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The design of acceleration-sensitive nonstructural elements is closely related to the 
peak floor acceleration (PFA) responses. We propose an improved method for 
estimating PFAs in buildings during earthquakes. It introduces a complementary 
mode accounting for the ground accelerations properly. It is equally practical as 
conventional response spectral analysis but provides accurate predictions of PFA 
at the base. We first derive the representative PFA distribution for the 
complementary mode upon linear dynamic analyses and then generalize the 
method to nonlinear cases. An error analysis concludes that the proposed method 
is promising for both linear elastic and moderately inelastic cases. 

Keywords: response spectrum; modal analysis; inelastic seismic response; 
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Introduction 

Considering the increasing emphasis on minimizing economic loss and business 
interruption in earthquakes, it is vital to investigate the protection of nonstructural 
elements that is an essential part of the seismic performance of buildings. Suspended 
ceilings (Badillo-Almaraz et al. 2007), partition walls (Xie et al. 2021), anchored (Nagao 
et al. 2012), and freestanding (Konstantinidis and Makris 2010) equipment are common 
examples of acceleration-sensitive nonstructural elements. While structural elements are 
primarily damaged by excessive deformation (Priestley et al. 2007), nonstructural 
elements are sensitive to, if not governed by, the floor accelerations. 

Seismic provisions typically provide a dedicated chapter to address the seismic 
design and detailing requirements for nonstructural elements based on the evaluation of 
peak floor accelerations (PFAs). However, the procedure appears overly simplified and 
inconsistent with story shear and drift estimates. In contrast to the story shears and drifts 
calculated with a rigorous response spectral analysis (RSA), a PFA distribution is 
assumed for all structures, regardless of the distribution being linear (ASCE/SEI 7-16 
2017, GB50011 2010), bilinear (Rodriguez et al. 2002, NZS 1170.5 2006), or trilinear 
(Singh et al. 2006). Additionally, PFA is a crucial input to floor response spectra 
calculation (Calvi and Sullivan 2014, Petrone et al. 2015, Vukobratovic and Fajfar 2016, 
2017, Merino et al. 2020), which suffers from a similar lack of accuracy. An improved 
method of estimating PFA with reasonable accuracy is therefore much desired for seismic 
design practice. 

Although the RSA is valid for any responses of interest (Chopra 2007, Shibata 2010), 
it requires combining the modal components in the same reference frame of the responses 
and the mode shapes. As discussed in the following sections, incompatible reference 
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frames lead to erroneous PFAs at the base of a building. Researchers have tried to fix the 
problem primarily in three ways. Some have introduced relative acceleration spectrum 
SaR and applied conventional combination (Hadjian 1981, Kumari and Gupta 2007). 
Others have derived modified complete quadratic combination (CQC) rules to consider 
deformable and rigid-body modes (Pozzi and Kiureghian 2015, Moschen and Adam 
2017). There were also researchers suggesting that the PFA demand be simply enveloped 
with the peak ground acceleration (Hadjian 1981, Calvi and Sullivan 2014, Merino et al 
2020). 

For design purposes, the PFAs in nonlinear systems are of more interest under 
design-basis earthquakes. Existing studies showed that nonlinearities reduce the PFAs to 
be lower than those in linear elastic buildings (Kazantzi et al. 2020). Rodriguez et al. 
(2002) proposed to modify the first-mode response when combined with higher modes, 
which provides a mean to apply RSA to nonlinear systems. Ray-Chaudhuri and Hutchison 
(2011) further proposed to increase the second-mode responses in the modal combination. 

This paper proposes a new RSA method of evaluating PFAs by introducing a 
complementary mode associated with ground acceleration. The proposed method 
provides considerable improvement of accuracy and applies to both linear and nonlinear 
systems. The next section summarizes the theory and reviews existing RSA methods for 
PFA estimation, followed by introducing the proposed method, the complementary mode, 
and consideration of nonlinearities. The derivation of PFA distribution in the 
complementary mode based on the response history analysis (RHA) results of archetype 
structures establishes the proposed method. Error analysis for linear and nonlinear 
systems confirms its accuracy in practical applications. 

System definition 

Consider the equation of motion of a linear multi-degree of freedom (MDOF) system 
subjected to uniform base excitation 𝑢̈୥(𝑡) [Eq. (1)]: 

[𝑀]{𝑢̈(𝑡)} + [𝐶]{𝑢̇(𝑡)} + [𝐾]{𝑢(𝑡)} = −[𝑀]{1}𝑢̈୥(𝑡) (1) 
where [𝑀], [𝐶], [𝐾] are the mass, damping, and stiffness matrices, respectively. {𝑢(𝑡)} is 
the relative displacement to the ground, which is a linear combination of the modal 
responses {𝜙௜}𝑞௜(𝑡): 

{𝑢(𝑡)} = ෍{𝜙௜}𝑞௜(𝑡)

ே

௜ୀଵ

 (2) 

where {𝜙௜} and 𝑞௜(𝑡) are the time-invariant mode shape and the time-varying function 
of the ith mode response, respectively; N is the total number of degrees of freedom of 
the system.  
The second derivative of {u(t)} w.r.t time gives the relative acceleration responses: 
 

{𝑢̈(𝑡)} = ෍{𝜙௜}𝑞̈௜(𝑡)

ே

௜ୀଵ

 (3) 

Therefore, the absolute acceleration of the jth degree of freedom is 

𝑢̈௝
୲(𝑡) = 𝑢̈௝(𝑡) + 𝑢̈୥(𝑡) = ෍ 𝜙௜௝𝑞̈௜(𝑡)

ே

௜ୀଵ

+ 𝑢̈୥(𝑡) = ෍ 𝜙௜௝ൣ𝑞̈௜(𝑡) + 𝛤௜𝑢̈୥(𝑡)൧

ே

௜ୀଵ

 (4) 

where i is the modal participation factor that satisfies Eq. (5), and 𝑞̈௜(𝑡) + 𝛤௜𝑢̈୥(𝑡) is 
the absolute acceleration responses of the ith mode. 
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1 = ෍ 𝜙௜௝𝛤௜

ே

௜ୀଵ

 (5) 

By the definition of spectral acceleration 𝑆ୟ(𝑇௜), the maximum absolute 
acceleration response of the ith mode is: 

 
maxห𝑞̈௜(𝑡) + 𝛤௜𝑢̈୥(𝑡)ห = 𝛤௜𝑆ୟ(𝑇௜) (6) 

 
By combining the maximum responses of the first M modes (𝑀 ≤ 𝑁) by the square 

root of the sum of the squares (SRSS) rule, one can estimate the PFA at the jth degree of 
freedom by Eq. (7). 

𝑃𝐹𝐴௝ = maxห𝑢̈௝
௧(𝑡)ห ≈ ඩ෍ൣ𝜙௜௝𝛤௜𝑆ୟ(𝑇௜)൧

ଶ
ெ

௜ୀଵ

 (7) 

We can tell from the continuity that the ground and the connected base have identical 
acceleration, i.e., base PFA is equal to PGA. However, Eq. (7) predicts a zero PFA at the 
base because it involves inconsistent reference frames. On the right-hand side of Eq. (7), 
the spectral acceleration 𝑆ୟ(𝑇௜) in the absolute frame is multiplied by the mode shape 𝜙௜௝ 
in the relative frame, the latter always diminishes at the base. Even if 𝑆ୟ(𝑇௜) is replaced 
by the pseudo spectral acceleration 𝑃𝑆ୟ(𝑇௜), which is in the relative frame, it is still 
incompatible with the left-hand-side PFA of Eq. (7) in the absolute frame. This 
incompatibility results in a significant underestimation of the PFAs in the lower stories. 
The error cannot be eliminated even if all modes are included in the combination. Take a 
10-DOF linear system of uniform mass and stiffness as an example. The period is 1s, and 
the damping ratio is 5%. Response history analysis (RHA) and response spectrum 
analysis [RSA, Eq. (7)] are conducted for the El Centro NS record (Chopra 2007a). Figure 
1 compares the PFAs and shows that RSA significantly underestimates the responses near 
the base, regardless of the number of modes considered.  

 
Figure 1. PFAs of a 1s-period linear system to El Centro NS motion estimated by RHA 

and RSA. 
 
It has been quite a while since the researchers were aware of the error and tried to 

fix it. Hadjian (1981) suggested that one solution by engineers during design has been to 
modify the acceleration profile. Calvi and Sullivan (2014)’s proposal of enveloping the 
floor response spectra of lower floors of a building with the ground response implies that 
the PFA profile be enveloped with the PGA. Merino et al 2020 adopted this method and 
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required that the envelop of PFA and PGA applies to the lower half of the structure. Other 
solutions with clearer physical interpretation have also been sought. Hadjian (1981) 
pointed out the missing consideration of the rigid-body motion and proposed calculating 
the peak relative acceleration response by RSA and summing up with the rigid-body 
response. The RSA then inevitably involves the spectral relative acceleration SaR of the 
modes. Kumari and Gupta (2007) considered the cross-correlation between the 
deformable and rigid-body modes. They derived a modal combination rule for estimating 
PFAs of a linear system based on random vibration theory. For practical use, they 
provided a simplified version of the rule [Eq. (9)] at the cost of more conservative results. 
They also provided an approximate equation to evaluate the spectral relative acceleration 
responses SaR from Sa and a corner period Tc [Eq. (10)]. Nevertheless, it is still challenging 
to implement in design practice because neither the relative acceleration spectrum SaR nor 
the corner period Tc is well established in the codes. 

 

𝑃𝐹𝐴௝ = ඩ𝑃𝐺𝐴ଶ + ෍ൣ𝜙௜௝𝛤௜𝑆ୟୖ(𝑇௜)൧
ଶ

ெ

௜ୀଵ

 (9) 

𝑆ୟୖ(𝑇௜) = ඥ𝑆ୟ(𝑇௜)
ଶ + sign(𝑇 − 𝑇௖)𝑃𝐺𝐴ଶ (10) 

 
where 𝑆ୟୖ(𝑇௜) is the approximate spectral relative acceleration in the ith mode; 𝑇௖ is the 
period corresponding to the center of gravity of the Fourier spectrum of the ground motion 
(Trifunac and Gupta 1991). 

By only truncating the relative acceleration terms 𝑞̈௜(𝑡) of higher modes in Eq. (4), 
the absolute acceleration of the jth degree of freedom is approximated by Eq. (11) 
(Miranda and Taghavi 2005). 

𝑢̈௝
୲(𝑡) ≈ ෍ 𝜙௜௝𝑞̈௜(𝑡)

ெ

௜ୀଵ

+ 𝑢̈୥(𝑡) (11) 

Substituting Eq. (5) into Eq. (11) gives Eq. (12). 
 

𝑢̈௝
୲(𝑡) ≈ ෍ 𝜙௜௝ ቀ𝑞̈௜(𝑡) + 𝛤௜𝑢̈୥(𝑡)ቁ

ெ

௜ୀଵ

+ ൭1 − ෍ 𝛤௜𝜙௜௝

ெ

௜ୀଵ

൱ 𝑢̈୥(𝑡) (12) 

 
Pozzi and Kiureghian (2015) referred to the second term on the right-hand side as a 

rigid-body contribution. Using Eq. (12) and following the steps in Der Kiureghian (1981), 
they derived a modified CQC rule for PFAs that considers the cross-modal correlations 
and peak factors of not only the first few deformable modes of the structure but also the 
rigid-body mode. By neglecting the peak factors, they proposed a simplified version of 
the rule. They also demonstrated that the SRSS rule, which further neglects the cross-
modal correlations, would fail to give a reasonable estimate even if the rigid-body 
contribution is included. In a comprehensive review of RSA methods for PFA, however, 
Moschen and Adam (2017) showed that neglecting the peak factors would introduce 
significant errors in the modified CQC rule for PFA. When the rigid-body contribution is 
included, a CQC rule without peak factors exhibits error in the same order of magnitude 
as an SRSS rule with peak factors. In either case, the correlation coefficients or the peak 
factors are based on the evaluation of auto- and cross-spectral moments, which is overly 
complicated for design practice. 
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Proposed method 

We propose to introduce a complementary mode of ground motions 𝜙ୋ to consider PGA 
participation in the conventional modal combination rules, such as the SRSS rule [Eq. 
(13)]. Like the inherent modes 𝜙୧  of the structure, the complementary mode 𝜙ୋ  is a 
function of the relative height h/H. The boundary condition that PFA approaches PGA at 
the ground requires that 𝜙ୋ=1 when h/H=0. In addition, the value of 𝜙ୋ is postulated to 
be monotonically decreasing as elevation increases, which implies a vertically attenuated 
influence of the ground motion. 
 

𝑃𝐹𝐴௝ = ඩ(𝜙ୋ௝𝑃𝐺𝐴)ଶ + ෍ൣ𝜙௜௝𝛤௜𝑆ୟ(𝑇௜)൧
ଶ

ெ

௜ୀଵ

 (13) 

 
We follow the suggestions by Rodriguez et al. (2002) and Vukobratović and Fajfar 

(2016, 2017) and modify the 1st mode spectral response with a reduction factor Cp 
associated with nonlinearity. Eq. (14) is the proposed equation for PFA evaluation. 

 

𝑃𝐹𝐴௝ = ඩ(𝜙ୋ௝𝑃𝐺𝐴)ଶ + [𝐶୮𝜙ଵ௝𝛤ଵ𝑆ୟ(𝑇ଵ)]ଶ + ෍ൣ𝜙௜௝𝛤௜𝑆ୟ(𝑇௜)൧
ଶ

ெ

௜ୀଶ

 (14) 

where Cp is the ratio of the lateral strength of a structure to its elastic demand. It is aligned 
with the state of practice of the ductility-based seismic design procedure recommended 
by the seismic provisions. If the overstrength of a structure is neglected, it corresponds to 
the demand multiplier C in the Chinese code (CES 160 2004) and the reciprocal of the 
response modification factor R in the American code (ASCE/SEI 7-2016 2017). It is 
associated with the trade-off between strength and ductility.  

In the following sections, we derive a representative PFA distribution in the 
complementary mode upon a series of linear dynamic analyses. Then, we generalize the 
proposed method to nonlinear cases and perform an error analysis of the existing and 
proposed approaches. 

Archetype structures and numerical models 

Structural properties 

To inform the development of complementary mode shape associated with ground 
motions, we start with a set of 5-story, 10-story, and 40-story lumped-mass systems 
[Figure 2(a)] as the archetype structures. They have a specified fundamental period of 
0.33s, 1.0s, and 3.0s, respectively, to represent low-, medium- and high-rise buildings. 
All systems have uniform mass and stiffness distributions and 5% modal damping ratios. 
The natural periods 𝑇௜  and modal participation mass ratios 𝑀௜ ∑ 𝑚௝⁄  of the first five 
modes of each archetype structure are summarized in Table 1, where 𝑚௝ = 𝑚 is the 
lumped mass of the jth floor and the modal participation masses 𝑀௜ are so normalized that 
the sum of all modal masses equals to the total mass of the structure ∑ 𝑚௝ . 
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Table 1 Natural periods and modal participation mass ratios of first five modes of 
archetype structures. 

Mode 
i 

Archetype structures 
5F-0.33s 10F-1s 40F-3s 

𝑇௜  (s) 𝑀௜ ∑ 𝑚௝⁄   𝑇௜  (s) 𝑀௜ ∑ 𝑚௝⁄   𝑇௜  (s) 𝑀௜ ∑ 𝑚௝⁄    
1 0.333 0.880 1.000 0.845 3.000 0.820 
2 0.114 0.087 0.336 0.094 1.001 0.091 
3 0.072 0.024 0.205 0.031 0.601 0.033 
4 0.056 0.007 0.150 0.015 0.430 0.017 
5 0.049 0.002 0.120 0.007 0.335 0.010 

 
For nonlinear analysis, we assign peak-oriented hysteresis [Figure 2(b)] to the story 

constitutive model with a trilinear skeleton [Figure 2(c)]. The skeleton is defined by a set 
of yield point (uy, Vy) and ultimate strength point (up, Vp). We assume that the yield 
strength Vy is y times the shear demand at the elastic limit Vd, that the plastic strength 
Vp is p times the yield strength Vy, and that y and p are the overstrength factors (Table 
2) according to the proposal of Xiong et al (2016). We further assume that the secant 
stiffness associated with the ultimate strength point kp is one-third of the initial stiffness 
k0 (AIJ 2010). The skeleton can be determined by the shear demand at the elastic limit Vd 
of the individual stories, which is calculated by Eq. (15) in accordance with the Chinese 
seismic provisions CES 160 (2004) and GB50011 (2010). The thus-calculated Vd 
normalized by the total weight of the structure W is depicted in Figure 2(d) w.r.t the 
relative height of the story h/H. 

 

𝑉ௗ,௝ = ඩ෍ ቎𝐶 ∙ ෍ 𝛤௜𝜙௜௞𝑆ୟ,ୈ୆୉(𝑇௜)𝑚௞

ே

௞ୀ௝

቏

ଶ
ே

௜ୀଵ

≥ 𝜆୫୧୬ ෍ 𝑚௞𝑔

ே

௞ୀ௝

 (15) 

where C is the structural influence factor in CES 160 (2004) to consider the strength 
reduction because of the structural ductility (Table 2); 𝑆ୟ,஽஻ா(𝑇௜) is the design-basis 
pseudo spectral acceleration of the ith mode; mk=m is the lumped mass of each story; 
min=0.032 is the minimum story shear coefficient in GB50011 (2010). 
 

 
Figure 2. Hysteresis model for lateral shear spring that represents a single story. 
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Table 2 Seismic design factors of archetype structures. 

Seismic design factor 
Archetype structures 

5F-0.33s 10F-1s 40F-3s 
Overstrength factor at yield point 𝛺௬ 1.10 1.10 1.40 

Overstrength factor at plastic point 𝛺௣ 1.98 1.88 2.00 
Structural influence factor C 0.35 0.35 0.38 

Damping model 

In place of Rayleigh damping, we use the uniform damping model proposed by Huang et 
al. (2019) and perform RHA in the finite element program OpenSees (Mckenna 2011). 
The model ensures a constant energy dissipation rate in a frequency range that covers the 
modes of interest. The frequency ranges specified for the uniform damping model are 
listed in Table 3 for the three archetype structures. 
 

Table 3. Frequency ranges of uniform damping for archetype structures. 

Frequency range 
Archetype structures 

5F-0.33s 10F-1s 40F-3s 
Lower bound frequency fL (Hz) 0.6 0.33 0.1 
Upper bound frequency fU (Hz) 160 60 30 

 
By ensuring a constant damping ratio for all primary modes in the time domain, the 

linear RHA with the uniform damping gives consistent results with the modal response 
history analysis [MRHA, i.e., Eq. (4)] does. On the other hand, the RHA with 
conventional Rayleigh damping deviates from a counterpart MRHA because it only 
ensures the prescribed damping ratio at two modes. This is demonstrated in Figure 3 by 
the PFA profiles of the 10F-1s archetype structure under the El Centro NS motion. In 
addition, there is an apparent discrepancy of the results by MRHA with a Rayleigh 
damping from those with uniform damping. It is because the Rayleigh damping falls into 
the category of viscous damping that is rate-dependent, whereas the uniform damping is 
rate-independent and better represents the inherent damping mechanisms. 

 
Figure. 3 Comparison of Rayleigh damping and uniform damping by MRHA and RHA 

Ground motion suites 

A total of 36 earthquake ground motion records were selected from the PEER Ground 
Motion Database (Ancheta et al. 2013). All records have a peak ground acceleration (PGA) 
larger than 40cm/s2 and a peak ground velocity (PGV) larger than 5cm/s. They are 
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categorized into non-pulse-like and pulse-like suites according to the metric proposed by 
Baker et al. (2007). Each suite contains 18 records. Figure 4 shows the acceleration 
spectra Sa of the records in each suite, which are calculated in OpenSees by SDOF systems 
with the uniform damping of the 𝑓୐ and 𝑓୙ of the 10F-1s archetype. Each ground motion 
was scaled to have a PGV of 50cm/s when calculating the spectrum. More details of the 
ground motion suites are referred to Tables A1 and A2 in the appendix. 
 

 
Figure 4. Acceleration spectra of (a) non-pulse-like and (b) pulse-like ground motions 

(5% uniform damping). 

Regression of the complementary mode 

By solving Eq. (14) for 𝜙ୋ, we get Eq. (16). Taking the PFAs by RHA as the exact 
solution and substitute them into Eq. (16), we evaluate the necessary 𝜙ୋ based on the 
linear RHA results of the three archetype structures under the two suites of ground 
motions. The results are depicted in Figure 5. 
 

𝜙ୋ௝ = sign ൜𝑃𝐹𝐴௝
ଶ − ෍ ൣ𝜙௜௝𝛤௜𝑆௔(𝑇௜)൧

ଶே

௜ୀଵ
ൠ ⋅

ට𝑃𝐹𝐴௝
ଶ − ∑ ൣ𝜙௜௝𝛤௜𝑆௔(𝑇௜)൧

ଶே
௜ୀଵ

𝑃𝐺𝐴
 

(16) 

  

 
Figure 5. Regression of complementary mode shape for: (a) 5F-0.33s, (b) 10F-1s and 

(c) 40F-3s archetypes. 
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and secondarily on the ground motion characteristics. We focus on the primary driver and 
propose a simplified complementary mode shape described by Eq. (17), a function of h/H 
and the structural fundamental period. The overlay with the regression is shown in Fig. 5. 

 

𝜙ୋ ൬
ℎ

𝐻
൰ = 1 − 2.5ඥ𝑇ଵ ⋅

ℎ

𝐻
 

(17) 

Comparison with existing methods 

The performance of the proposed method [Eqs. (14) and (17)] is compared with the three 
existing methods summarized in Eqs. (18) to (20). First, the most fundamental RSA 
estimates PFAs based on the SRSS rule and a modified first-mode response to consider 
nonlinearity [Eq. 14, Rodriguez et al. (2002), Vukobratović and Fajfar (2016, 2017)]. It 
is denoted as the “extended SRSS method” hereinafter and its equation is summarized in 
Eq. 18. 

𝑃𝐹𝐴௝ = ඩൣ𝐶௣𝜙ଵ௝𝛤ଵ𝑆ୟ(𝑇ଵ)൧
ଶ

+ ෍ൣ𝜙௜௝𝛤௜𝑆ୟ(𝑇௜)൧
ଶ

ெ

௜ୀଶ

 (18) 

 
The “RDZ method” follows the suggestion by Rodriguez et al. (2002) to 

incorporate a prescribed bilinear PFA profile along height [Eq. (19)] and calculates the 
PFA at the top, i.e., PFAN, by the SRSS rule with modified first mode response [i.e., Eq. 
(18) with j=N]. 

 

𝑃𝐹𝐴௝ =

⎩
⎪
⎨

⎪
⎧5 ቆ

ℎ௝

𝐻
ቇ (𝑃𝐹𝐴ே − 𝑃𝐺𝐴) + 𝑃𝐺𝐴, 0 ≤

ℎ௝

𝐻
≤ 0.2

𝑃𝐹𝐴ே , 0.2 <
ℎ௝

𝐻
≤ 1

 (19) 

where hj is the elevation of jth floor; H is the total height of the structure. 
 
The third method brought into the comparison follows the simplified equation by 

Kumari and Gupta 2007 [Eq. (9)] for linear elastic systems and introduces a Cp factor to 
modify the first-mode response in the same manner as the “extended SRSS method” to 
consider nonlinearity. It is denoted as the “extended K-G method” hereinafter and its 
equation is summarized in Eq. (20). 

 

𝑃𝐹𝐴௝ = ඩ𝑃𝐺𝐴ଶ + ൣ𝐶௣𝜙ଵ௝𝛤ଵ𝑆ୟୖ(𝑇ଵ)൧
ଶ

+ ෍ൣ𝜙௜௝𝛤௜𝑆ୟୖ(𝑇௜)൧
ଶ

ெ

௜ୀଶ

 (20) 

Errors for archetype structures used for calibration 

First, we evaluate the errors of the proposed method and the three existing methods 
with respect to the RHA results of the archetype structures. For nonlinear cases with a 
predefined Cp<1.0, each ground motion was scaled such that the maximum base shear in 
the nonlinear analysis VNL is Cp times the elastic base shear VEL under the same ground 
motion (Figure 6). Taking Cp as a measure of plasticity in the structure, the scaling 
approach ensures that the structure experience the same level of plasticity under all 



10 
 

ground motions and provides a comparison base concerning the same Cp. The Cp values 
vary from 1.0 (linear elastic) to 0.4 (moderate yielding) in the following discussion. 

 

 
Figure 6. Definition of plasticity factor Cp. 

 
The mean profiles over the previously used ground motions were compared with the 

RHA results in Figure 7. The proposed method overcomes the drawback of the 
conventional SRSS method and provides accurate PFA estimates at lower floors for both 
the linear and nonlinear cases. In comparison, the extended K-G and RDZ methods are 
over-conservative, especially for medium- and high-rise structures. 

 

 
Figure 7. PFA to PGA ratios by RSA and RHA methods for archetype structures when 

(a) Cp=1.0, (b) Cp=0.8, (c) Cp=0.6 and (d) Cp=0.4. 
 

Because PFA is a primary engineering demand parameter for acceleration-sensitive 
nonstructural elements and their seismic performance, Eq. (21) defines a mean relative 
error (MRE) for PFA with respect to the RHA results. A positive MRE indicates 
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overestimation, whereas a negative one is associated with underestimation. The 
comparative performance evaluation of the proposed and existing methods is presented 
in Figure 8. 

𝑀𝑅𝐸௝ =
1

𝐾
෍

𝑃𝐹𝐴௞௝,ୖୗ୅ − 𝑃𝐹𝐴௞௝,ୖୌ୅

𝑃𝐹𝐴௞௝,ୖୌ୅

௄

௞ୀଵ

 
(21) 

where K=36 is the number of ground motion records in the analysis, PFAj, RSA is the PFA 
of the RSA methods at jth floor; PFAj, RHA is the PFA of the RHA results at jth floor. 
 

 
Figure 8. Mean relative errors of RSA methods for archetype structures when (a) 

Cp=1.0, (b) Cp=0.8, (c) Cp=0.6 and (d) Cp=0.4. 
 

The extended SRSS method exhibits an MRE of -100% at the base because it fails 
to account for the rigid-body contribution. The proposed method properly considers this 
contribution and provide much improved estimates not only for the linear elastic cases 
[Cp=1.0 Figure7(a)] but also for the nonlinear cases [Cp<1.0, Figures 8(b) to (d)]. The 
RDZ and extended K-G methods are always conservative and predict PFAs with positive 
MREs at all elevations for all cases. The RDZ method assumes a bilinear PFA profile and 
yields a 130% error at the 1st floor of the linear elastic 5F-0.33s archetype. The error 
decreases as the period gets longer, probably because of the increased flexibility or 
developed plasticity. In contrast, the error of the extended K-G method increases when 
the building is more flexible. The proposed method is advantageous over the RDZ and 
extended K-G methods by simply incorporating the complementary mode, offering 
significantly reduced error and more accurate predictions. 
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Errors on test examples 

The error analysis is generalized to include another two test examples that were not 
involved in the calibration for the complementary mode of the proposed method. In one 
example, a 5-story reinforced concrete (RC) moment-resisting frame structure for a 
classroom building in Beijing [Fig. 9(a), Xie et al 2020] was represented by a lumped 
mass shear spring model [Fig. 9(b)]. In the other example, a realistic 42-story RC frame-
core tube building (Fig. 10(a), Li 2015) was presented by a simplified lumped-mass shear-
flexural spring model [Xiong et al 2016, Fig. 10(b)]. Both buildings were designed 
according to the Chinese seismic design code and were located on a stiff soil site of 
Seismic Intensity VIII (GB 50011-2010, 2010). The design-basis short-period spectral 
pseudo accelerations are 0.45 g and 0.6 g for the sites of the 5-story and 42-story 
structures, respectively. The basic dynamic properties of their simplified structural 
models are summarized in Table 4. 

 
Table 4 Dynamic properties of first five modes of test structures. 

Mode 
i 

5-story moment frame (5F) 42-story core-frame (42F) 
𝑇௜  (s) 𝑀௜ ∑ 𝑚௝⁄   𝑇௜  (s) 𝑀௜ ∑ 𝑚௝⁄   

1 0.549 0.860 2.695 0.763 
2 0.185 0.090 0.851 0.095 
3 0.121 0.034 0.466 0.040 
4 0.097 0.015 0.297 0.023 
5 0.086 0.001 0.205 0.015 

 
For the 5-story moment frame, the shear spring for each story is assumed to exhibit 

a peak-oriented hysteresis curve with a bilinear skeleton curve [i.e., the Clough model, 
Fig. 9(c)]. The bilinear skeleton curves of story shear V and inter-story drift ratio IDR are 
derived from a pushover analysis of the prototype building in its transverse direction [y-
direction in Fig. 9(a)], and therefore the story stiffnesses and lateral strengths vary among 
the stories. In Fig. 9(c), the story shear is normalized by the total weight of the structure 
W. The model is subjected to a suite of 8 ground motions (Table A3), which were selected 
in accordance with the Chinese seismic design code and were not used in the calibration 
[Fig. 9(d)]. 

 

 
Figure 9. 5-story moment frame example: (a) building layout, (b) lumped mass shear 

model, (c) skeleton and hysteresis curves of shear spring and (d) acceleration spectra of 
ground motion suite. 
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The 42-story RC frame-core tube structure [Fig. 10(a)] is modelled by a simplified 
planar flexural-shear spring model [Fig. 10(b)] proposed by Xiong et al (2016). Both the 
shear and flexural springs are assumed to exhibit a peak-oriented hysteresis curves with 
a trilinear skeleton curve [Fig. 2(b) and (c)]. The height-wise distribution of the yield 
strengths of the shear and flexural springs are depicted in Fig. 10(c), in which the yield 
shear force Vy and the yield moment My are respectively normalized by the total weight 
of the structure W and an equivalent overturning moment M0=2WH/3 (Qu et al 2020). 
Another suite of 8 ground motions (Table A4) in accordance with the Chinese seismic 
design code were selected as the ground motion input for the 42-story model [Fig. 10(d)]. 

 

 
Figure 10. 42-story RC frame-core tube structure example: (a) building layout, (b) 

lumped mass flexural-shear spring model, (c) height-wise distribution of yield strength 
of shear and flexural springs and (d) acceleration spectra of ground motion suite. 

 
Two levels of plasticity of Cp=1.0 (linear elastic) and Cp=0.6 (moderate yielding) 

are considered. The ground motions are scaled in the same manner as aforementioned to 
ensure the desired Cp. Figures 11 and 12 compare the PFA to PGA ratios by the 
different methods and the mean relative errors of the three RSA methods w.r.t the RHA 
results. Despite the different models and ground motion suites from those used in the 
calibration, the proposed method outperforms the other methods and offers significantly 
reduced error and more accurate predictions. 
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Figure 11. PFA to PGA ratios by RSA and RHA methods for (a) 5-story shear model 
with Cp=1.0, (b) 5-story shear model with Cp=0.6, (c) 42-story flexural-shear model 

with Cp=1.0 and (d) 42-story flexural-shear model with Cp=0.6. 

 
Figure 12. Mean relative errors of RSA methods for (a) 5-story shear model with 

Cp=1.0, (b) 5-story shear model with Cp=0.6, (c) 42-story flexural-shear model with 
Cp=1.0 and (d) 42-story flexural-shear model with Cp=0.6. 

Conclusion 

We propose a practical response spectral analysis method for estimating PFAs by 
introducing a complementary mode to the conventional modal combination rule to 
consider rigid-body contribution and by modifying the first modal response to consider 
nonlinearity. The representative PFA distribution associated with the complementary 
mode was derived based on linear elastic response history analyses. Its application in the 
response spectral analysis is then generalized to nonlinear cases. The comparison of errors 
of the proposed and existing methods with respect to the results of response history 
analyses shows that the proposed method outperforms the existing methods that are 
practical for routine design purpose. 
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Appendix: 

Table A1 Non-pulse-like ground motions for three archetype buildings. 
ID Event Date Record PGA (g) PGV (cm/s) 
RSN1003 Northridge 1994-1-17 LA - Saturn St,228 0.47 37.25 
RSN1107 Kobe Japan 1995-1-16 Kakogawa,360 0.24 20.81 
RSN1107 Kobe Japan 1995-1-16 Kakogawa,60 0.32 26.87 
RSN1116 Kobe Japan 1995-1-16 Shin-Osaka,150 0.23 31.33 
RSN1116 Kobe Japan 1995-1-16 Shin-Osaka, E 0.23 21.81 
RSN1201 Chi-Chi Taiwan 1999-9-20 CHY034, E 0.30 45.15 
RSN1201 Chi-Chi Taiwan 1999-9-20 CHY034,270 0.25 34.95 
RSN125 Friuli Italy 1976-5-6 Tolmezzo,230 0.36 22.85 
RSN125 Friuli Italy 1976-5-6 Tolmezzo,140 0.32 30.52 
RSN169 Imperial Valley 1979-10-15 Delta,140 0.24 26.32 
RSN169 Imperial Valley 1979-10-15 Delta,330 0.35 33.00 
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RSN1787 Hector Mine 1999-10-16 Hector,225 0.27 26.01 
RSN1787 Hector Mine 1999-10-16 Hector,0 0.33 44.78 
RSN864 Landers 1992-6-28 Joshua Tree,270 0.27 27.02 
RSN864 Landers 1992-6-28 Joshua Tree, EW 0.28 42.59 
RSN960 Northridge 1994-1-17 Canyon Country-WLC, NS 0.47 41.13 
RSN963 Northridge 1994-1-17 Castaic-Old Ridge Route,90 0.57 51.56 

RSN963 Northridge 1994-1-17 
Castaic-Old Ridge 
Route,260 

0.51 52.19 

Table A2 Pulse-like ground motions for three archetype buildings. 
ID Event Date Station PGA (g) PGV (cm/s) 
RSN1063 Northridge 1994-1-17 Rinaldi Receiving Sta,20 0.87 148.00 
RSN1086 Northridge 1994-1-17 Sylmar-Olive View MFF,0 0.84 129.37 
RSN1176 Kocaeli Turkey 1999-8-17 Yarimca,90 0.23 69.72 
RSN1176 Kocaeli Turkey 1999-8-17 Yarimca,0 0.32 71.89 
RSN1492 Chi-Chi Taiwan 1999-9-20 TCU052,90 0.36 151.21 
RSN1505 Chi-Chi Taiwan 1999-9-20 TCU068, N 0.51 249.59 
RSN1605 Duzce Turkey 1999-11-12 Duzce,W 0.51 84.23 
RSN180 Imperial Valley 1979-10-15 El Centro Array #5,0 0.38 96.90 
RSN181 Imperial Valley 1979-10-15 El Centro Array #6,270 0.45 67.02 
RSN182 Imperial Valley 1979-10-15 El Centro Array #7,262 0.34 51.68 

RSN496 
Nahanni 
Canada 

1985-12-23 Site 2,352 0.36 31.93 

RSN723 SuperS Hills 1987-11-24 Parachute Test Site,0 0.43 134.29 
RSN802 Loma Prieta 1989-10-18 Saratoga - Aloha Ave,90 0.51 41.58 
RSN803 Loma Prieta 1989-10-18 Saratoga-W-Valley-oll,0 0.33 64.91 
RSN821 Erzican Turkey 1992-3-13 Erzincan,90 0.50 78.16 
RSN821 Erzican Turkey 1992-3-13 Erzincan,270 0.39 107.14 
RSN828 CapeMendocino 1992-4-25 Petrolia,90 0.66 88.51 
RSN879 Landers 1992-6-28 Lucerne,360 0.73 133.40 

Table A3 Ground motions for 5-story moment frame structure. 
ID Event Date Record PGA (g) PGV (cm/s) 
RSN9 Borrego 1942-10-21 El Centro Array #9 0.07 6.20 
RSN167 Imperial Valley 1979-10-15 Compuertas 0.19 13.77 
RSN175 Imperial Valley 1979-10-15 El Centro Array #12 0.14 21.48 
RSN284 Irpinia Italy 1980-11-23 Auletta 0.06 4.49 

RSN1489 
Chi-Chi Tai 
Wan 

1999-9-20 TCU049 0.28 53.52 

RSN1528 
Chi-Chi Tai 
Wan 

1999-9-20 TCU101 0.21 76.77 

RSN6969 
Darfield New 
Zealand 

2010-9-3 Styx Mill Transfer Station 0.18 36.66 

RSN6975 
Darfield New 
Zealand 

2010-9-3 TPLC 0.30 76.29 

Table A4 Ground motions for 42-story frame-core tube structure. 
ID Event Date Record PGA (g) PGV (cm/s) 
RSN163 Imperial Valley 1979-10-15 Calipatria Fire Station 0.13 15.59 
RSN3962 Tottori Japan 2000-10-6 TTR005 0.19 10.72 
RSN5814 Iwate Japan 2008-6-13 Furukawa Osaki City 0.24 33.31 

RSN6879 
Darfield, New 
Zealand 

2010-9-3 ADCS 0.11 11.08 

RSN316 Westmorland 1981-4-26 Parachute Test Site 0.23 55.55 
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RSN6887 Darfield, New 
Zealand 2010-9-3 Christchurch Botanical 

Gardens 0.16 21.26 

RSN6966 Darfield, New 
Zealand 2010-9-3 Shirley Library 0.17 37.57 

RSN8606 
El Mayor 
Cucapah 
Mexico 

2010-4-4 Westside Elementary School 0.26 55.20 
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