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ABSTRACT 
 
The nonlinear static procedure (NSP) based on pushover analysis is restricted with a single mode response. Then, 
the NSP is valid for low-rise buildings where the behavior is dominated by fundamental vibration mode. It is of 
significance to take into account of higher mode effects in pushover analysis of tall buildings. The present paper 
attempts to evaluate consecutive modal pushover (CMP) procedure recently proposed to consider higher mode 
effects. This procedure and modal pushover analysis (MPA) are applied to steel special moment-resisting frames. It 
is demonstrated that the MPA and CMP procedures are able to overcome the limitation of traditional pushover 
analysis and to accurately predict the storey drifts of tall buildings. Hinge plastic rotations are noticeably improved 
by the CMP procedure particularly at top storeys of tall buildings in comparison with those obtained by the MPA 
procedure. 
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1. INTRODUCTION 

 

Nonlinear static procedure (NSP) has been gaining importance during recent years as a standard tool for building 
assessment and design verification. However, pushover analysis suffers from several inherent limitations [Kim and 
D'Amore, 1999]. Among them, invariant load distribution in traditional NSP is one of the most important 
deficiencies and it is not able to take into consideration the higher mode effects [Krawinkler and Seneviratna, 1998; 
Fajfar, P. 2000; Chopra and Goel, 2002]. Then, attempts have been recently made to develop enhanced pushover 
procedures such as adaptive pushover [Bracci et al. 1997; Gupta and Kunnath, 2000], multi-mode pushover (MMP) 
[Sasaki et al. 1988], pushover results combination (PRC) [Moghadam, 2002] and incremental response spectrum 
analysis [Aydinoglu, 2003]. Modal pushover analysis (MPA) [Chopra and Goel, 2002] was also developed in which 
the seismic demands were separately determined for each of the modal pushover analyses and combined together 
using the appropriate modal combination scheme.  It was demonstrated that the MPA would be accurate enough for 
practical application in building evaluation and design verification. Nevertheless, the errors of the MPA procedure 
were large in predicting plastic rotations of hinges [Chopra and Goel, 2002; Goel and Chopra, 2004]. To improve 
hinge plastic rotations, consecutive modal pushover (CMP) procedure [Poursha et al. 2008] was recently developed 
in which the seismic demands are derived by enveloping the results of some pushover analyses. The current paper 
demonstrates its applicability and efficiency and evaluates this procedure together with the MPA. Seismic demands 
obtained by approximate pushover procedures are compared with exact solutions derived from NL-RHA. The 
results indicate significant improvement through the CMP in predicting hinge plastic rotations of tall buildings.  
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2. CONSECUTIVE MODAL PUSHOVER PROCEDURE 

Consecutive modal pushover (CMP) procedure [Poursha et al. 2008] was introduced to estimate the peak response 
of the inelastic structure subjected to earthquake excitation. Some separate pushover analyses are employed in the 
CMP procedure because it is possible to use different pushover analyses and to envelope the results [Fajfar, 2000]. In 
the CMP, modal pushover analyses are continuously implemented in two and three stages such that a modal 
pushover is terminated, subsequent one is commenced from state (stress and deformation) at the end of previous 
modal pushover. Consecutive modal pushover analyses are conducted with force distributions using mode-shapes 
obtained from eigen analysis of the linearly-elastic structure. The number of stages (modes) in consecutive modal 
pushover analysis depends on the period of building structure. When the period of resisting-moment frame is less 
than 2.2 seconds, consecutive modal pushover analysis is conducted in two stages. For periods of 2.2 seconds or 
more, both two- and three-stage consecutive modal pushover analyses are utilized. The displacement increment, 

, at the roof in stage i of consecutive modal pushover analysis is calculated as follow: riu
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where tδ  and Ns are the total target displacement at the roof and the number of stages (modes) considered in 
consecutive modal pushover analysis, respectively. iα  is the effective modal participating mass ratio for the i-th 
mode and it is obtained as follow: 
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iΓ  and   are modal participating factor and effective modal participating mass for the i-th mode [Chopra, 2001]. 
M* is the total mass of the structure derived from summation of lumped masses, (j=1,2, …N), over N floor 
levels. 

*
iM

jm

iφ , m and i are mode-shape of i-th mode, the mass matrix of the structure and the unit vector, respectively.  
In addition to multi-stage modal pushover analyses, another pushover analysis is separately performed with either 
triangle or uniform load distribution. Finally, the seismic demands are obtained by enveloping the peak responses 



The 14
th  

World Conference on Earthquake Engineering    
October 12-17, 2008, Beijing, China  
 
 
derived from former and latter pushover analyses. The details of the CMP procedure are expressed as a sequence of 
following steps: 
1. Calculate the natural frequencies, nω  and mode-shapes, nφ  for the first three modes. Mode-shapes are 
normalized so that the roof component of nφ  equals unity ( 1=rnφ ). 

2. Compute  [Chopra and Goel, 2002] where  shows distribution of forces over the height of the 
structure for the nth mode (stage). 

nn ms φ=* *
ns

3. Compute the total target displacement of the structure, tδ , at the roof.  
 4. The CMP procedure consists of some pushover analyses with a displacement control at the top of the building. 
The pushover analyses are implemented according to the following sub-steps until the total target displacement at 
the roof, tδ  is reached.    

      4.1. The first pushover analysis is implemented using inverted triangle load pattern for medium-rise 
buildings and uniform force distribution for high-rise ones until the control node at the roof sways to predefined 
total target displacement, tδ . 
      4.2. The second pushover analysis is performed in two stages. In the First stage, nonlinear static analysis is 
implemented using invariant lateral forces according to  until the displacement increment at the roof 
reaches 

1
*
1 φms =

tru δβ11 =  (Equation (2.1); ) where 1=i 11 αβ =  (Equation (2.2); 1=i ).  
The second stage of analysis starts from stressed and deformed state at the last step of the previous stage. 
Therefore, in the second stage, the analysis continues with lateral forces according to  until the 
displacement increment at the roof equals 

2
*
2 φms =

tru δβ22 =  (Equation (2.1); 2=i ) where 12 1 αβ −=  (Equation 
(2.3); ).                 2=i
      4.3. The third analysis in the CMP is a three-stage consecutive modal pushover analysis. It is only 
performed for buildings having a period of 2.2 sec or more. The first stage is exactly the same as the first stage 
in two-stage consecutive modal pushover analysis. After the first stage, the nonlinear static analysis continues 
with lateral forces according to  until the displacement increment at the roof reaches 2

*
2 φms = tru δβ22 =  

(Equation (2.1); ) where 2=i 22 αβ =  (Equation (2.2); 2=i ).  
Thereafter, the third (last) stage of three-stage modal pushover analysis is carried out using lateral force 
distribution according to . The displacement increment at the roof in this stage is equal to 3

*
3 φms = tru δβ33 =  

(Equation (2.1); )  where 3=i 213 1 ααβ −−=  (Equation (2.3); 3=i ).  
5. Calculate peak value of desired responses for pushover analyses described above. The peak values resulted from 
steps 4.1, 4.2 and 4.3 are denoted by ,  and , respectively. 1r 2r 3r
6. Calculate the envelope, r , of peak responses as follow:   
 

Maxr = { ,1r                             for }2r 2.2<T  seconds                                          (2.7)   
                                                                                                                                                          

 ,               for   seconds                                         (2.8) Maxr = { ,1r 2r }3r 2.2≥T
 
 
3. ANALYTICAL MODELS, ASSUMPTIONS AND TYPES OF ANALYSIS  
 
The structures considered are three bay frames with heights of 10 and 20 storeys. All frames comprise of 5 m bays. 
A story height of 3.2 m was assumed for the frames. Configuration of the frames is shown in Figure 1. Lateral load-
resisting system of the structures is steel special moment-resisting frame (SMRF). Some characteristics of the 
frames and the first three natural-vibration periods are listed in Table 3.1. More details of the structures and 
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assumptions can be found in [Poursha et al. 2008].  The nonlinear behavior of the structures occurs in discrete 
hinges for nonlinear static and dynamic analyses. Hinges are assigned at the end locations along the frame 
members. Hinge properties and modeling parameters are considered according to FEMA-273 [BSSC, 1997].  
    The CMP and MPA procedures are carried out for these frames. The MPA is conducted for 10-storey frame 
including three modes and for 20-storey building including five modes. Gravity loads and Δ−P  effects are taken 
into account in all nonlinear static and dynamic analyses. Δ−P  effects are also included in the MPA and CMP for 
all modes. Nonlinear response history analyses are accomplished using seven ground motion records which include 
Imperial valley(1979), Trinidad(1980), Victoria(1980), Morgan hill(1984), Hollister(1986), Landers(1992), 
Northridge(1994) and Duzce(1999)  earthquakes. To ensure that the structures respond into the inelastic range when 
subjected to ground motions, the records were scaled up to 0.7g. The elastic pseudo acceleration and displacement 
and the mean spectra for 5% damping ratio are presented in Figure 2. NL-RHA is performed using numerical 
implicit θ−wilson  time integration method in which parameter θ  determines the stability and accuracy 
characteristics. The parameter is assumed to be 1.4. A damping ratio of 5% is considered for the first and third 
modes of vibration to define the Rayleigh damping matrix. In pushover analyses, the target displacement at the roof 
is obtained as the mean of maximum top floor displacements resulted from NL-RHA for described ground motions. 
The response resulted from pushover analysis is compared with the mean of maximum seismic demands computed 
by rigorous NL-RHA.  

 

Table 3.1. Characteristics of analytical cases 
Periods 

No. No. of 
storeys h (m) b (m)

Seismic 
mass of 
floors 

(kg-sec2/m) 
T1 (Sec) T2 (Sec) T3 (Sec) 

S1 10 32 15 5440 1.697 0.605 0.347 
S2 20 64 15 5600 3.092 1.135 0.670 

 
 

   
Figure 1. Configuration of two dimensional frames 
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Figure 2 (a) Pseudo acceleration spectra and (b) displacement spectra of far field records set of ground motions, 

damping ratio=5%. 
 

 

4. DISCUSSION OF RESULTS 

 

Shown in Figures 3 and 4 are the story drift ratios obtained by described pushover procedures and NL-RHA for 10- 
and 20-storey frames. The figures illustrate that the MPA and the CMP procedures produce satisfactory estimates of 
storey drifts. The CMP provides better estimates of storey drifts than the MPA at some (upper) storeys, whereas the 
MPA errors are less than the CMP at some other (lower) storeys. Hinge plastic rotations of the frames are shown in 
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Figure 3 Height-wise variation of story drifts for 10-storey frame 
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Figure 4 Height-wise variation of story drifts for 20-storey frame 
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Figure 5 Height-wise variation of hinge plastic rotations for 10-storey frame 

 
Figures 5 and 6. The MPA fails to accurately predict hinge plastic rotations at upper floor levels of 10- and 20-story 
frames, while noticeable improvement has been achieved in the estimates derived from the CMP procedure so that 
the CMP procedure results in the closest agreement with NL-RHA. Hinge plastic rotations obtained by the CMP are 
significantly more accurate than the MPA especially at mid and upper floors. It's noted that the 100% error resulted 
from the CMP at the last floor of 20-storey is ignored because plastic rotations predicted by the CMP are zero, 
whereas rotations obtained by NL-RHA are very small. At some lower floor levels, CMP procedure occasionally 
provides better estimates than the MPA, and vice versa. Also, the CMP has inclination to overestimate plastic 
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Figure 6 Height-wise variation of hinge plastic rotations for 20-storey frame 

 
rotation of the hinges at some lower floor levels.  It's notable that a key aspect of the CMP procedure is the fact that 
modal pushover analyses are carried out continuously. The consecutive implementation of modal pushover analyses 
in the CMP leads plastic rotations of the hinges to be continuously cumulated at mid and upper floor levels through 
the modes of interest in a single multi-stage modal pushover analysis, while the MPA procedure proposes to 
estimate total response quantities by combining the individual peak responses obtained separately for each mode. 
Therefore, the trend in the CMP results in more significant improvement than the MPA in the estimates of plastic 
hinge rotations at mid and upper floor levels [Poursha et al. 2008]. However, pushover procedure suffers from 
limitation that it is not able to take into account of cumulative rotation of plastic hinges due to cyclic hysteretic 
behavior [Kim and D'Amore, 1999]. It is also notable that the CMP procedure not only achieves significant 
improvements in the estimates of hinge plastic rotations for tall frames but also gives computational time savings in 
relation to MPA procedure particularly for long period structures in which a large number of modes are needed to 
be taken into account in the MPA. The MPA procedure is conceptually more elegant. However, it needs additional 
computational effort for each individual mode of interest. As seen from Figures 3 to 6, the height-wise distribution 
of storey drifts and hinge plastic rotations derived from the CMP procedure is more similar to that obtained by 
benchmark solution (NL-RHA). This achievement is more remarkable for plastic rotations of the hinges.   
 
 
6. CONCLUSIONS 
 
To take into account of higher mode effects in pushover analysis for predicting seismic demands of tall building 
structures, consecutive modal pushover (CMP) procedure was recently proposed. The procedure employs some 
pushover analyses. In the CMP, modal pushover analyses are consecutively conducted with force distributions using 
mode shapes derived from eigen analysis of the linearly-elastic structure. Furthermore, a separate pushover analysis 
is carried out utilizing triangle or uniform load distribution. The seismic demands are then determined by 
enveloping the peak responses resulted from specified pushover analyses.  
The MPA and the CMP procedures produce satisfactory estimates of storey drifts. Significant improvement has 
been achieved in the estimates of hinge plastic rotations through the CMP procedure. Plastic rotations produced by 
the CMP are substantially better than by the MPA, especially at mid and upper floor levels when compared to NL-
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RHA. The improvement in the CMP is resulted from consecutive implementation of modal pushover analyses 
leading plastic rotations to be continuously cumulated at mid and upper floor levels through the modes of interest in 
a single multi-stage pushover analysis. Also, the height-wise distribution of hinge plastic rotations produced by the 
CMP procedure is generally more similar to that obtained by benchmark solution (NL-RHA) than by the MPA. 
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