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Abstract: In this paper a mixed-pseudo-modal inelastic time domain approach is outlined for an expediated 

reliable estimate of peak floor accelerations at various floor levels of an inelastically responding building. The 

approach relies on deaggregating a 3D system into an ensemble of 2D translational and torsional systems. No a 

priori assumption regarding the higher mode participations are made in the approach which makes it generic. The 

procedure is outlined in detail. The preliminary study indicates that the proposed methodology may give reliable 

estimates very similar to a fully-fledged 3D nonlinear time history analysis. It is also worth noting that the proposed 

approach is 40 times faster in comparison to a fully-fledged 3D analysis for the case study building. 

 

1.0 Introduction 

An integrated performance of a structural system during an earthquake is heavily dependent on the floor 

diaphragm, as failure of the same would result in a partial or complete collapse of the structural system. 

In the light of recent increased seismic activity, more and more seismic assessments need to be 

performed, which to meet their objective demand a realistic determination of the diaphragm forces. 

Theoretically the induced diaphragm forces may be classified into (Gardiner 2011): 

• Inertial forces 

o These induce storey shears.  

• Self-strain forces 

o These are in-plane diaphragm forces which do not change the storey shears. 

In the present paper, we only focus on the inertial forces and their migration up the height of the building. 

Considerable research efforts have been expended on understanding the migration and amplification of 

floor accelerations up the height of the building. These include, Bull (1997), Rodriguez et al. (2002), 

Fleishmann (2002). The majority of these studies have highlighted the importance of the higher mode 

contributions and their implications on the floor accelerations when a system undergoes inelastic 

excursions during a seismic event. 

 



 

 

1.1 Objective of the paper 

Simplified approaches of predicting the floor acceleration migrations are proposed in Rodriguez et al. 

(2002), Bull (2003) & Gardiner (2011). Although they are all very elegant methods, ambiguity still exists 

on the degree to which they capture the migration of floor accelerations for irregular moderate to high 

rise structures. The majority of existing buildings in practice have some form irregularity inherent in 

them. Depending on the degree of irregularity, the present approach, that is prevalent in the industry, 

varies from applying the above cited simplified methods to performing a fully-fledged 3D nonlinear 

dynamic analysis of the structural system. Although the 3D nonlinear dynamic analysis, if done properly 

is very reliable, it still demands a very high level of understanding and computational demand which 

may prove itself to be very costly in the present commercial environment.  

In the present paper, a mixed pseudo modal-inelastic time domain approach is proposed to alleviate the 

degree of complexity inherent in a fully-fledged 3D analysis. The proposed method also provide some 

deeper insights into the higher modal contribution, as the higher modal contribution is directly 

incorporated in the reduced order nonlinear time domain analysis. 

1.2 Scope and limitation of the paper 

The present scope of the paper is limited to the theoretical description of the proposed method and some 

very preliminary numerical insights. It must be noted that the proposed method is only in the 

development stage and further research is in progress to generalize the approach. So, the results 

presented in the paper should be treated as very preliminary and no general conclusions should be 

derived based on this. 

2.0 Proposed Methodology: mixed pseudo-modal inelastic time domain approach 

In this section, a simplified pseudo-modal inelastic response history-based approach is described. An 

inclusion of torsional modes in the analysis differentiates the 3D analysis from the 2D analysis. The 

proposed method primarily relies on deaggregating the 3D inelastic structural system into an assembly 

of 2D inelastic translational and 2D elastic torsional systems. A justification for this decoupled 

inelastic/elastic system could be derived from the work of Rodriguez et al. (2002), where it has been 

highlighted that the effect of ductility is primarily concentrated at the fundamental mode and higher 

modes may be treated as more or less elastic. This proposed approach again assumes that the primary 

mode of the system in each direction is translational and torsion appears in the higher modal domain. If 

the primary modes exhibit torsional characteristics, then this decoupled approach should not be applied. 

 

Next subsection describes in detail the steps involved in the proposed methodology. 

 

2.1 Steps involved in the method: 

 

Following steps are adopted in the method. 

 

a. An elastic 3D model of the building system with rigid floor diaphragm assumption is created and 

its modal characteristics are identified.  

 

b. A reduced 2D inelastic system is formulated with relevant modal characteristics of the 3D system 

in chosen principal directions. Material and geometric nonlinearity is incorporated into the system. 

Material nonlinearity maybe introduced by lumped discrete hinges or by fibre formulation or by 

continuum inelasticity depending on the way in which the 2D system is formulated. Only small 

displacement analysis is performed, and the geometric nonlinearity captured is limited by this 



 

 

assumption. For most of the practical structures within a reasonable level of inelasticity (≤
2% drift ratio ) this may be deemed to be acceptable.  

 

c. Peak total floor accelerations at each floor level in each direction are recorded for the 2D inelastic 

system. The significance of this step is that higher translational modal inelasticity is directly 

incorporated in the analysis without making any a priori assumptions.  

 

d. For the specific natural ground motion used, based on a wave propagation approach (Cheung FY 

2000), rotational ground motion components are generated. The generated rotational components 

are used to derive the pseudo torsional acceleration spectra. The method of generating torsional 

spectra is briefly described in Section 2.2.   

 

e. The torsional mode is treated as elastic and absolute floor rotational accelerations are calculated as 

per Section 2.3. It must be admitted that, the use of torsional spectra in the analysis approximately 

mimics the effect of the contribution of torsional modes to the absolute floor accelerations. In a 3D 

time domain analysis, the torsional mode is a free vibration mode as there are no ground motion 

components associated with it. However, in this study, we try to account for the effect of torsional 

modes by indirectly considering a computationally derived pseudo torsional effect. The preliminary 

results highlight that the method results in reliable estimates of the peak floor accelerations as 

compared to a fully-fledged 3D analysis as outlined in Section 3.0. 

 

f. The rotational acceleration is resolved into its translational components by normalising with the 

effective radius of the floor plate. 

 

g. The obtained inelastic peak translational floor acceleration in Step c. is increased by the absolute 

value of the translational component from the torsional mode obtained from Step f. 

 

 

2.2 Torsional ground motions (Cheung F Y, 2000) 

 

It is well-known that earthquake ground motions have 3 translational and 3 rotational components. In a 

standard strong motion recording only translational components are recorded. The effect of torsional 

components is neglected in a classical dynamic analysis, not because they are insignificant, but because 

of the inability of present-day standard instruments to record them. In the past few years this is being 

attended to with new rotational measurement methods becoming available, Schreiber K.U. et al (2009). 

In this section, first a brief description of the methodology of deriving the approximate rotational 

components is given and in the next sub-section a methodology to derive the approximate torsional 

spectra is given. Both of these approaches are adopted from Cheung F Y (2000). Interested readers 

should refer to this reference. 

 

Treating soil as an elastic medium, the earthquake wave motion in the x-direction maybe given as, 

 

𝑎2
𝜕2𝑢(𝑥,𝑡)

𝜕𝑥2
=

𝜕2𝑢(𝑥,𝑡)

𝜕𝑡2
         (1) 

 

Where “a” represents the shear wave velocity, “t”  represents the time, “x” represents the spatial domain, 

“u(x,t)”  represents the spatio-temporal displacement. Adopting D’Alembert’s method for solving this, 

we get, 

 

𝑢(𝑥, 𝑡) = 𝑓(𝑡 −
𝑥

𝑎
)         (2) 

 

Now extending this, 

 



 

 

𝑢(𝑥, 𝑦, 𝑧, 𝑡) = 𝑓(𝑡 −
𝜉

𝑎
)         (3) 

 

Where, 

 

𝜉 = 𝑥𝑐𝑜𝑠 𝛼 + 𝑦𝑐𝑜𝑠𝛽 + 𝑧𝑐𝑜𝑠𝛾        (4) 

 

Here the 𝛼, 𝛽, & 𝛾 is as given in figure 1.0. 

 
Figure 1.0 Wave Propagation in 𝜉 Direction (adopted from Cheung F Y 2000) 

 

Eq. (4) maybe re-written in spectral domain as, 

 

𝑢(𝑥, 𝑦, 𝑧, 𝑡) = 𝐹(𝑥, 𝑦, 𝑧)𝑒𝑖�̃�(𝑥,𝑦,𝑧,𝑡)        (5) 

 

After further mathematical manipulations, the ground displacements in x, y & z maybe given as, 

 

 

𝑢𝑥 = 𝐴𝑥𝑒
𝑖(𝜔𝑡−(𝑘𝑥𝑥+𝑘𝑦𝑦+𝑘𝑧𝑧))

𝑢𝑦 = 𝐴𝑦𝑒
𝑖(𝜔𝑡−(𝑘𝑥𝑥+𝑘𝑦𝑦+𝑘𝑧𝑧))

𝑢𝑧 = 𝐴𝑧𝑒
𝑖(𝜔𝑡−(𝑘𝑥𝑥+𝑘𝑦𝑦+𝑘𝑧𝑧))

}
 
 

 
 

         (6) 

 

Where, 

 

 

𝑘𝑥 =
𝜔

𝐶𝑥

𝑘𝑦 =
𝜔

𝐶𝑦

𝑘𝑧 =
𝜔

𝐶𝑧

𝐴𝑥,𝑦,𝑧 𝑖𝑠 𝑡ℎ𝑒 𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒}
 
 

 
 

         (7) 

 

Differentiating eq. (6) with spatial ordinates, and representing their equivalence in time domain we get 

the rotational component in terms of translational velocities as, 

 

∅𝑥 =
1

𝐶
{�̇�𝑦 − �̇�𝑧}

∅𝑦 =
1

𝐶
{�̇�𝑧 − �̇�𝑥}

∅𝑧 =
1

𝐶
{�̇�𝑥 − �̇�𝑦}}

 
 

 
 

          (8) 

 

Now on further differentiating we get the rotational velocity and rotational acceleration component as, 
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          (9) 
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1

𝐶
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1

𝐶
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          (10) 

 

2.2.1 Generation of torsional spectra 

 

In relative rotation terms (Ω(𝑡) in Fig. 2.0) the equation of motion is given as, 

 

Ω̈(𝑡) + 2𝜆𝜛Ω̇(𝑡) + 𝜛2Ω(𝑡) = −�̈�(𝑡)        (11) 

 

This is the standard torsional SDOF system equation. This equation poses a difficulty as it demands the 

derivation of �̈�𝑥,𝑦,𝑧(𝑡) which requires the evaluation of the first derivative of acceleration. This can pose 

a lot of numerical issues and may pave way for large numerical errors. So, Cheung F Y (2000) suggests 

an alternative form expressed in total rotational form as follows 

 

ψ̈(𝑡) + 2𝜆𝜛ψ̇(𝑡) + 𝜛2ψ(𝑡) = 2𝜆𝜛�̇�(𝑡) + 𝜛2ϕ(𝑡)      (12) 

 

Here, 

𝜓(𝑡) = Ω(𝑡) + 𝜙(𝑡)

𝜛 is the torsional frequency
𝜆 is the torsional mode damping ratio

}       (13) 

 

 

 
 

 

Figure 2.0 Idealised Torsional SDOF (adopted from Cheung F Y, 2000) 

       

 

Solving equation (12) repeatedly for a range of periods by the Newmark method of integration will 

result in the absolute torsional displacement spectra. In the present study, torsional pseudo-acceleration 

spectra is generated as, 

 

𝑆𝐴,∅(𝜆, 𝜔𝑖) = 𝜛
2∅𝑚𝑎𝑥(𝜆, 𝜔𝑖)         (14) 

 



 

 

Torsional spectra for three ground motions is generated in Section 3.0. 

 

It must be noted that in some 3D time-history analyses this effect can be captured directly in the 3D 

analysis by using a travelling wave analysis, the only extra parameters required beyond the normal 3D 

parameters are the wave propagation velocities. 

 

2.3 Torsional floor acceleration 

 

A modal domain approach is adopted in the present study to calculate the absolute rotational floor 

acceleration at floor levels. The complete equation of motion of the system in the elastic domain is given 

as, 

 

𝑴�̈�(𝒕) + 𝑪�̇�(𝒕) + 𝑲𝒖(𝒕) = −𝑴{𝑰𝒙,𝒚,𝒛,𝜽𝒛}�̈�𝒈(𝒕)       (15) 

 

In equation (15), it must be noted that only the 𝜃𝑧 direction is used. In reality there will be ground motion 

in 𝜃𝑥,𝑦 directions as well. However,  it becomes very tricky as the response exhibits spatial dependency 

on the application of the rotational spectrum. 

 

So, ignoring those components and converting the equation into the modal domain, 

 

�̈�𝑖(𝑡) + 2𝜁𝑖𝜔𝑖�̇�𝑖(𝑡) + 𝜔𝑖
2𝑞𝑖(𝑡) = −𝜒𝑖�̈�𝒈(𝑡)       (16) 

 

Where, 

 

𝜒𝑖 =
𝝓𝒊
𝑻𝑴𝑰𝒙,𝒚,𝒛,𝜽𝒛
𝝓𝒊
𝑻𝑴𝝓𝒊

           (17) 

 

Now in the spirit of the translational response spectrum analysis, using a torsional spectrum, we get peak 

rotational accelerations per floor in ith elastic torsional mode as, 

 

𝒂𝑚𝑎𝑥,𝜃𝑖 = 𝜒𝑖,𝜃𝜙𝜃,𝑖𝑆𝐴,𝜃(𝜆, 𝜔𝑖)         (18) 

 

It must be noted that the torsional spectra used is elastic and in the present study the torsional modes are 

treated as elastic. If “N” modes are used, the total torsional acceleration may be calculated using any of 

the modal combination rules. In the present study only one predominant torsional mode is used. 

 

3.0 Numerical study 

A typical 15 storey RC framed structure is considered for the present study. The structure is designed as 

per NZS 1170:5 assuming it is located in the  Wellington region. The soil class considered is “C”. Figure 

3.0 shows a 3D frame model of the case study structure. The modal characteristics of the frame for the 

first 3 modes are shown in Table 1.0.  

Table 1.0 Modal properties of the example structure 

Mode Period 
% mass 

(x) 
% mass 

(Y) 
% mass 

(Z) 
% Rotating 

mass (X) 
%Rotating 
mass (Y) 

%Rotating 
mass (Z) 

1 1.86 78 0 0 0 22 0 

2 1.70 0 79 0 22 0 0 

3 1.27 0 0 0 0 0 80 



 

 

 

 

Figure 3.0 3D Model of the Example Structure 

Inelasticity is represented by discrete lumped plasticity with modified Takeda hysteresis loops. Only one 

torsional mode is used in the present study and the rotational participations in the translational modes 

are neglected due to the reasons outlined in section 2.3. As the sole purpose of this paper is to introduce 

and present some very preliminary investigation results regarding the viability of using a mixed-modal 

time-domain approach for estimating peak floor accelerations, only 3 ground motions are used in the 

study. Figure 4.0 represents the torsional spectra generated for these 3 ground motions using 

methodology described in Section 2.2. 

 

Figure 4.0 Torsional spectra for 3 ground motions used in the study 



 

 

Figures 5, 6 &7 present the peak floor accelerations at various floor levels for the 3 different ground 

motions. Each plot illustrates the results from the fully-fledged 3D analysis (black line) along with 

uncorrected (orange line) and corrected 2D inelastic analysis (blue line). The uncorrected plot only 

contains the translational 2D inelastic frame and the corrected plot incorporates the torsional 

contribution as described in Section 2.1.  

 

 

 

Figure 5.0 Peak Floor Accelerations for El-Centro Ground Motion 

 

 

Figure 6.0 Peak Floor Accelerations for Duzce Ground Motion 



 

 

It can be clearly seen that the torsional effect correction procedure outlined in Section 2.1 gives estimates 

of the peak floor accelerations that are much closer to a fully-fledged 3D analysis. This is a very 

promising outcome mainly because the effort needed to generate the 2D inelastic plot is almost 

negligible in comparison to the fully-fledged 3D analysis. It can also be seen that the floor estimates 

given by the uncorrected 2D inelastic analysis may be largely different from a 3D analysis. This is very 

pronounced in both the El- Centro and Duzce ground motions but less pronounced in Hokkaido, mainly 

because the degree of inelasticity is less for the analysies using Hokkaido ground motions for the specific 

system under consideration. In order to get more clarity on the overall effect of the torsional correction, 

an average ground motion plot is also presented in Figure 8.0. 

 

 

Figure 7.0 Peak Floor Accelerations for Hokkaido Ground Motion 

 

Figure 8.0 Average Peak Floor Accelerations for all the Three Ground Motions Used in the Study 



 

 

Figure 8.0 clearly indicates that the corrected 2D plot is much closer to the 3D plots. In the present study 

it must be noted that only one torsional mode is included. If full participation of the torsional modes is 

included using equation. (18) and combined in the appropriate manner, the plots would get more closer 

to the 3D plot. It must also be noted that the rotation present in the translational mode is being neglected 

by the 2D system in the present study as mentioned in Section 2.3. 

In this specific case of 3 ground motions, the analysis time for running the 2D system is approximately 

5 minutes for 3 ground motions and  for the 3D system is ~3.5 hours in a CSI platform. This duration is 

only the analysis run time and completely excludes the model preparation time and other associated 

activities. So, in nutshell the effort required for a 3D analysis would be very high. The speed and 

simplicity provided by the proposed method is a clear advantage especially in a commercial 

environment. To add to this, the method also provides more insight into the dynamic performance of the 

system which is usually obscured in a fully-fledged 3D analysis as in majority of the cases it is treated 

as a “black box” outcome unless the user has specific expertise in the methods used to solve the 

equations in the software.  The other more important fact is that, as already mentioned, the proposed 

method makes no a priori assumption about the contribution of the inelastic translational modes as the 

2D analysis incorporates similar definitions of material nonlinearity as a 3D model. 

3.1 Future directions 

Figures 5-8 shows that the proposed method has real advantages in the estimation of peak floor 

accelerations for an inelastic system. The system studied uses only one torsional mode. So, a well-

planned future effort is needed to investigate the effects of incorporating more rotational and torsional 

modes. Inclusion of more modes may provide estimates closer to the 3D plot. An alternative approach 

may be to work out a correction factor for the effect of higher, less participating, torsional and rotational 

modes but this may demand some research effort. 

4.0 Conclusions 

A very efficient pseudo-modal inelastic time domain approach for estimating the peak floor 

accelerations is described in detail. The method relies on deaggregating a 3D system into an ensemble 

of 2D translational and torsional systems. The torsional systems are treated as elastic and translational 

systems incorporate nonlinearity like the 3D system. No apriori assumptions regarding the higher mode 

participations are made in the approach. The preliminary study indicates that reliable estimates of the 

peak floor acceleration may be obtained by the proposed approach. As highlighted in the text more 

research is needed to fully substantiate the above approach. 
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