
compared to CMS and MCMS results, which is expected. Additionally, considering the
influence of higher-mode effects, MCMS produces larger spectral values than CMS in the
short-period range. As a result, all four sets of structure response calculated using MCMS
records selection are higher than those obtained with CMS records selection.

4.1 Peak floor acceleration (PFA) results

Figure 9 displays the analysis results of PFA. In both cases, PFA sharply increases
with the elevation of floors and reaches a stable value around the 10th floor. Beyond
the 25th floor, due to the effect of the whip mode, PFA dramatically increases again,
and its peak value occurs at the top floor. Comparing the maximum PFA values at the
top floor, Case 1 with MCMS is 11.7% and 9.9% higher (for 5 records and 30 records,
respectively) than CMS, while Case 2 with MCMS is 13.4% and 14.3% higher (for
5 records and 30 records, respectively) than CMS. The UHS results for Case 1 are
1.84 and 1.95 times higher (for 5 records and 30 records, respectively) than MCMS,
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Fig.9 PFA analysis results, a Mean value in 2%/50 y for Case 1, b Mean value in 10%/50 y for Case 1,
¢ Mean value in 63%/50 y for Case 1, d Mean value in 2%/50 y for Case 2, e Mean value in 10%/50 y for
Case 2, f Mean value in 63%/50 y for Case 2
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Fig. 10 PFD analysis results, a Mean value in 2%/50 y for Case 1, b Mean value in 10%/50 y for Case 1,
¢ Mean value in 63%/50 y for Case 1, d Mean value in 2%/50 y for Case 2, e Mean value in 10%/50 y for
Case 2, f Mean value in 63%/50 y for Case 2

and for Case 2, the UHS results are 1.90 and 1.78 times higher (for 5 records and 30
records, respectively) than CMS. Additionally, at intermediate floors, MCMS results
are approximately 10% higher than MCMS.

4.2 Peak floor displacement (PFD) results

Figure 10 presents the analysis results of PFD. For Case 1, with a uniform variation of
structural stiffness along the floors, PFD shows a nearly linear growth trend with floor
elevation. However, for Case 2, with a structural stiffness variation, the PFD curve
exhibits some curvature. Due to the inherent variability and randomness of seismic
motion, the number of selected records also influences the results. Comparing the PFD
values at the top floor, Case 1 with MCMS is 10% and 6% higher (for 5 records and 30
records, respectively) than CMS, while Case 2 with MCMS is 9.8% and 9.1% higher
(for 5 records and 30 records, respectively) than CMS. The UHS results for Case 1 are
1.43 and 1.52 times higher (for 5 records and 30 records, respectively) than MCMS,
and for Case 2, the UHS results are 1.37 and 1.35 times higher (for 5 records and 30
records, respectively) than MCMS.
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Fig. 11 PFV analysis results, a Mean value in 2%/50 y for Case 1, b Mean value in 10%/50 y for Case 1,
¢ Mean value in 63%/50 y for Case 1, d Mean value in 2%/50 y for Case 2, e Mean value in 10%/50 y for
Case 2, f Mean value in 63%/50 y for Case 2

4.3 Peak floor velocity (PFV) results

Figure 11 illustrates the analysis results of PFV. Overall, PFV increases with the eleva-
tion of floors and experiences a significant surge near the top floors due to the whip
mode effect. Comparing the PFV values at the top floor, Case 1 with MCMS is 9.7%
and 8.1% higher (for 5 records and 30 records, respectively) than CMS, while Case 2
with MCMS is 12.0% and 9.5% higher (for 5 records and 30 records, respectively) than
CMS. The UHS results for Case 1 are 1.44 and 1.58 times higher (for 5 records and 30
records, respectively) than MCMS, and for Case 2, the UHS results are 1.76 and 1.57
times higher (for 5 records and 30 records, respectively) than MCMS.

4.4 Maximum interstory drift ratio (IDR) results

Figure 12 displays the analysis results of IDR. The maximum IDR occurs at the 25th
floor for Case 1 and the 27th floor for Case 2. Comparing the maximum IDR values,
Case 1 with MCMS is 11% and 10.9% higher (for 5 records and 30 records, respec-
tively) than CMS, while Case 2 with MCMS is 10.5% and 10.4% higher (for 5 records
and 30 records, respectively) than CMS. The UHS results for Case 1 are 1.24 and 1.62

@ Springer



Bulletin of Earthquake Engineering (2024) 22:1187-1216 1205

301 a Casel
Bi—cws0
220 —— MOVs-30
5 USH-30 —— CMS-30
i 15{——cms-s —e— MCMS-30
1o Jo—Mcwss USH-30
USH-5 —o— CMS-5
5] —— MCMS-5
0 o 0 i USH-5
0.0000 0.0004 0.0008 0.0012 0.0016  0.0000 0.0004 0.0008 0.0012 0.0016
IDR(63%/50y) IDR(63%/50y)
301p  Casel == 0e Case?2 g 8
25 3 25
——CMS30
20q—=— MCMS-30| 20
E USH-30 %‘ ——CMS-30
Z 15]——cmss a3 —— MCMS-30
10]——Mcwms-s 10 USH-30
USH-5 —— CMS-5
51 5 —— MCMS-5
0 e 0 o USH-5
0.000 0.001 0.002 0.003 0.004 0.005  0.000 0.001 0.002 0.003 0.004 0.005
IDR(10%/50y) IDR(10%/50y)
30c  Casel B 01¢  Case2 g, 4
251 3 25
S0l CMs0 2
o 3 o
S 15| cms s 215 —— MCMS-30
104 [——mcwmss 10 USH-30
USH-5 o CMSS
54 5 —o— MCMS-5
0 _ 0 e USH-5
0.000 0.002 0.004 0.006 0.008 0.000 0.002 0.004 0.006 0.008 0.010
IDR(2%/50y) IDR(2%/50y)

Fig. 12 IDR analysis results, a Mean value in 2%/50 y for Case 1, b Mean value in 10%/50 y for Case 1,
¢ Mean value in 63%/50 y for Case 1, d Mean value in 2%/50 y for Case 2, e Mean value in 10%/50 y for
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times higher (for 5 records and 30 records, respectively) than MCMS, and for Case 2,
the UHS results are 1.48 and 1.44 times higher (for 5 records and 30 records, respec-
tively) than MCMS.

In summary, the selected records calculation based on the UHS as the target spectrum
consistently leads to higher values than using CMS or MCMS. Furthermore, MCMS, tak-
ing into account higher-mode effects, results in higher spectral values in the short-period
range compared to CMS, leading to overall higher structural response values for all four
cases. Overall, these results provide important insights into the structural response under
various hazard levels and demand responses. The figures show the average behavior of the
selected records and provide a clear picture of the expected performance of the structure.
This information can help inform design decisions and provide a better understanding of
the seismic performance of the structure.

5 Limitations

However, there are certain limitations and shortcomings in this study. Firstly, the MCMS
proposed in this paper, like the CMS, utilizes the elastic period of the structure. As struc-
tures transition into the plastic deformation phase, their periods may change, typically
increasing. Consequently, representing the characteristics of structures in different states
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using the elastic period when setting target spectra might not be fully comprehensive. This
poses a noteworthy challenge that merits consideration and resolution by the research com-
munity. Furthermore, the MCMS introduced in this study is an extension of the CMS and
solely considers the spectral shape parameter €. The E-CMS, based on the traditional CMS,
also incorporates the parameter 1), effectively enhancing the CMS, and has gained recogni-
tion and adoption in the design of nuclear facilities and structural engineering. This insight
points towards a promising direction for future research in this area.

6 Conclusion

This paper introduces a target spectrum that considers the influence of higher-order vibra-
tion modes: Modal Conditioned Mean Spectrum (MCMS). This spectrum is applicable for
records selection in high-rise structures as well as irregular configurations. Building upon
the foundation of traditional CMS, MCMS enhances the short-period spectral values by
utilizing the concept of modal participation mass-weighted averaging. In this study, two
distinct 30-story steel moment frame structures with different facades are analyzed using
various exceedance probability levels of UHS, CMS, and MCMS as target spectra. Thirty
ground motion records are selected and used for time history analysis, leading to the fol-
lowing conclusions:

(1) Compared to CMS records selection, MCMS demonstrates similar spectral values in
the long-period range, while significantly enhancing acceleration spectral values in the
short-period range. Both velocity and displacement response spectra are consistently
higher than those of CMS across the entire period range.

(2) Inthe time history analysis, the PFA results using MCMS are approximately 9.9% and
14.3% higher than CMS for Case 1 and Case 2, respectively. The PFA of the UHS is
approximately 1.8 to 1.9 times greater than that of the MCMS results. The peak floor
displacement (PFD) results using MCMS are around 6% and 9.1% higher than CMS
for Case 1 and Case 2, respectively. UHS peak PFD values are about 1.3—1.5 times that
of MCMS. MCMS produces peak floor velocity (PFV) results approximately 8.1% and
9.5% higher than CMS for Case 1 and Case 2, respectively. UHS peak PFV values are
roughly 1.6 times that of MCMS. The peak interstory drift ratio (IDR) using MCMS is
approximately 10% higher than CMS, while UHS peak IDR values are about 1.4-1.6
times that of MCMS.

The MCMS offers several advantages, including a clear physical interpretation and ease
of implementation, and provides useful insights into the seismic hazard of high-rise struc-
tures. Overall, the findings of this study have important implications for the design and

assessment of high-rise buildings in seismic-prone regions and highlight the importance of
considering higher-order modes in the analysis of seismic response.

Appendix

See Table 4.
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