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Abstract
Significant research has been conducted in the past to develop simplified seismic evaluation procedures for tall buildings. 
However, most of these procedures are based on the use of fundamental mode response while ignoring the responses from 
higher modes. Moreover, such seismic evaluation procedures are unable to accurately predict individual-member responses. 
Evaluation of individual-member responses is an important part of damage and loss prediction estimation due to seismic 
hazard. In this research work, a new nonlinear modal decomposition approach is proposed for seismic evaluation of tall 
RC core wall buildings that can take into account the higher mode effects. This procedure is an extension of the classical 
Uncoupled Modal Response History Analysis procedure. A 44-story reinforced concrete core wall building is selected to 
verify the accuracy of the proposed procedure. A comparison between the outcomes of the proposed procedure and the non-
linear response history analysis procedure shows that this procedure is reasonably accurate in predicting important global 
and member responses.

Keywords Tall buildings · Seismic analysis · Nonlinear modal decomposition · Higher modes

Abbreviations
UMRHA  Uncoupled Modal Response History Analysis
RC  Reinforced concrete
NLRHA  Nonlinear response history analysis
NSP  Nonlinear static procedure
MPA  Modal pushover analysis
SRSS  Squares-root-of-sum-of-squares
SDOF  Single-degree-of-freedom
MDOF  Multi-degree-of-freedom
MVLEM  Multiple vertical line element model

1 Introduction

The number of tall buildings is increasing worldwide due to 
the lack of available space in cities for further construction 
and need for accommodating the growing human population. 
Such building structures not only are a symbol of the eco-
nomic might of countries but also represent recent advance-
ments in structural engineering. In the last few decades, 
understanding of the seismic hazard and seismic behavior 
of high-rise buildings, during extreme ground shakings, 
has greatly improved, resulting in updating of the building 
codes. However, many existing high-rise buildings that were 
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designed and constructed according to the code requirements 
of the time of their construction may not fulfill the current 
rigorous seismic regulations. Hence, it is essential to assess 
the seismic performance of such existing high-rise buildings 
in terms of life safety and economic loss.

Seismic response of tall buildings is quite intricate as 
apart from the fundamental mode, many higher modes of 
vibration also contribute to the responses, commonly known 
as ‘higher mode effects.’ The latest guidelines issued by Tall 
Building Initiatives (2010) recommend using the nonlinear 
response history analysis (NLRHA) procedure for the seis-
mic evaluation of high-rise buildings, which require a full 
3D nonlinear computer model. The understanding of non-
linear seismic responses involves a great deal of proficiency 
and experience. Moreover, the NLRHA procedure is com-
putationally very expensive as it involves a large number of 
degrees of freedom to be solved in the time domain. The 
NLRHA procedure normally requires numerical simulation 
of 3D computer models for at least seven ground motions. 
Therefore, seismic evaluation of large stock of high-rise 
buildings needs a procedure that is simpler and easy to 
perform.

Over the years, a simplified nonlinear static procedure 
(NSP) has been proposed as an alternative to the complex 
NLRHA procedure and is included in several seismic evalu-
ation codes (ATC-40 1996; FEMA 356 2000; Eurocode 8 
2005; ASCE 2007). The NSP involves lateral pushover of 
building to an already calculated target roof displacement. 
The pushover lateral story forces are proportional to the fun-
damental mode shape. However, this technique is established 
on the postulation that the lateral response of a building is 
dominated by the response from the fundamental mode, 
and thus, the higher mode responses are ignored, making it 
inappropriate for high-rise buildings (Poursha et al. 2009; 
Fragiadakis et al. 2014; Lopez-Almansa et al. 2014).

Chopra and Goel (2002) proposed simple modifications 
to the NSP to consider the responses of higher modes of 
vibrations. This modified version of the NSP is known 
as the modal pushover analysis (MPA) procedure, and it 
involves pushover of building under modal inertial force 
patterns of significantly participating modes of vibration 
to a pre-decided target drift. This target displacement is 
separately obtained for each mode of vibration. Results 
obtained from each pushover are combined by the sta-
tistical modal combination rule. Although this procedure 
worked reasonably accurate for the low-rise steel build-
ings, it failed to predict the nonlinear responses of high-
rise structures, where higher modes of vibration have 
significant contributions, especially for strong ground 
motions (Chopra and Goel 2002). Some other notable 
modifications to the MPA procedure were carried out 
to accurately predict the contribution of higher modes 
(Jan et al. 2004; Kim and Kurama 2008; Poursha et al. 

2009, 2011) but could not produce results with a degree 
of acceptance. These procedures involve complex modi-
fication and algorithms, which may not be suitable for 
structural engineers due to the practical limitations. These 
modified versions of the NSP involve either oversimpli-
fication of higher modes contribution or they are based 
on some statistical modal combination rules, such as the 
squares-root-of-sum-of-squares (SRSS) rule. The statisti-
cal modal combination is another simplification and a pos-
sible source of error while fully comprehending the effects 
of higher modes. The SRSS combination rule assumes that 
the modal responses randomly occur in time with no sta-
tistical correlation between them. In reality, there may be 
some cases where this assumption is strongly violated. For 
instance, when a high-rise building is exposed to a long-
period ground shaking, its responses in higher modes with 
relatively shorter natural periods are basically quasi-static 
type. Therefore, the maximum responses of these higher 
modes may occur approximately at the same time instant, 
and their direct sum, instead of SRSS, may lead to a more 
accurate estimate of the combined maximum responses.

This discrepancy of modal combination rule can be 
avoided if individual modal responses are somehow made 
available in the form of response histories. One such pro-
cedure is known as the Uncoupled Modal Response His-
tory Analysis (UMRHA), as explained by Chopra and 
Goel (2002) for the development of the well-known MPA 
procedure. This procedure includes the preparation of sin-
gle-degree-of-freedom (SDOF) systems with an assumed 
hysteretic behavior and modal properties for each mode of 
vibration. Each SDOF is then subjected to the representa-
tive ground motion, and the combined response is obtained 
by summing the individual modal responses in time domain 
instead of SRSS. Although the UMRHA procedure is based 
on a number of assumptions, this method is proved to be 
an effective seismic evaluation technique for the high-rise 
RC buildings (Munir and Warnitchai 2012; Mehmood et al. 
2018). However, this procedure, as well as other simpli-
fied procedures, is verified only for the accuracy of global 
or building seismic responses, such as story shear, story 
moment and inter-story drift (Gupta and Krawinkler 2000; 
Gupta and Kunnath 2000; Chopra and Goel 2002; Goel and 
Chopra 2004; Munir and Warnitchai 2012; Mehmood et al. 
2018). Performance-based seismic evaluation codes (ATC-
40 1996; FEMA 356 2000; ASCE 2007) provide guidelines 
on the allowable extent of damage in any individual member 
of a building, which can be used to assess the performance 
of individual members. Therefore, member responses are 
also very important to locate the individual components of 
lateral load-resisting systems that require immediate ret-
rofitting. Identification of potentially vulnerable structural 
members and their retrofitting is the basic purpose of seismic 
evaluation.
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One such effort has been made by Goel and Chopra 
(2005) to compute the member forces. In this procedure, 
first, the member forces are computed by the conventional 
MPA procedure and then compared with the specified capac-
ities of the respective members. If the member force is lower 
than the capacity of a member, it is considered as the seis-
mic demand of that member; otherwise, seismic demand 
needs to be corrected using specified force–deformation (or 
moment–rotation) relationship by making use of the com-
puted deformation (or rotation). Using this procedure, the 
seismic demand of the specific member is first computed 
for each mode of vibration and then the total response is 
computed by the SRSS combination rule. This procedure 
worked reasonably accurate for the low-rise buildings; 
however, for the high-rise buildings under severe ground 
motions, this method produced such a high degree of error 
that the authors recommended abandoning of this proce-
dure (Goel and Chopra 2005). Moreover, this procedure is 
only suitable for the plastic hinge-based computer models, 
where the nonlinear behavior of plastic hinges is defined by 
the force–deformation relationships, which is not a practical 
choice for the performance-based seismic evaluation. One 
important source of error in that study arises when the mem-
ber forces exceed their capacity to the limit of strength deg-
radation. A possible solution to cater this problem is to avoid 
the modal combination rule and use the UMRHA procedure, 
where the responses are summed up in time-history fashion. 
Although the linear time-history summation of the seismic 
responses is valid for the linear-elastic responses only, it 
works to a degree of practicality for the nonlinear responses 
as well (Munir and Warnitchai 2012; Mehmood et al. 2018).

In the current study, the UMRHA procedure is extended 
to compute the global and member responses by a novel 
approach. First, the theoretical background of the proposed 
approach is explained and in the later part of this study, the 
procedure is verified for the member and global responses of 
a 44-story case study tall RC core wall building.

2  Seismic Analysis of Tall Buildings 
with UMRHA

2.1  Classical Formulation

The fundamentals of the UMRHA procedure (Chopra 2007) 
are based on the standard modal analysis procedure. In this 
procedure, a multi-degree-of-Freedom (MDOF) structure 
can be decomposed into the equivalent single-degree-of-
freedom (SDOF) systems representing different modes of 
vibration. Chopra (2007) extended this linear-elastic modal 
analysis procedure to the nonlinear systems. Under the 
UMRHA procedure, complex nonlinear modal responses 

are roughly expressed as the sum of the individual modal 
responses.

The governing equation of motion of a SDOF system, 
subjected to a horizontal ground motion ẍg(t) , can be writ-
ten as:

where Li = Mi�i and Mi = �T
i
M�i , �i is the natural vibra-

tion frequency of the ith mode, and �i is the damping ratio 
of the ith mode.

Equation 1 is a standard governing equation of motion for 
an inelastic SDOF system. It is important to highlight here 
that the modal parameters (i.e., Li;Mi;�i�;�i ) employed in 
Eq. 1 are derived from the linear modal analysis. It should 
be noted that when the responses exceed the linear-elastic 
limit, the choice of these modal parameters derived from 
the linear modal analysis will no longer be valid; however, 
the classical UMRHA procedure assumes that the inelastic 
responses can be approximately estimated using the elastic 
modal parameters. A reversed cyclic pushover analysis is 
carried out for each significantly participating mode to iden-
tify this nonlinear response in the form of Fsi

(

Di, Ḋi

)

 . The 
relationship between the roof displacement obtained from 
the cyclic pushover (denoted by xr

i
 ) and Di is approximately 

expressed as:

where �r
i
 is the value of �i at the roof level

The relationship between the base shear Vbi and Fsi under 
this modal inertia force distribution pattern is expressed as:

where �i = �T
i
Ml∕�T

i
M�i

Using this method, force–deformation relationship 
obtained from the reversed cyclic pushover analysis is con-
verted into the form of Fsi − Di relationship. The nonlinear 
response of each individual mode can then be computed 
in the form of time history of Di(t) and Fsi(t) . The total 
response of a nonlinear system can be obtained using the 
following equation:

where m represents the number of significant vibration 
modes.

Apart from the global responses, the component 
responses are also important to assess the seismic perfor-
mance of individual members against the expected level 
of seismic hazard, such as flexural rotation in RC walls, 
shear forces and bending moments in columns and walls. 
Performance-based seismic evaluation codes (ATC-40 1996; 

(1)D̈i + 2𝜉i𝜔iḊi + Fsi

(

Di, Ḋi

)

∕Li = −ẍg(t)

(2)Di = xr
i
∕(�i�

r
i
)

(3)Fsi∕Li = Vbi∕�iLi

(4)r(t) =

m
∑

i=1

ri(t)
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FEMA 356 2000; ASCE 2007) provide guidelines on the 
allowable extent of damage in any individual member of the 
buildings, which can be used to assess the performance of 
individual members.

2.2  Proposed Modification

The MPA procedure was extended to compute the member 
forces, but due to the inherent source of error, i.e., SRSS 
modal combination rule as explained earlier in Sect.  1, 
the results are not reliable. On the other hand, the classi-
cal UMRHA procedure works reasonably well in estimat-
ing the global responses; however, this procedure is not yet 
extended to calculate the member responses. In the current 
study, a novel scheme is proposed to obtain the individual 
component responses. This procedure is explained by the 
following step-by-step procedure:

1. Perform the reversed cyclic pushover analysis for ith 
mode to obtain the Vbi − uri (base shear–roof displace-
ment) relationship under the loading Si = �im�i , where 
m is the mass matrix and �i is the ith mode shape.

2. Convert Vbi − uri relationship into Fsi

LI
− Di relationship 

using Eqs. 2 and 3 (Fig. 1).
3. Assign Fsi

LI
− Di to the equivalent SDOF system with unit 

mass and appropriate hysteresis behavior. It should be 
noted that the hysteretic response behavior depends upon 
the type of lateral force-resisting system (see Sect. 4).

4. Analyze equivalent SDOF system for each ground 
motion with a modal damping ratio (see Fig. 2). Repeat 
this procedure for each mode to obtain the histories of 
Fsi

LI
 and Di.

5. Convert back the time history of Di to xr
i
 and Fsi

LI
 to Vbi 

using Eqs. 2 and 3, respectively:

(5)xr
i
= Di(�i�

r
i
)

(6)Vbi =

(

Fsi

Li

)

⋅ �iLi

  Equations 5 and 6 will provide the global roof dis-
placement and the global base shear response for the ith 
mode of vibration, respectively. The total response can 
be computed by summing the responses obtained from 
each mode of vibrations. In general, three to four modes 
of vibrations are sufficient.

  In the conventional MPA procedure, the structure 
is pushed to the target displacement obtained from the 
nonlinear time-history analysis of the SDOF system. 
The lateral pushover force is proportional to the inertial 
force pattern of the respective mode of vibration. The 
responses of member(s) extracted from these pushover 
analyses, corresponding to each mode of vibration, are 
summed up using the SRSS modal combination rule. 
In the current study, it is proposed to push the struc-
ture using the time history of story forces obtained from 
the UMRHA procedure in Step 4. The individual story 
forces for mode 1 are elaborated by Eq. 6, as follows:

where �1 is the modal participation factor for mode 1, mj 
is the story mass at jth floor level, �1j is the eigenvalue 
of mode 1 at jth floor level, and Fs1

L1
 is the force-history 

(7)Vb1j =

(

Fs1

L1

)

.
(

�1mj�1j

)

Fig. 1  Conversion of the capac-
ity curve to modal coordinates

Fig. 2  Analysis of ith mode SDOF
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obtained from Step 4. These time-varying forces can be 
employed to perform a so-called pseudo-dynamic pusho-
ver analysis procedure.

  The implementation of the pseudo-dynamic pushover 
analysis procedure is explained in the following steps.

6. In this step, the structure is constrained to deform later-
ally, dictated by the specific modal inertial force pattern 
( �1mj�1j ), as shown in Fig. 3.

7. Next, the time history of Fsi

Li
 obtained in Step 4 is 

employed to perform the pushover analysis of the struc-
ture under consideration in the time domain. This step 
is identical to a simple reversed cyclic analysis.

8. This procedure (Steps 6 and 7) is repeated for the num-
ber of modes considered in the UMRHA procedure, and 
the desired individual-member responses are extracted. 
These modal responses are then combined in the time 
domain to obtain the combined response history of any 
member.

3  The Case Study Building

3.1  Modeling of the Tall Building

A 44-story high-rise RC building is selected to demon-
strate the accuracy of the proposed procedure. The case 
study building is situated in Bangkok, Thailand. 3D dia-
gram and typical floor plan are presented in Fig. 4. The 
gravity-load-carrying system of the case study building 
is RC slab-column frames, while the lateral load-resist-
ing system is the RC core wall. The foundation is a mat 
foundation resting on piles. A nonlinear model of the case 
study building is developed in PERFORM-3D version 4 
(2006). All structural walls are modeled using nonlinear 
fiber elements over the entire height as flexural cracking 
and yielding may take place at any location due to the 
higher mode effects. The wall is divided into many vertical 
layers, where each layer is modeled by a newly developed 
fiber model called multiple vertical line element model 
(MVLEM) (Orakcal et al. 2004; Wallace 2012). A simple 
bi-linear elasto-plastic hysteretic material model is taken 
into account for the modeling of steel fiber response, while 

(Mode 1) 

+

(Mode 2) 

Γ2 2

+

ẍg(t)

(MDOF)

-0.4

0

0.4

s1

1

Γ1

-0.4

0

0.4

s2

2

Fig. 3  Graphical explanation of the proposed pseudo-dynamic procedure

Fig. 4  3D diagram and typical 
floor plan of the case study 
building
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Mander’s stress–strain model (Mander et al. 1988) is used 
for modeling of the hysteretic response of concrete. The 
material over-strength is taken into account by following 
the guidelines described in CTBUH (2008).

RC columns are modeled using a lumped plasticity 
approach, in which the damage progression is limited to 
the plastic hinge regions. The complete model of the RC 
column consists of a linear-elastic element and nonlinear 
plastic hinge zones at both ends. The uncracked flexural 
rigidity is assigned to the linear element. The plastic zones 
are assumed to have a length of 0.5D, where D is the lesser 
cross-sectional dimension of the column. The nonlinear 
hinge zones are modeled by the concrete and steel fibers in 
a similar manner to the RC walls. The uncracked flexural 
stiffness is used for the remaining linear-elastic portion of 
RC columns. Elastic thin shell elements are used for the 
modeling of concrete slabs. Mat foundation is considered 
as rigid support that is horizontally displaced by the input 
ground motion.

Infill wall panels have a considerable effect on the 
seismic force and acceleration demands from the higher 
modes of vibration, responding in the linear-elastic range. 
In the past studies, the effect of infill wall panels on seis-
mic response was not included (Chopra and Goel 2001a; 
Munir and Warnitchai 2012; Maniatakis et  al. 2013). 
FEMA-356 guidelines (2000) recommend an explicit strut 
and tie approach for the modeling of brick panels. These 
guidelines are used in this study to model brick infill wall 
panels. The hysteretic behavior of these struts is assumed 
to be similar to that of the concrete fibers described earlier. 
The traditionally assumed modal damping ratio of 5% is 
considered too high and not realistic for the tall buildings. 
Therefore, in the current study, the modal damping ratio 
of 2% is assigned to every translational vibration mode 

based on the recommendation of the Tall Buildings Initia-
tive (2010).

3.2  Selected Ground Motions

Nonlinear response of tall buildings depends highly on the 
characteristics of the ground motions such as frequency con-
tent, type of fault, rupture distance and the spectral shape 
of the earthquake ground motions. In this paper, three 
ground motion records are considered, referred herein as 
‘EQ-1,’ ‘EQ-2’ and ‘EQ-3.’ They are selected to account 
for a reasonable range of variability in the spectral shapes 
and predominant periods and are considered appropriate for 
the purpose of testing the accuracy of the proposed analy-
sis procedure under a strong seismic hazard level. EQ-1 is 
selected from an Mw6.5 earthquake occurring along a strike-
slip crustal fault in Imperial Valley, USA (1979), at a very 
close rupture distance of 5.1 km and is rich in high fre-
quencies. It represents typical short-period ground motions 
with peak spectral accelerations occurring at a natural 
period < 0.2 s. EQ-2 is selected from an Mw7.2 earthquake 
that occurred along an active strike-slip crustal fault in El 
Mayor-Cucapah, Mexico (2010), at relatively medium rup-
ture distance of 15.9 km, while EQ-3 represents a ground 
motion from a large-magnitude subduction earthquake Mw8 
that occurred in Tokachi-Oki, Japan (2003) at a relatively 
longer rupture distance of 59.2 km. Figure 5 presents the 
response spectra of these three ground motions. It can be 
seen that the spectral shapes of selected ground motions 
represent distinct characteristics with different potentials to 
excite the short-period and long-period structures. Table 1 
summarizes the key characteristics of these selected ground 
motions. It can be seen that these records represent a practi-
cal range of ground motion characteristics and therefore are 

Fig. 5  Response spectra (5% 
damping ratio) of selected 
ground motions
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considered suitable to evaluate the accuracy of the proposed 
procedure under different types of seismic hazard scenarios. 
One ground motion may cause a high nonlinear response in 
first mode alone, and the other may cause yielding in second 
mode along with the yielding in first mode. The spectral 
shapes (shown in Fig. 5) also show this variation since the 
peak spectral acceleration of typical short-period ground 
motion (EQ-1) is attained at a natural period of 0.16 s, while 
for EQ-2 and EQ-3, the peak spectral acceleration is attained 
at periods of 0.24 s and 0.44 s, respectively.

4  Results of the Case Study Building

4.1  Progression of Damage and the Hysteretic 
Response of the Case Study Building

To perform the UMRHA analysis procedure, it is required 
to analyze the nonlinear SDOF system having a hysteretic 
response of Fsi − Di , as explained in Sect. 2. In order to 
fully understand the hysteretic response of the case study 
building, it is important to have information about the dam-
age sequence of individual components. The progression of 
damage is assessed by looking at the capacity curve of the 
case study building, obtained through a lateral load pattern 
of inertial forces for each mode of vibration. It should be 
noted that if the lateral force patterns are shaped as the struc-
tural eigenvectors, the horizontal displacements are propor-
tional to them. Figure 6 presents the first-mode monotonic 
pushover analysis in the x-axis direction. Some important 
damage states are marked on this curve to show the pro-
gression of damage. Damage occurs firstly in the masonry 

infill walls, which begin to crack at the roof drift ratio of 
around 0.05%. This is followed by the cracking in RC walls 
at about 0.25% and cracking in RC columns at 1.0%. Most 
of masonry infill walls completely fail at 0.7% to 0.9% drift 
ratio. The longitudinal reinforcement steel bars in RC walls 
reach their yield strain at 0.8% roof drift. Compressive 
crushing of concrete in RC walls appears at 2.0% roof drift. 
Yielding of longitudinal steel bars in RC columns occurs at 
roof drift ratios greater than 2.5%.

Figure 7 shows the results of a cyclic pushover analysis 
of the first mode in the x-axis direction. The hysteretic loop 
at a very low roof drift ratio demonstrates the linear-elastic 
behavior of the structure. For a higher roof drift ratio of 
about 1.0%, the hysteretic behavior is a flag-shape type, 

Table 1  Important 
characteristics of the selected 
ground motions

*Duration estimated between 5% and 95% of Arias intensity

Parameter Record

EQ 1 EQ 2 EQ 3

Event Imperial Valley, USA El Mayor-Cucapah, Mexico Tokachi-Oki, Japan
Year 1979 2010 2003
Station El Centro Differential Array Michoacan de Ocampo Hkd098
Component H1 H1 NS
Mw 6.5 7.2 8.0
Rupture (km) 5.1 15.9 59.2
PGA (g) 0.35 0.53 0.37
PGV (cm/s) 75.57666 71.27154 61.54949
PGD (cm) 57.15234 191.2654 34.60027
Arias intensity (m/s) 

(Arias 1970)
1.75168 4.36348 6.09558

Housner intensity (cm) 147.4352 303.4921 217.8839
Predominant period (s) 0.16 0.44 0.24
Mean period (s) 0.50026 1.21405 0.56535
Significant duration (s)* 6.98 32.9 32.67
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showing the self-centering characteristic, i.e., no residual 
deformation. In the loading phase, softening in lateral stiff-
ness at the roof drift ratio above 0.2% (approximately) is 
caused mainly due to the cracking of RC walls and to a lesser 
extent by the cracking of masonry infill walls. In the unload-
ing phase, the lateral stiffness remains soft until the cracks 
in RC walls are fully closed by the effect of gravity loads, 
and the unloading path then rejoins the loading path with the 
uncracked stiffness. By this crack-closing, the self-centering 
mechanism and the zero-residual deformation are achieved, 
resulting in a flag-shaped hysteretic behavior.

It is important to mention here that a flag-shaped behavior 
is not commonly reported for RC structures; however, high-
rise RC buildings, where RC core walls act as the dominant 
lateral force-resisting system, it is possible to achieve a flag-
shaped hysteretic response due to the combination of lower 
longitudinal reinforcement ratio and higher axial load ratio 
(P/Agfc′). Adebar (2002) tested a high-rise RC wall speci-
men and found that due to the high axial compression (i.e., 
10%) and low amount of reinforcement (i.e., reinforcement 
ratio of 0.65% used in the flanges and 0.26% in the web 
of RC walls), the cracks closed during unloading causing 
very low amount of residual deformation, which resulted 
in a flag-shaped hysteretic response. In the current study, 
the core wall axial load ratio is approximately 15% and the 
longitudinal reinforcement ratio varies from 1.5% to 1%, 
which resulted in a flag-shaped hysteretic behavior. Never-
theless, an accurate evaluation of the hysteretic response of 
RC buildings is an important factor to affect the accuracy of 
the proposed procedure.

Monotonic and cyclic pushover analysis is also carried 
out for the second and third translational vibration modes 
in the x-axis direction. Their lateral stiffness and strength 
are found to be much higher than those of the first mode. 
Furthermore, it should be noted that for the second and 
third translational vibration modes in the x-axis direction, 
the damage location is different than the one observed for 

the first mode. However, their damage progression sequence 
and hysteretic behavior are quite similar to those of the first 
mode. The reason for this shift in the damage location is 
obviously due to the change in the lateral load pattern of 
higher modes of vibration.

A model of nonlinear SDOF system is then prepared 
using the computer program Ruaumoko-2D (Carr 2005), 
where a readily available flag-shaped hysteretic model is 
tuned to match with the Fsi − Di relationship. The responses 
are then transformed into the time histories of story shears, 
story moments, inter-story drifts, floor accelerations and 
plastic flexural rotation in RC walls by following the method 
described in Sect. 2. The ‘total’ response time histories are 
obtained by summing up the responses of all significantly 
participating modes, and finally, the maximum ‘total’ 
responses can be identified from the obtained time histories.

4.2  Accuracy Verification of the UMRHA Procedure

Accuracy of the UMRHA procedure is confirmed by 
computing important responses of the case study build-
ing against the selected ground motions (EQ-1, EQ-2 and 
EQ-3) by the proposed procedure and then comparing the 
results with the outcomes obtained by the NLRHA proce-
dure. The global structural responses to be considered in 
this study are story shears, story overturning moments and 
inter-story drifts. The maximum ‘total’ responses of the 
case study building are plotted against the story level and 
compared with the NLRHA results, as shown in Fig. 8. 
The comparison between the computed seismic responses 
shows that the UMRHA procedure is quite accurate and the 
observed discrepancies are sufficiently small in most of the 
cases. Therefore, the seismic serviceability and safety of 
the case study building can be properly evaluated using the 
UMRHA procedure. Such responses are useful to develop 
the damage prediction for the future hazards scenarios. For 
instance, inter-story drifts can be employed to develop the 
fragility curves for the case study building to assess the cost 
of damage and replacement for any given earthquake event.

In order to get further insights, the modal responses of 
the building, against the selected ground motions com-
puted by the UMRHA procedure, are examined. For each 
vibration mode, the base shear is plotted against the roof 
displacement, as shown in Figs. 9, 10 and 11. Figure 9 
shows the results of modal hysteretic responses against the 
EQ-1 ground motion, and it is evident that the first mode 
experienced significant yielding with slight yielding in the 
second mode, while the third mode of vibration remained 
in a linear-elastic range. Figure 10 shows the results of 
modal hysteretic responses for the EQ-2 ground motion. 
The plots display a flag-shaped hysteretic behavior in the 
second mode of vibration, while slight yielding is observed 
in the first mode of vibration. Nonlinear response due to 
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the cracking is observed in the third mode of vibration. 
Modal hysteretic responses to the ground motion EQ-3, for 
the case study building, are presented in Fig. 11. The plots 
display a flag-shaped hysteretic behavior in the first and 
second modes of vibration, while a linear-elastic behavior 
in the third mode of vibration. These results of modal hys-
teretic responses to the strong ground motions show that 
the higher modes of vibration, other than the fundamental 
first mode, responded significantly and caused the flexural 
yielding and cracking at several locations along with the 

height of the case study building. In the second mode of 
vibration, the nonlinear response developed the flexural 
plastic hinges at mid-height. Typically, the capacity design 
approaches available in the prevalent code practices, such 
as New Zealand code (Eurocode 8 2005; NZS 3101 2006; 
NBCC 2010), allow the plastic hinges only at the desig-
nated locations, i.e., at the base of building, whereas the 
upper parts of the buildings are designed to respond in 
linear-elastic range. These results indicate that due to the 
higher modes of vibration, the high-rise RC buildings can 
develop plastic hinges at un-intended locations.

Fig. 8  Comparison of build-
ing’s responses computed by 
the UMRHA and the NLRHA 
in x-axis
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4.3  Responses of the Individual Members

Flexural rotation of RC walls is very important to assess 
the overall ductility of the high-rise RC wall buildings. 
The results of the flexural rotation of walls can be com-
pared with the readily available acceptance criteria in 

ASCE-41. The flexural rotation of the RC wall can be 
defined as:

where �flexural is the flexural rotation of the RC wall, hj is the 
first jth floor height, Δh is one-floor height, � is the curvature 
of the RC wall, and dx is the length of the RC wall.

Flexural rotation is calculated using Eq. 8 by the NLRHA 
and the proposed procedures and plotted against the floor 
level. Figure 12 displays the comparison of flexural rota-
tion response of the RC wall obtained by the NLRHA and 
the proposed procedures for the selected ground motions. 
The yielding rotation is also plotted in Fig. 12, and it can 
be observed that the flexure rotation demand is well above 
the elastic flexural rotation. A comparison between the 
computed seismic responses shows that the proposed pro-
cedure is reasonably accurate. The plastic flexural rotation 
responses of RC wall to EQ-1, EQ-2 and EQ-3, computed 
by the proposed procedure, agree reasonably well with those 
by the NLRHA procedure. The discrepancies between them 
are sufficiently insignificant. The proposed procedure works 
reasonably accurate to predict the plastic flexural rotation 
demand.

Another important component of the response is the story 
shear and story bending moment of RC walls and columns. 
Story forces (shear and bending moments) are the key seis-
mic responses related to the lateral load-resisting system. 

(8)�flexural =
hj+Δh

∫
hj

� ⋅ dx

Fig. 9  Modal hysteretic responses of the case study building to EQ-1 
in x-axis

Fig. 10  Modal hysteretic responses of the case study building to 
EQ-2 in x-axis

Fig. 11  Modal hysteretic responses of the case study building to 
EQ-3 in the x-axis
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Story forces can be directly obtained from the PERFORM-
3D. Figures 13 and 14 present the story shear forces and 
story moment comparison with those obtained from the 
NLRHA for one leg of the RC core wall (i.e., W1), respec-
tively. Story shear prediction results obtained by the pro-
posed procedure are reasonably close to their counterparts 
obtained from the NLRHA. Moreover, the story moment 
results obtained from the proposed procedure match reason-
ably well with those obtained from the NLRHA procedure 
for upper stories, but there is some underestimation by the 
proposed procedure for the lower stories. Similarly, for RC 
wall W2, the shear demand is matching reasonably well; 
however, the story moment demand is underestimated in 
the lower stories, as shown in Figs. 15 and 16. Figures 17 
and 18 present the comparisons of story shear and story 

moments obtained from both procedures, for RC column 
C1. Contrary to RC walls, story shear and story moments 
results for RC columns match excellently with the results 
obtained from the NLRHA procedure. One reason for this 
better prediction of forces demand for the RC column is that 
the RC columns usually go into s significantly lower nonlin-
ear range. It is important to mention here that the proposed 
procedure produces an almost exact solution for the linear-
elastic responses (Chopra and Goel 2001b). The yielding 
of the RC columns is likely to happen very late, which is 
evident from the monotonic pushover curve shown in Fig. 6.

Figure 19 compares the damage prediction in RC walls, 
determined by the proposed procedure and the NLRHA pro-
cedure for the case study building. Damage is presented as 
a multiple of the yield strain in the vertical reinforcement of 
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RC walls. The proposed procedure identifies plastic hinges 
in most locations, as predicted by the NLRHA procedure. 
The proposed procedure can be used to locate critical loca-
tions, which needs extra care while detailing for an expected 
level of seismic hazard.

5  Conclusions

A new nonlinear modal decomposition method is proposed 
for the seismic evaluation of existing buildings. The concep-
tual framework of the proposed procedure is derived from 
the well-known classical formulation of the UMRHA proce-
dure. A novel feature of the proposed procedure is that it can 
be used to calculate the global and local member responses. 

A 44-story case study RC core wall building is selected to 
verify the accuracy of the proposed procedure. The building 
is subjected to three different earthquake motions to check 
the accuracy and reliability of the procedure in predicting 
the individual and global responses. The following conclu-
sions can be drawn from this study:

The classical UMRHA procedure is extended to com-
pute the individual responses and works reasonably accurate. 
A pseudo-dynamic cyclic pushover procedure is proposed 
under individual modal inertial force patterns. The cyclic 
procedure helps to obtain the time histories of nonlinear 
responses, which are added in the time domain to avoid 
the questionable SRSS rule, as proposed in the MPA pro-
cedure. The results obtained from the proposed procedure 
and the NLRHA procedure are compared to verify the 
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implementation of the proposed procedure. The proposed 
procedure can provide reasonable prediction of the story 
shears, story overturning moments and inter-story drifts of 
the case study tall building at the global and individual mem-
ber levels by taking into account the higher mode effects.

Three ground motions, with variable spectral shape 
and predominate periods, are used to test the performance 
of the proposed procedure in different scenarios. These 
ground motions were selected to excite different modes 
of vibrations. The higher modes play an important role 
in the prediction of the nonlinear seismic demands. The 
proposed procedure successfully predicted the nonlinear 
response for different levels of nonlinearities. The results 
of plastic flexural rotation in RC walls obtained from the 
proposed procedure and the NLRHA procedure agree 
very well. The story shear and story moment results for 
RC walls and columns are also in reasonable agreement 
with those obtained from the NLRHA procedure. There 
is some underestimation in the moment demands of RC 
walls obtained from the proposed procedure; however, this 
underestimation is observed only for few bottom stories. 
The proposed procedure was successfully able to locate 
the expected location of the plastic hinges. The damage 
prediction is well in agreement with the benchmark results 
obtained from the NLRHA procedure.

The proposed procedure is simple and easy to be imple-
mented in any commercial software platform. The proposed 
procedure of obtaining the component response behavior 
can be easily used to evaluate the performance of critical 

members with an acceptable degree of accuracy. However, 
it should be noted that the scope of the current study is lim-
ited to the RC core wall buildings. Supplementary studies 
are needed for other lateral loading systems to confirm the 
accuracy of the proposed procedure.
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