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ABSTRACT: Among various numerical analysis procedures for evaluating seismic 

performance of buildings and structures, the Nonlinear Response History Analysis 

(NLRHA) procedure has been widely considered and accepted as the most reliable and 

accurate one. However, the procedure is computationally very expensive, and it does not 

provide much physical insight into the complex inelastic responses of the structure. In 

this paper, a simplified but accurate procedure is studied. It is called the Uncoupled Modal 

Response History Analysis (UMRHA) procedure. In this procedure, the nonlinear 

response of each vibration mode is first computed, and they are later on combined into 

the total response of the structure. This procedure requires the knowledge of hysteretic 

behavior of the structure in each individual vibration mode, which is obtained from a 

Cyclic Modal Pushover analysis. The responses of four tall buildings are computed by 

this simplified UMRHA procedure and compared with those obtained from the NLRHA 

procedure. The comparison shows that the UMRHA procedure is able to accurately 

compute the story shears, story overturning moments, floor accelerations and inter-story 

drifts of these tall buildings with heights varying from 20 to 44 stories. The required 

computational effort is also very low compared to that of the NLRHA procedure.  

Moreover, since the UMRHA procedure computes the response of each individual 

vibration mode, it provides more understanding and insight into the complex nonlinear 

seismic responses of these tall buildings. Lastly, based on this improved understanding, 

a modified version of response spectrum analysis (RSA) is introduced. In line with modal 

decomposition using UMRHA, it is assumed further that each nonlinear vibration mode 

can be approximately represented by a properly tuned equivalent linear single-degree-of-

freedom (SDF) system (with elongated natural period and additional hysteretic damping). 

Therefore, a linear modal superposition of responses from few significantly contributing 

equivalent modal SDFs is expected to provide a reasonably accurate estimate of peak 

nonlinear demands. The proposed scheme is introduced in this paper and is being tested 

for a variety of real cases in a separate study.  
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1.  INTRODUCTION 

During the past few decades, our understanding of seismic hazard and seismic resistant 

design of buildings has been greatly improved. Many existing buildings designed in 

compliance with relevant standards during their construction time may not anymore satisfy 

the requirements of the present-day standards.  It has become increasingly necessary to 

evaluate whether the seismic performance of these existing buildings is acceptable when 

subjected to the expected extreme earthquake shakings.  For this purpose, several analysis 

procedures for seismic performance evaluation are available, which include the Nonlinear 

Response History Analysis (NLRHA) procedure, the Nonlinear Static Procedure (NSP) 

(ATC 40, FEMA 356), the Modal Pushover Analysis (MPA) procedure (Chopra and Goel 

2002), etc.  Simplified procedures such as NSP or MPA are commonly preferred due to 

their lower demand for computation effort and time, but their accuracy and reliability is in 

question, so their scope of applications is limited by relevant standards and guidelines. 
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Tall buildings are generally a complex structural system consisting of various different 

structural and non-structural components. Their seismic response is also very complicated 

as several vibration modes other than the fundamental mode normally contribute 

significantly to the response—this is commonly known as “higher modes effects”.  The 

latest guidelines issued by the Tall Building Initiative (TBI) recommend the NLRHA 

procedure for seismic performance evaluation (TBI 2010).  A detailed nonlinear 3D full 

model of the building needs to be constructed for this purpose.  The model formulation and 

the interpretation of analysis results require a lot of expertise and are meticulous and time 

consuming works.  The NLRHA procedure is also computationally expensive as it is 

required to solve a large number of nonlinear differential equations in the time domain.  

Application of such procedure to a tall building subjected to various different earthquake 

ground motions is operationally quite difficult.  Moreover, the obtained nonlinear 

responses are normally so complicated, making it hard for engineers to understand and use 

them for developing effective strategies to improve the seismic performance, if it exceeds 

the acceptable limit.  

A simpler procedure for seismic evaluation called Nonlinear Static Procedure (NSP) is 

recommended by some guidelines and building design standards such as ATC-40, FEMA-

356, and ASCE-41-06.  In this procedure, the structure is pushed laterally to an already 

calculated “target displacement”, with gravity loads held constant.  The pushover lateral 

forces are proportional to the fundamental modal inertia forces.  This procedure is only 

applicable to those structures whose response is dominated by the fundamental vibration 

mode.  Therefore, the NSP procedure is not suitable for tall buildings where the higher 

modes effects are strong.       

To overcome the above limitation of NSP procedure, Chopra and Goel (2001) proposed a 

practical seismic evaluation procedure called MPA procedure.  It involves the pushover 

analysis of all significantly participated vibration modes of the structure.  For each mode, 

the pushover forces are made proportional to the corresponding modal inertia forces.  The 

target displacement for each mode is determined by subjecting its equivalent inelastic 

Single-Degree-of-Freedom (SDOF) system with an assumed hysteretic behavior to the 

ground motion of interest.  The structural responses (e.g. shear, moment, drift) at the target 

displacement are considered as the maximum responses of the corresponding mode.  

Combining these modal maximum responses by using the squares-root-of-sum-of-squares 

(SRSS) rule gives the true maximum responses of the structure.  The MPA procedure has 

been found to provide a sufficiently accurate estimate of multi-mode nonlinear seismic 

responses of multi-story buildings in some cases (e.g., Chopra and Goel 2001, Chopra and 

Goel 2002, Bobadilla and Chopra 2008).  Much less computational and analysis efforts are 

required as compared to the NLRHA procedure, so it is quite attractive for practical uses.  

However, there are some inherent sources of errors in the MPA procedure. 

One major source is the assumed hysteretic behavior.  High error can be expected if the 

assumed behavior is substantially different from the real behavior.  In the originally 

proposed MPA procedure, Chopra and Goel (2001, 2002) assumed a bi-linear hysteretic 

response for steel moment-resisting frame buildings.  The key parameters of the bi-linear 

model (e.g. yield strength, elastic and post-elastic stiffnesses) were obtained from the 

conventional monotonic pushover curve.  This bi-linear model, though appeared to work 

reasonably well for steel frame buildings, may not accurately represent the true nonlinear 

force-deformation relationship of other structural types.  Bobadilla and Chopra (2008) 
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therefore proposed a ‘cyclic’ modal pushover analysis to determine the nonlinear hysteretic 

response of structures.  Its application to reinforced concrete (RC) special moment-

resisting frame buildings showed that their hysteretic behavior was quite different from the 

bi-linear one due to the significant deterioration of strength and stiffness, and that the 

behavior could be reasonably approximated by a peak-oriented hysteretic model with a 

trilinear backbone curve (Ibarra and Krawinkler 2005).  With this improved model, the 

seismic performance was accurately predicted by the MPA procedure. 

Another major source of error in the MPA procedure stems from the way the maximum 

responses are determined by the combination of modal maximum responses.  The SRSS 

combination rule assumes that these modal maximum responses randomly occur in time 

with no statistical correlation between them.  In reality, there may be some cases where 

this assumption is strongly violated.  For example, when a tall building is subjected to a 

long-period ground motion, its responses in higher modes with short natural periods are 

essentially quasi-static type, making their response time histories resemble to that of the 

ground acceleration.  Hence, the maximum responses of these higher modes may occur 

almost at the same time instant, and their direct sum instead of SRSS may give a more 

accurate estimate of the combined maximum responses.   

The modal combination error can be minimized if a different analysis procedure called 

Uncoupled Modal Response History Analysis (UMRHA) is adopted instead of the MPA 

procedure.  This procedure was originally developed by Chopra and Goel (2002) and was 

simplified into the MPA procedure.  In the UMRHA procedure, individual modal response 

time histories are first computed and then summed up into the total response time history.  

The maximum response is finally determined from this total response time history.  More 

computational effort is required as compared to the MPA procedure, but the questionable 

SRSS combination rule can be totally avoided.  Recently Munir and Warnitchai (2012) 

employed this UMRHA procedure for the analysis of inelastic seismic responses of a 40-

story building with a central RC core wall.  The hysteretic behaviors of the structure in the 

first four sway modes identified by the cyclic pushover analysis were found to be of flag-

shape type, and were properly represented for each individual mode by an equivalent 

inelastic SDOF system.  The computed responses, which include story shear forces and 

bending moments in the core wall and story racking (shear) deformation angles, match very 

well with those computed by the NLRHA procedure. 

With this background, the UMRHA procedure with accurate modal hysteretic models 

appears to be a promising new way to evaluate the nonlinear seismic responses of tall 

buildings.  Its application to four buildings with different configurations of floor plan, 

different arrangements of RC walls, and different heights varying from 20 to 44 stories is 

examined in this paper.  Various nonlinear responses of these buildings, which include 

story shears, overturning moments, story drifts, floor accelerations, etc., to two earthquake 

ground motions with different characteristics are computed and compared with those 

obtained from the NLRHA procedure.  The comparison confirms the accuracy and 

reliability of the UMRHA procedure.  It requires a very low computational effort when 

compared with the NLRHA procedure.  More understanding and insight into the complex 

nonlinear seismic responses of these tall buildings can also be gained since the response of 

each individual vibration mode is computed and presented.  Effective strategies for 

improving the seismic performance could be developed from this understanding.  A few 

examples are presented in this paper to demonstrate these points. 
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2.  THEORETICAL BACKGROUND OF THE UMRHA PROCEDURE  

The UMRHA procedure can be viewed as an extended version of the classical modal 

analysis procedure.  In the latter, the complex dynamic responses of a linear multi-degree-

of-freedom (MDOF) structure are considered as a sum of many independent vibration 

modes.  The response behavior of each mode is essentially similar to that of a SDOF 

system, which is governed by a few modal properties, making it easier to understand.  The 

distribution patterns of deformations and internal forces in each mode also remain 

unchanged throughout the response time history.  Furthermore, only a few vibration modes 

can accurately describe the structural complex responses in most practical cases.  This 

classical modal analysis procedure is applicable to any linear elastic structures.  However, 

when the responses exceed the elastic limits, the governing equations of motion become 

nonlinear and, consequentially, the theoretical basis for modal analysis becomes invalid.  

Despite this, the UMRHA procedure assumes that, even for inelastic responses, the 

vibration modes still exist, and the complex inelastic responses can be approximately 

expressed as a sum of these modal responses.  The MPA procedure is also based on this 

assumption. 

The theoretical concepts of the UMRHA procedure are briefly reviewed here in this 

section.  A 2D multi-story shear building is used for demonstrating the concepts.  The 

application of which to more complex 3D buildings can be made in a straight forward 

manner. 

The governing equations of a multi-story shear building subjected to a horizontal ground 

motion �̈�g(𝑡) are given by 

𝐌�̈� + 𝐂�̇� + 𝒇𝑠(𝒙, �̇�) = −𝐌𝒍�̈�g(𝑡) (1) 

Where M and C are the mass and damping matrices of the building respectively, x is the 

vector of N lateral floor displacements relative to the ground, 𝒍 is the influence vector of 

which every element is equal to unity, and 𝒇𝑠 is the lateral resisting force vector of the 

building system.  When the responses are within the elastic limits, 𝒇𝑠 = 𝐊𝒙 where 𝐊 is the 

lateral stiffness matrix of the system.  But when the responses exceed the limits, 𝒇𝑠 has to 

be described by a set of nonlinear functions of 𝒙 and �̇�, i.e., 𝒇𝑠 = 𝒇𝑠(𝒙, �̇�). 

The floor displacement can be expressed as a sum of modal responses: 

𝒙(𝑡) = ∑ 𝝓𝑖𝑞𝑖(𝑡) 

N

i=1

 (2) 

where 𝝓𝑖 is the ith natural vibration mode of the building during when it is vibrating in its 

linear range, and 𝑞𝑖(𝑡) is the ith modal coordinate.  When the responses exceed the elastic 

limits, equation (2) is assumed to remain approximately valid. 

The spatial distribution of the effective earthquake forces is defined by 𝐬 = 𝐌𝒍 and can be 

expanded as a sum of modal inertia force distribution 𝒔𝑖: 

−𝐌𝒍�̈�𝑔(𝑡) = −𝒔�̈�𝑔(𝑡) = − ∑ 𝒔𝑖�̈�𝑔(𝑡) 

N

i=1

= − ∑ Г𝑖𝐌𝝓𝑖�̈�𝑔(𝑡)  

N

i=1

 (3) 

where 𝛤𝑖 =  𝝓𝑖
𝑇𝐌𝒍 / 𝝓𝑖

𝑇𝐌𝝓𝑖 .  Further details about this expansion can be found in Chopra 

(2007). 



6th ASIA Conference on Earthquake Engineering (6ACEE) 22-24 Sept 2016, Cebu City, Philippines 

 

In the UMRHA (as well as MPA) procedure, the responses to each modal inertia force 

vector (−𝒔𝑖�̈�𝑔(𝑡)) are first computed, and these modal responses are then combined into 

the total responses. The procedure is based on the principle of superposition which is, 

strictly speaking, valid only for linear elastic systems.  However, the principle is assumed 

to remain approximately valid for inelastic systems in the UMRHA procedure. 

The responses to the ith modal inertia force vector is given by 

𝐌�̈� + 𝐂�̇� + 𝒇𝑠(𝒙, �̇�) = −𝒔𝑖�̈�𝑔(𝑡) (4) 

For linear elastic structures, it can be shown that the responses to such modal inertia force 

vector are purely those of the ith vibration mode due to the orthogonality of the modes.  For 

inelastic structures, Chopra and Goel (2002) demonstrated by using numerical examples 

that the responses are clearly dominated by the ith vibration mode, which implies that the 

coupling effects between vibration modes due to the nonlinearity are not significant.  With 

this background, it is reasonable to assume that the response vector x in equation (4) can 

be replaced by 𝝓𝑖𝑞𝑖(𝑡).  Premultiplying equation (4) by 𝝓𝑖
𝑇, we obtain: 

𝑀𝑖�̈�𝑖 + 2𝜉𝑖𝜔𝑖𝑀𝑖�̇�𝑖 + 𝐹𝑠𝑖(𝑞𝑖 , �̇�𝑖) = −𝛤𝑖𝑀𝑖�̈�𝑔(𝑡) (5) 

where   𝑀𝑖 =  𝝓𝑖
𝑇𝐌𝝓𝑖 , 𝜔𝑖 and 𝜉𝑖 are the natural vibration frequency and the damping ratio 

of the ith mode, respectively.  The resisting force  𝐹𝑠𝑖 = 𝝓𝑖
𝑇𝒇𝐬(𝒙 = 𝝓𝑖𝑞𝑖 , �̇� = 𝝓𝑖�̇�𝑖) and 

hence 𝐹𝑠𝑖 is a non-linear function of 𝑞𝑖 and �̇�𝑖. 

By introducing a new modal coordinate 𝐷𝑖(𝑡) where 

 𝑞𝑖(𝑡) = 𝛤𝑖𝐷𝑖(𝑡) (6) 

Equation (5) can be transformed into: 

 �̈�𝑖 + 2𝜉𝑖𝜔𝑖�̇�𝑖 + 𝐹𝑠𝑖(𝐷𝑖 , �̇�𝑖)/𝐿𝑖 = −�̈�𝑔(𝑡) (7) 

Where 𝐿𝑖 = 𝑀𝑖𝛤𝑖 

Equation (7) is a standard governing equation of motion for inelastic SDOF systems.  To 

compute the response time history of 𝐷𝑖(𝑡) from this equation, one needs to know the 

nonlinear function 𝐹𝑠𝑖(𝐷𝑖 , �̇�𝑖). For steel moment-resisting frame buildings, Chopra and 

Goel (2001) demonstrated that  𝐹𝑠𝑖(𝐷𝑖 , �̇�𝑖) can approximately described by a bilinear 

hysteretic model, where the bilinear backbone curve is determined by a standard pushover 

analysis using the ith modal inertia force distribution pattern 𝒔𝑖
∗ = 𝐌𝝓𝑖.  For other types of 

structures where their modal hysteretic behaviors are not known, a cyclic pushover analysis 

should be performed for each and every important mode to identify the nonlinear 

function 𝐹𝑠𝑖(𝐷𝑖 , �̇�𝑖). 

The cyclic pushover analysis for the ith mode can be carried out by applying a force vector 

with the ith modal inertia force pattern 𝒔𝑖
∗ to the building together with the gravity loads.  

The magnitude of the force vector is varied and reversed, while the gravity loads are held 

constant, to produce cyclic responses with gradually increasing amplitude.  Under this 

force distribution, the lateral displacements as well as other responses are expected to be 

clearly dominated by those of the ith mode, and hence the relationship between roof 

displacement (denoted by 𝑥𝑖
𝑟) and Di is approximately given by 

𝐷𝑖 = 𝑥𝑖
𝑟/(𝛤𝑖𝜙𝑖

𝑟) (8) 
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where 𝜙𝑖
𝑟 is the value of 𝝓𝑖 at the roof level. 

The relationship between the base shear 𝑉𝑏𝑖 (level-0) and 𝐹𝑠𝑖 under this modal inertia force 

distribution pattern is given by 

𝐹s𝑖/𝐿𝑖 = 𝑉𝑏𝑖/Γ𝑖𝐿𝑖 (9) 

By this way, the results from the cyclic pushover analysis are first presented in the form of 

cyclic base shear (𝑉𝑏𝑖)—roof displacement (𝑥𝑖
𝑟) relationship, and then transformed into the 

required 𝐹𝑠𝑖— 𝐷𝑖 relationship. 

At this stage, a suitable nonlinear hysteretic model can be selected, and its parameters can 

be tuned to match with this 𝐹𝑠𝑖— 𝐷𝑖 relationship.  The response time history of 𝐷𝑖(𝑡) as 

well as 𝐹𝑠𝑖(𝑡) can then be calculated from the nonlinear governing equation (7). 

The corresponding deformation-related responses are determined from 𝐷𝑖(𝑡).  An example 

of lateral floor displacement is given as follow: 

𝑥𝑖
𝑘(𝑡) = 𝛤𝑖𝜙𝑖

𝑘𝐷𝑖(𝑡) (10) 

where 𝑥𝑖
𝑘(𝑡) is the kth floor lateral displacement contributed by the ith vibration mode, and  

𝜙𝑖
𝑘 is the value of 𝝓𝑖 at the kth floor level.  The inter-story drifts can be easily calculated 

once the floor lateral displacements are known. 

The force-related responses, such as story shears, overturning moments, as well as internal 

forces in building components, are on the other hand determined from 𝐹𝑠𝑖(𝑡).  The base 

shear, 𝑉𝑏𝑖(𝑡), is for example determined by equation (9).  Note that the relationship in 

equations (9) is the result of the modal inertia force distribution pattern 𝒔𝑖
∗.  For other force-

related responses, their relationship with 𝐹𝑠𝑖 can be approximately determined by the modal 

pushover analysis in the linear response range.  Similarly, for other deformation-related 

responses, their relationship with 𝐷𝑖(𝑡) can also be approximately determined by the modal 

pushover analysis in the linear range. 

Each of these responses, either deformation-related or force-related, belongs to the ith 

vibration mode and can be generally represented by 𝑟𝑖(𝑡).  By summing the responses of 

all significant modes, the total response 𝑟(𝑡) is obtained: 

𝑟(𝑡) = ∑ 𝑟𝑖(𝑡)

𝑚

𝑖=1

 (11) 

where m is the number of significant vibration modes. 

The horizontal floor acceleration at the kth floor level, denoted by 𝑎𝑘(𝑡), can be determined 

from  �̈�𝑖(𝑡) by the following equation: 

𝑎𝑘(𝑡) = ∑ 𝛤𝑖𝜙𝑖
𝑘�̈�𝑖(𝑡)

𝑚

𝑖=1
+ �̈�g(𝑡) (12) 

Each term in the summation on the right-hand-side of equation (13) is the contribution of 

a vibration mode to the total floor acceleration. The theoretical concepts of the UMRHA 

procedure described in this section can be straightforwardly applied to many other types of 

structures. 
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3.  CASE STUDY BUILDINGS AND GROUND MOTIONS 

The accuracy and reliability of the UMRHA procedure is examined in this paper by using 

four case study tall buildings in Bangkok, the capital city of Thailand.  These case study 

buildings (B01-B04) with heights varying from 20 to 44 stories are selected to represent 

typical existing tall buildings. Their 3D pictures and typical floor plans are presented in 

Figure 1.  Noted that for B01 and B04 where the podium and tower zones are 

distinguishable, only the tower floor plans are presented.  Their gravity-load-carrying 

structures are RC slab-column frames, while the lateral-load-resisting structures are RC 

walls or cores.  Masonry infill walls are extensive used in all these buildings except B03.  

Their foundation structure in every case is a mat foundation resting on piles. Some of their 

important properties and characteristics are presented in Table 1. 

Two earthquake ground motions—EQ-A and EQ-B—are chosen to represent ground 

shakings with different characteristics.  EQ-A is a horizontal-component ground motion 

recorded at a distance of 5 km from the strike-slip rupture zone of the 1979 M6.5 Imperial 

Valley (USA) earthquake.  EQ-B is a horizontal-component ground motion recorded at a 

distance of 59 km from the subduction rupture zone of the 2003 M8.0 Tokachi-Oki (Japan) 

earthquake.  EQ-A represents typical near-source motions from moderate earthquakes.  Its 

peak ground acceleration (PGA) is 0.35g, and its strong shaking duration is quite short—

about 10 sec—as shown in Figure 2(a).  Its spectral acceleration for short periods (0.1 to 

0.3 sec) is quite high and is rapidly reduced as the period increases (Figure 2(b)); the 

spectrum shape resembles to typical design spectrum in codes and standards.  EQ-B, on 

the other hand, represents long-period motions from large earthquakes, and its 

characteristics are quite different from those of EQ-A.  Its strong shaking duration is much 

longer (more than 30 sec), its shaking intensity is comparable (PGA = 0.37g), and its 

response spectrum shows a much broader shape.  Its spectral acceleration is lower for short 

periods and higher for long periods; the spectrum shape is quite different from those in 

design codes and standards. 

 

4.  NONLINEAR MODELING OF CASE STUDY BUILDINGS 

Nonlinear models of four case study buildings are created in Perform 3D version 4.  Each 

structural wall is modeled by nonlinear fiber elements over the entire height since flexural 

cracking and yielding may occur at any location by the higher mode effects.  The wall is 

divided into many horizontal layers, where each layer is modeled by a newly developed 

fiber model called Multi Vertical Line Element Model (MVLEM) (Orackal and Wallace 

2006, Wallace 2012).  This model is made of a large number of vertical concrete and steel 

fiber elements to simulate the combined axial and flexural behavior of the wall.  It also has 

one horizontal shear spring for each horizontal layer to simulate the elastic shear response.  

A bilinear hysteretic model of non-degrading type is used for the steel fibers.  The post-

yield stiffness is set to 1.2 percent of the elastic stiffness.  The yield strength of steel bars 

is assumed to be 1.17 times its specified (nominal) yield strength (as shown in Table 1) 

(CTBUH 2008).  This is to account for the fact that actual material strengths are generally 

greater than nominal strengths specified by the designer.  For the same reason, the cylinder 

compressive strength of concrete (𝑓𝑐
′) is set to 1.3 times the strength specified by the 

designer (CTBUH 2008).  

In making concrete fiber elements, the Mander’s stress-strain model (Mander et al. 1988) 

for either confined or unconfined concrete is approximated by a tri-linear envelope.  The 



6th ASIA Conference on Earthquake Engineering (6ACEE) 22-24 Sept 2016, Cebu City, Philippines 

 

hysteretic model for concrete in compression in Perform 3D always set the unloading 

stiffness equal to the initial elastic stiffness.  The reloading stiffness, however, can be 

adjusted, and is adjusted such that stiffness is decreased (degraded) with the increase in the 

plastic strain.  The tensile strength of concrete is set equal to 0.33√𝑓𝑐
′ MPa. 

Each RC column is modeled by a combination of a linear elastic beam-column element 

with nonlinear plastic zones at its two 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.  They are modeled by concrete and steel 

fibers in a similar manner to RC walls.  By this way, the uncracked (linear elastic), cracked, 

yielded, and post-yielded states of the column can be fully simulated.  The concrete slabs, 

on the other hand, are assumed to remain elastic and are modeled by elastic thin shell 

elements.  The mat foundation is treated as a rigid boundary, which is displaced 

horizontally by the input ground motion. 

 

Table 1. Important properties and characteristics of the case study buildings 
 

Building Name B01 B02 B03 B04 

Height (m) 59 87 109 152 

No. of stories 20 27 33 44 

  Natural periods of 

translational    

    vibration modes in x-

axis (Sec) 

1st mode (T1) 1.43 3.60 4.10 3.00 

2nd mode (T2) 0.38 1.37 1.02 0.60 

3rd mode (T3) 0.18 0.67 0.44 0.28 

  RC Wall section area/building footprint area (%) 0.40 0.20 1.22 0.90 

  RC Column section area/building footprint area 

(%) 
1.20 0.81 2.20 1.80 

  RC Wall thickness (cm) 

0 – 10th floor 30 25 40 40 

10th – 20th floor 20 25 30 35 

20th – roof -  25 20 25 

  RC Column dimensions 

(cm x cm) 

0 – 10th floor 100x50 230x70 300x80 120 x 120 

10th – 20th floor 80x40 100x50 150x80 80x80 

20th – roof  -  50x50 80x80 50x50 

  Longitudinal 

reinforcement ratio in   

    RC walls (%)                 

0 – 10th floor 1.6 2.6 1.2 1.5 

10th – 20th floor 0.8 1.6 1.0 1.2 

20th – roof floor  -  1.0 0.7 1.0 

Axial load ratio ( 𝑃 𝐴𝑔𝑓𝑐
′⁄ ) * in RC walls (%) 6.1 8.2 9.1 15.2 

 

  Specified compressive 

strength  

    of concrete 𝑓𝑐
′ (MPa) 

 

RC Walls 40 30 45 45 

RC Columns 35 40 35 40 

RC and PT Slabs** 30 32 28 

30 

 

 

 

  Specified yield strength of longitudinal 

reinforcement steel bar in RC walls and RC 

columns 𝑓𝑦 (MPa)  

414 414 414 414 

*𝑃 = Axial load , 𝐴𝑔 = gross section area of walls, 𝑓𝑐
′ = compressive strength of concrete 

** PT Slabs = Post-tensioned concrete slabs  
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a) Building B01 b) Building B02 

 
 

  
c) Building B03 d) Building B04 

Figure 1. 3D pictures and typical floor plans of four case study buildings 
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Figure 2. (a) Acceleration time histories (b) Response spectra (5% and 2% 

damping ratios) of the selected ground motions  
 

Each masonry infill wall is modelled by two equivalent, compression-only, diagonal struts.  

The axial stiffness, strength, and inelastic deformation capacity of these struts are 

determined from the geometry and material properties of the masonry wall by following 

the FEMA-356 guidelines.  The hysteretic behaviour of these struts is assumed to be similar 

to that of concrete fibers described earlier. 

The traditionally assumed modal damping ratio of 5% is considered to be too high and not 

realistic for tall buildings.  In this study, modal damping ratio of 2% is assigned to every 

translational vibration mode based on the recommendation of TBI (2010). 

 

5.  MODAL HYSTERETIC BEHAVIOR OF CASE STUDY BUILDINGS 

The hysteretic response of a tall building is a combined effect of the responses of many 

different structural and non-structural components inside the building.  When the building 

is vibrating in a certain mode, it is deforming in a specific pattern, causing different 

deformations and forces to different components.  As the vibration amplitude increases, 

some components may crack, yield, or fail, resulting in changing of the hysteretic response 

behavior of the entire structure.  A practical way to identify this complex hysteretic 

behavior is to carry out a modal pushover analysis, both monotonic and cyclic ones.  The 

monotonic pushover analysis allows us to see the progression of damage to various 
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components of the structure as the lateral deformation increases.  The obtained ‘capacity 

curve’ generally forms an envelope of the cyclic response loops, so it provides an 

approximate information about the lateral strength and deformation capacity of the 

structure.  The cyclic modal pushover analysis, on the other hand, directly shows the 

hysteretic responses of the structure at different lateral deformation amplitudes, ranging 

from low level to near-collapse state. The analysis results can be transformed into the 

𝐹𝑠𝑖— 𝐷𝑖 relationship, and hence a suitable nonlinear hysteretic model can be chosen for the 

UMRHA procedure as explained earlier in Section 2. 

The capacity curves of all four case study buildings are presented in Figure 3.  They are 

obtained from the first-mode monotonic pushover analysis in the x-axis direction.  Some 

important damage states are marked on these curves to show the progression of damage.  

Despite the differences in height, floor plan, and structural layout among these buildings, 

their damage progression sequences are quite similar.  In all cases, the damage first occurs 

in masonry infill walls.  They begin to crack at the roof drift ratio of around 0.05 to 0.1%.  

This is followed by cracking in RC walls at 0.08 to 0.20%, and cracking in RC columns at 

0.1 to 1.0%.  Most of masonry infill walls completely fail at 0.7 to 0.9%.  The longitudinal 

reinforcement steel bars in RC walls reach their yield strain at 0.8 to 1.0%.  Concrete 

compressive crushing in RC walls appears at 1.6 to 2.0% in B01, B02, and B04, and at 

3.4% in B03 (not shown in Figure 3).  The yielding of longitudinal steel bars in RC columns 

occurs at the roof drift ratio greater than 2.5%.   

 

Figure 3. Monotonic first-mode pushover capacity curves of four case study 

buildings in x-axis (Normalized Base Shear = Base Shear/Total Building Weight) 
 

The pushover results suggest that the buildings will behave linearly elastic when the roof 

drift ratio is lower than 0.1%.  From 0.1% to approximately 1.0%, the buildings will behave 

nonlinearly due to the cracking in masonry infill walls, RC walls, and RC columns.  

Beyond 1.0%, the flexural yielding and crushing in RC walls will contribute to the 
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nonlinear behavior of these buildings.  The flexural yielding of RC columns, however, is 

unlikely to occur since the corresponding roof drift ratio is very high (greater than 2.5%).   

Figure 4(a) shows the result of first-mode cyclic pushover analysis for B04 in the x-axis 

direction.  The monotonic pushover curve matches extremely well with the envelope of 

cyclic response loops.  The obtained hysteretic behavior concurs well with the conjecture 

stated in the previous paragraph.  The hysteretic loop at a very low roof drift ratio in Figure 

4(b) clearly illustrates the linear elastic behavior of the structure.  For higher roof drift ratio 

of about 1.0% as shown in Figure 4(c), the hysteretic behavior is a flag-shape type, showing 

the self-centering characteristic (no residual deformation).  In the loading phase, the 

softening in lateral stiffness at the roof drift ratio above 0.2% (approximately) is caused 

mainly by the cracking of RC walls and to the lesser extent by the cracking of masonry 

infill walls.  In the unloading 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 uncracked stiffness.  By this crack-closing, self-centering mechanism, 

the zero residual deformation is attained, and the flag-shaped hysteretic behavior is 

resulted.  At the roof drift ratio of 2.0% as shown in Figure 4(d), where significant flexural 

yielding in RC walls take place, the hysteretic loop exhibits a greater energy loss and a 

non-zero residual deformation.   

 
Figure 4. First-mode cyclic pushover response of building B04 in x-axis 

 

Monotonic and cyclic pushover analysis for the 2nd and 3rd translational vibration modes 

of B04 in the x-axis direction is also carried out.  Their lateral stiffness and strength are 

found to be much higher than those of the first mode.  Their damage progression sequence 

and hysteretic behavior are, however, quite similar to those of the first mode.  
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6.  ACCURACY VERIFICATION OF THE UMRHA PROCEDURE 

To verify the accuracy and reliability of the UMRHA procedure, some important responses 

of the four case study buildings to the selected ground motions (EQ-A and EQ-B) are 

computed by this procedure and compared with those by the NLRHA procedure.  These 

selected ground motions are applied along the x-axis of the buildings.  The structural 

responses to be considered in this study are story shears, story overturning moments, inter-

story drifts, and floor accelerations.  The first two are the key seismic demands on the 

lateral-load-resisting structures (e.g. RC walls and cores), while the latter two signify the 

degree of damage to non-structural components and contents inside the buildings.  Some 

non-structural components, such as masonry infill walls, partition boards, doors and 

windows, are drift-sensitive, and hence their damage extent is strongly associated with 

‘inter-story drift’.  Other non-structural components and most contents inside the building, 

such as suspended ceilings, elevators, mechanical and electrical equipment, furniture, and 

computer facilities, are acceleration-sensitive, and their damage extent is strongly 

associated with “floor acceleration” (ATC-58, FEMA 2010).  Therefore, the serviceability 

and safety of tall buildings can generally be evaluated from these four types of responses.   

When the UMRHA procedure is adopted, the responses in each individual vibration mode 

are first computed.  The number of vibration modes to be computed is determined such that 

the sum of their effective participating masses is greater than 90% of the total building 

mass.  For buildings B01, B02, and B04, only the first three lateral vibration modes are 

computed according to this criterion.  However, for building B03, where a strong lateral-

torsional coupling effect is found, up to eight vibration modes are required to satisfy the 

criterion.  For each mode, a cyclic modal pushover analysis is carried out to determine the 

𝐹𝑠𝑖— 𝐷𝑖 relationship.  A model of nonlinear SDOF system (Equation 7 in Section 2) is then 

created by 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.  By 

this SDOF model, the responses to the input ground motion are computed in terms of 𝐷𝑖(𝑡), 

𝐹𝑠𝑖(𝑡) and �̈�𝑖(𝑡).  They are subsequently transformed into the time histories of story shears, 

story moments, inter-story drifts, and floor accelerations by following the method 

described in Section 2.  By summing up the responses of all significantly participating 

modes, the ‘total’ response time histories are obtained, and the maximum ‘total’ responses 

can be finally identified from the time histories.  The maximum ‘total’ responses are plotted 

against the story level in Figures 5 and 6. 

When the analysis is performed by using the NLRHA procedure, the time histories of 

‘total’ responses of each individual building component are directly obtained.  By this way, 

the story shear at a story level has to be determined by summing up the shear forces in all 

components (e.g. RC walls, columns, masonry infill walls) in that story.  The story moment 

is also determined in a similar manner.  At each story level, the time histories of story 

moment, story shear, inter-story drift, and floor acceleration are all computed at the mass 

center of the floor.  The maximum responses are then determined and are plotted against 

the story level in Figures 5 and 6.  Note that the responses computed by the UMRHA 

procedure are also determined at this mass center location, so they can be directly compared 

with those by the NLRHA procedure.   
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Figure 5. Comparison of building responses to EQ-A computed by the UMRHA (- 

- -) and the NLRHA (—) procedures 
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Figure 6. Comparison of building responses to EQ-B computed by the UMRHA (- 

- -) and the NLRHA (—) procedures 
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Figure 7. Modal hysteretic responses of building B04 to EQ-A 

 

 
Figure 8. Modal hysteretic responses of building B04 to EQ-B 
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The analysis by the NLRHA procedure for one building subjected to one ground motion 

record takes around 30 hours of computation time using a 3.4 GHz processor and 4.0 GB 

RAM desk-top computer.  The processing of computed dynamic responses into the final 

format (Figure 5 or 6) takes another 5 hours.  For the UMRHA procedure, it takes around 

one hour to complete cyclic pushover analyses for three vibration modes, 10 minutes for 

the analysis of three equivalent nonlinear SDOF systems, and 20 minutes for transforming 

and processing computed responses into the final format.  Obviously, the computational 

effort required by the UMRHA procedure is very low compared to that of the NLRHA 

procedure.  This lower computational effort will allow us to explore the nonlinear 

responses of tall buildings to various possible ground motions in a more practical manner.  

However, it should be noted that effort required to develop the computer model is same for 

both the UMRHA procedure and the NLRHA procedure.   

The comparisons between computed seismic responses in Figures 5 and 6 show that the 

UMRHA procedure is quite accurate. The responses of all four case study buildings to EQ-

A and EQ-B computed by the UMRHA procedure agree reasonably well with those by the 

NLRHA procedure.  The discrepancies between them are sufficiently small in most cases.  

Therefore, the seismic serviceability and safety of all these four buildings with different 

heights, floor plans, and structural layouts can be properly evaluated by using the UMRHA 

procedure. 

To gain further insight, the modal hysteretic responses of building B04 to EQ-A and EQ-

B computed by the UMRHA procedure are presented in Figures 7 and 8, respectively.  In 

these Figures the base shear is plotted against the roof displacement for each of the first 

three vibration modes.  For EQ-A, the plots display a flag-shaped hysteretic behavior in 

the first mode and a linear behavior in the second and third modes.  The results indicate 

that only the first mode behaves nonlinearly.  A further investigation reveals that the core 

wall’s bending moment in the base region caused by the first mode greatly exceeds its 

cracking moment capacity, leading to such flag-shaped hysteretic behavior.  The bending 

moment caused by any other higher vibration mode, on the other hands, does not reach the 

cracking moment capacity, making its behavior essentially linear.  For EQ-B, not only does 

the first mode but also the second mode behaves nonlinearly, while the third mode still 

remain linear.  This time, the core wall’s bending moment in the mid-height region caused 

by the second mode significantly exceeds its cracking moment capacity.  Clearly, the 

conventional believe that once the structure cracks or yields, all vibration modes will 

behave nonlinearly is proven to be wrong by these results.       
 

7.  MODAL DECOMPOSITION OF NONLINEAR RESPONSES 

Though the NLRHA procedure is widely accepted for its ability to provide the most 

accurate estimate of nonlinear seismic responses, which can be reliably used for seismic 

evaluation purpose, the obtained responses are generally so complex that it is quite difficult 

for engineers to grasp the overall picture of the responses, check their reasonableness, gain 

some insight into them, and use them for developing strategies to improve the seismic 

performance.  The UMRHA procedure, on the other hand, allow us to see the complex 

nonlinear seismic responses as a sum of simple responses of individual vibration modes.  

Such modal responses are much easier to understand; they are the responses of a nonlinear 

SDOF system, which are governed by a few modal parameters such as natural period, 

damping ratio, and modal hysteretic parameters.  The distribution patterns of modal 

responses (e.g. the distribution pattern of story shears along the height of the building) also 
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remain unchanged throughout the response time histories.  By looking into these modal 

responses, one could understand the complex nonlinear seismic responses in a much better 

way.  Effective strategies for improving the seismic performance could be developed from 

this understanding.  In this section, a few examples are presented to demonstrate these 

points. 

 
Figure 9. Responses of building B04 to EQ-A and their modal compositions 

The maximum responses of building B04 to EQ-A and their modal compositions computed 

by the UMRHA procedure are presented in Figure 9.  The results show that some responses 

are dominated by a single vibration mode, while other responses are contributed 

significantly by two or more vibration modes.  The inter-story drifts, for example, are 

clearly dominated by the first mode, while the floor accelerations are essentially 

contributed by all three vibration modes.  The story shears are dominated by the second 

mode in the upper-third and lower-third portions of the building and by the first mode in 

the middle-third portion.  The story moments, on the other hand, are dominated by the first 

mode in the lower-half portion of the building, but are contributed more by the second 

mode in the upper-half portion.   

A more profound understanding of modal contributions can be gained from the response 

time histories.  Figures 10 and 11 show, respectively, the time histories of base shear and 

inter-story drift at the 20th story level and their modal compositions computed by the 

UMRHA procedure.  The Figures also compare these responses with those by the NLRHA 

procedure, and a good agreement between them is evident throughout the entire response 

history.  The response of each individual mode appears to be a narrow-band random 

response with a predominant period close or equal to the natural period of that mode.  

Figure 10 further discloses the fact that the strong base shear in the first half of response 

time history is dominated by the second mode, while the weaker base shear in the second 

half is dominated by the first mode.  On the other hand, the inter-story drift in Figure 11 is 
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simply dominated by the first mode over the entire response time history. 

 
Figure 10: Time history of base shear of building B04 caused by EQ-A and its 

modal composition 

Suppose that the base shear is too high and is likely to cause shear failure in RC walls.  It 

is then necessary to reduce the response by some means.  The above modal decomposition 

results suggest that the base shear can be effectively reduced by suppressing the second 

mode.  Since the response in this second mode is essentially elastic with low modal 

damping, an effective reduction could be achieved by installing energy dissipation devices 

in the building.  Metallic dampers such as buckling-restrained braces might not be a 

suitable choice since the inter-story drifts are dominated by the first mode.  Such 

deformation-dependent devices therefore will likely to increase energy dissipation in the 

first mode, not the second mode.  On the other hand, the inter-story velocities are less likely 

to be dominated by the first mode, and the contribution from the second mode is expected 

to be much more significant because of its high natural frequency.  Therefore, viscous 

dampers are preferred as they are velocity-dependent devices.  These viscous dampers 

should be installed between the floors where the inter-story drifts (as well as velocities) of 

the second mode are relatively high, and the properties of these dampers must be designed 

to be most effective for the second mode. 

Alternatively, if the inter-story drifts are considered to be too high and likely to cause 

unacceptable damage to drift-sensitive non-structural components, then the first mode must 

be suppressed.  This time, either deformation-dependent metallic dampers or velocity-
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dependent viscous dampers may be used.  In any case, the placement of these dampers and 

their properties must be designed to be most effective for the first mode.  These are 

examples of some considerations for seismic performance improvement that could be 

drawn from the modal decomposition results. 

 
Figure 11. Time history of inter-story drift ratio at the 20th story of building B04 

caused by EQ-A and its modal compositions 

 

8.  FORMULATION OF MODIFIED RESPONSE SPECTRUM ANALYSIS (MRSA) 

The basic assumption of UMRHA—that a complex nonlinear structure can be 

approximately represented by a few nonlinear modal SDF systems—further leads to an 

idea that properly-tuned “equivalent linear” SDF systems may approximately represent 

these nonlinear modal SDF systems. This idea—referred in literature as Equivalent 

Linearization—assumes that a fairly accurate estimate of inelastic response can be obtained 

by analyzing a hypothetical equivalent elastic system with modified properties. In line with 

UMRHA procedure, this assumption can be applied to all significant vibration modes by 

converting their representative nonlinear SDFs into equivalent elastic counterparts with 

elongated natural periods and additional hysteretic damping. This conversion allows to 

formulate a modified version of standard response spectrum analysis (RSA) which is the 

most widely used procedure for determining design demands. In standard RSA, the elastic 

demand contribution of each significant vibration mode is reduced by a response 

modification factor (R). This may result in significant underestimation when applied to 

high-rise buildings as the inelastic action mostly occurs under the response of fundamental 
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vibration mode, while higher modes tend to undergo lower levels of nonlinearity. In 

proposed Modified Response Spectrum Analysis (MRSA), the modal response 

superposition of few “equivalent linear” SDF systems (mimicking the close-to-real 

nonlinear state of structure) is expected to provide better estimates compared to direct and 

constant scaling-down of initial elastic force demands (as in standard RSA). The 

relationships for estimating adequate equivalent linear period and equivalent viscous 

damping can be developed either using parametric analysis studies based on applicable 

hysteretic model and real ground motion records, or by following any readily available 

equivalent linearization method. This MRSA scheme offers a significant reduction in effort 

and time compared to nonlinear dynamic analysis of an inelastic structural model. 

Considering it as a modification applied over individual elastic modal response, MRSA 

can be performed within already implemented framework in various commercial software 

for linear elastic analysis. Figure 12 presents the basic concept of the proposed MRSA, as 

guided by UMRHA. 

 

 
Figure 12. Basic concept of the proposed Modified Response Spectrum Analysis 

(MRSA) Procedure 

 

9.  CONCLUSIONS 

Based on the study of four tall RC buildings with heights varying from 20 to 44 stories 

subjected to two different earthquake motions, the following conclusions can be drawn: 

1) The UMRHA procedure with accurate modal hysteretic models is able to provide 

accurate prediction of story shears, story overturning moments, inter-story drifts, 

and floor accelerations of these tall buildings.  The required computational effort is 

very low compared to that of the NLRHA procedure.   
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2) Modal hysteretic behavior of a tall RC building can be identified by cyclic modal 

pushover analysis.  For every case study building, the modal hysteretic behavior is 

found to be of flag-shaped type, which is quite different from the hysteretic 

behaviors commonly assumed in seismic response analysis.   

3) More insight into the complex nonlinear seismic responses of tall buildings can be 

gained since their modal compositions are obtained by the UMRHA procedure.  

This allows engineers to develop effective strategies to improve the seismic 

performance of these buildings.  The UMRHA procedure is therefore a promising 

analysis procedure for seismic performance evaluation of tall buildings. 

4) The idea of modal decomposition can be combined with equivalent linearization 

approach to formulate a modified version of response spectrum analysis (MRSA) 

procedure. In MRSA, each nonlinear modal SDF can be replaced by a suitable 

equivalent linear SDF system. This scheme is introduced in this paper and is being 

evaluated for real cases and further improvements in terms of accuracy and 

convenient applicability.  
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