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Abstract— Uncoupled Modal Response History Analysis 

(UMRHA) procedure is a simplified and accurate seismic 

analysis procedure. UMRHA is an extended version of the 

classical modal analysis in which the total response of the 

structure is obtained by combining the nonlinear response of 

each vibration mode. The critical detail of the UMRHA 

procedure is the idealization of the modal hysteretic behavior. 

The accuracy of the UMRHA procedure primarily depends on 

how accurately the nonlinearity of modal system is represented. 

Recent studies adopt Self Centering Flag Shape hysteresis to 

idealize the modal hysteretic behavior of High-rise RC core wall 

buildings. However, under strong ground shaking structure 

undergo significant yielding as a consequence Flag Shape fails 

to represent the modal hysteretic behavior of the structure. In 

this study, a new hysteretic model, Modified Flag Shape (MFS) 

is developed to represent the hysteretic behavior of the structure 

in individual mode. The information of the hysteretic behavior 

for each mode is obtained from a cyclic modal pushover 

analysis. Using three high-rise buildings with reinforced 

concrete shear walls (20-, 33-, and 44-story high), the new 

hysteretic model is developed. Different drift loading patterns 

were applied during cyclic modal pushover analysis to generate 

the simplified formulation of the hysteretic behavior. The 

accuracy of the MFS model is examined for different loading 

protocols which are representative of different types of dynamic 

loading. The MFS hysteretic model can represent the modal 

hysteretic behavior with reasonable accuracy. Furthermore, 

new hysteretic model is used to compute the nonlinear seismic 

responses of a high-rise building with reinforced concrete shear 

walls (40-story high) using UMRHA procedure under different 

ground motions and responses are compared with the 

benchmark responses from NLRHA procedure. The MFS 

model with UMRHA procedure provide a reasonable degree of 

accuracy in prediction of nonlinear responses. 

Keywords— Modified Flag Shape Model, Uncoupled Modal 

Response History Analysis, Modal Pushover Analysis 

I. INTRODUCTION  

Today, 4.2 billion which is 55% of the world’s population 
lives in urban area and this is expected to increase to 68% by 
2050 [1]. Asia is the home to 54% of the world’s urban 
population [1]. Tall building is emerging as a popular choice 
among urban planners, driven by the increasing population 
combined with increasing cost of land and other factors [2], 

and will have an expanding role in the urban fabric [3]. High-
rise reinforced concrete core-wall buildings are gaining 
popularity because they offer advantages of lower costs, faster 
construction, and more open and flexible architecture 
compared with high-rise buildings with other lateral force 
resisting systems [4]. They are also recently being built in high 
seismic areas [5]. In core wall structures, the lateral load 
resisting system consist of a central core walls, peripherals 
columns, and, in some cases, outriggers connecting between 
the core wall and the columns.  

Seismic analysis of tall building has been the demanding 
job for many structural designer. Ensuring safety of the 
structures against earthquakes along with other loading is the 
main objective of the designer. The structural analysis for 
earthquake is a continuous process of evolution. Procedure 
which are complex but more accurate to simple but less 
accurate are developed in this continuous evolution. Nonlinear 
response history analysis (NLRHA) is a most accurate 
procedure among other procedure. However, for the complex 
system like tall buildings, performing NLRHA with many 
ground motions is a tedious job and requires a great expertise 
to acquire physical insight of NLRHA results in decision 
making. There are number of simpler procedures for seismic 
analysis like Nonlinear Static Pushover analysis (NSP), Modal 
Pushover Analysis (MPA) and Response Spectrum Analysis 
(RSA). NSP procedure is recommended by some guidelines 
and buildings design standards such as ATC-40 [6], FEMA-
356 [7], and ASCE-41-06 [8], which consider the fundamental 
vibration mode only. However, it is not suitable for tall 
buildings which have the higher mode effects [9]. MPA is 
developed by Chopra and Goel [10] which consider all 
significant modes but this procedure also has errors coming 
from the assumed hysteretic behavior and modal combination 
[9]. The response spectrum analysis (RSA) procedure, which 
accounts for the multi-mode effects, is commonly used in the 
seismic design of high rise core wall buildings. However, 
recent studies have shown that this method significantly 
underestimates the inelastic seismic demands because all 
significant modes may not experience same level of 
nonlinearity [7]. Recently a different analysis procedure called 
Uncoupled Modal Response History Analysis (UMRHA) is 
studied by Mehmood et al [9]. This procedure was originally 
developed by Chopra and Goel [10]. It requires a very low 
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computational effort comparing to NLRHA. This method 
provides more insight into the complex nonlinear seismic 
responses of the tall buildings and allows engineer to develop 
effective strategies to improve the seismic performance of 
these buildings. Therefore it is a convenient analysis 
procedure for seismic performance evaluation of tall buildings 
[9]. 

UMRHA procedure can be visualized as an extension of 
Classical Modal Analysis procedure. In the Later, the 
complicated dynamic responses of an elastic multi-degree-of-
freedom (MDF) system are represented by the summation of 
individual responses of many vibration modes. The response 
behavior of each vibration mode is fundamentally similar to 
linear SDF system, which is defined by few modal properties, 
making it simple to handle. Moreover, it is good enough to 
consider first few modes to accurately describe the complex 
linear structural responses in most of the cases. Basing 
classical modal analysis procedure, UMRHA procedure aims 
to widen the scope for inelastic limits. The theoretical basis 
for modal analysis remain valid only for linear system but it is 
still assumed that it is approximately valid for inelastic 
systems [10]. In UMRHA procedure, the behavior of each 
vibration mode is expressed by a nonlinear SDF system. The 
following expression shows the governing equation of the 
nonlinear SDF system. 

 D̈i(t) + 2ξiωiḊi(t) + Fsi(Di, Ḋi)/Li = −ẍg(t) 

Here, Li is given by Li=Γi Mi where, Γi is the modal 
participation factor and Mi is the modal mass of any ith mode. 
ωi and ξi are the natural frequency and the damping ratio of 
the ith mode, respectively. Di(t) is the ith mode response time 

history for input ground acceleration vector  ẍg(t) . More 

details about development of UMRHA procedure can be 
found in Chopra and Goel [10]. To solve (1), the restoring 

force function Fsi(Di, Ḋi)need to be known. This describes the 
generalized force deformation relationship for ith mode of a 
MDF system. The force deformation relationship depends on 
the key structural characteristics and type of lateral loading 
system and this may range from simple hysteretic behavior 
(e.g. bilinear, elastoplastic) to relatively detailed behaviors 
(e.g. stiffness and strength degrading system). For high rise 

buildings Fsi(Di, Ḋi) can be found by idealizing actual cyclic 
pushover curve with appropriate hysteretic modal. That is, the 
modal hysteretic behavior of a high rise RC shear wall 
building can be identified by the cyclic modal pushover 
analysis. Fig. 1 represents the basic concept of the UMRHA 
procedure. 

 

 
 
 

 

 

Nonlinear Response 

History Analysis 

(NLRHA) 

 Uncoupled Modal Response History Analysis 

(UMRHA) 

Fig. 1. The basic concept of Uncoupled Modal Response History Analysis 

(UMRHA) 

In recent studies [9, 11, 12] Flag Shape (FS) hysteretic 
model was used to model the modal nonlinear behavior of 
high rise core wall buildings. UMRHA procedure was applied 
to compute nonlinear seismic demands. From these studies, it 
is clear that FS hysteretic idealization provides accurate 
prediction up to a certain limit of the building nonlinearity. 
However, in the present study it is found that Flag Shape 
hysteretic model become invalid when a structure is subjected 
to high level of seismic action in which case the structure is 
experiencing a considerably high level of nonlinearity. 
Therefore, it is required to develop a reasonably accurate 
hysteretic model which can represent the modal nonlinearity 
for wide range. This study aims to develop and validate a new 
hysteretic model to represent the modal nonlinear behavior of 
the high rise RC core wall buildings. 

II. CASE STUDY BUILDINGS 

The new hysteretic model is developed based on three case 
study buildings. These buildings (20, 33- and 44- story high, 
denoted as BL1, BL2, and BL3 respectively) are located in 
Bangkok and are designed for gravity and wind loads. The 3D 
finite element model of three buildings are shown in Fig. 2. 
The full 3D finite element modelling of these buildings were 
done in Perform 3D [13]. These buildings are the 
representation of the typical existing RC shear wall buildings 
in many part of the world. The hysteretic rules are developed 
based on the modal pushover curves obtained from the 3D 
finite element models of these buildings. The details about 
geometrical and structural properties and nonlinear modeling 
of these buildings can be found in the Fawad’s [12] work. 
Table 1 shows the basic geometrical properties and 
characteristics of the case study buildings. 

TABLE 1:  BASIC GEOMETRY AND CHARACTERISTICS OF CASE STUDY BUILDINGS 

Building No BL1 BL2 BL3 

Height(m) 
No. of stories 

Typical Story Height(m) 

Height of Podium (m) 

60 
20 

2.8 

14 

116 
33 

3.5 

2.2 

152 
44 

3.5 

43 

Natural Periods of first 

3 translation vibration 

modes(sec) 

Strong 

direction 

(H1) 

T1 

T2 

T3 

1.44 

0.38 

0.17 
2.12 

0.63 

0.33 

2.81 

0.60 

0.25 
3.21 

0.97 

0.47 

2.79 

0.71 

0.33 
3.61 

1.12 

0.48 

Weak 

direction 

(H2) 

T1 

T2 

T3 

Typical Floor Area (m 

x m) 

Podium  

Tower 

47x33 

33x33 

58x33 

33x31 

74x34 

34x34 

RC wall section area/building footprint 
area (%) 

0.40 1.22 0.90 

RC column section area/building footprint 

area (%) 
1.20 2.20 1.80 

 

The primary gravity load carrying system in BL1 is RC 
beam-column frame with RC slabs, whereas BL2 and BL3 
have RC column frame with flat plate system. The lateral load 
resisting system in all three buildings is RC walls and cores. 
Foundation of all three buildings is mat type resting on piles. 
All three buildings have masonry infill walls. The shear wall 
panel is divided into a large number of vertical nonlinear 
concrete and steel fibers to simulate the combined axial-
flexural behavior. RC columns are modeled by a combination 
of a linear elastic beam-column element with nonlinear plastic 
zones at its two ends. The un-cracked flexural rigidity is 
assigned to the linear element. The plastic zones are assumed 
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to have a length of 0.5D, where D is the lesser cross-sectional 
dimension of the column and they are modeled by concrete 
and steel fibers in a similar way as in RC walls. The slabs are 
modeled as elastic thin elements assuming that they will 
remain elastic. Mat foundation is modeled as a rigid boundary, 
which is displaced horizontally by the input ground motion. 
Masonry infill wall is modeled by two equivalent, 
compression-only, diagonal struts.  

 

 

 

 
Fig. 2. 3D finite element model of 20-, 33-, and 44-story building 

III. MODAL PUSHOVER CURVES 

The critical detail of the UMRHA procedure is the 
idealization of the modal nonlinearity. The nonlinear modal 
SDF system can be represented with different hysteretic 
model. The accuracy of the UMRHA procedure primarily 
depends on how accurately the nonlinearity of modal system 
is represented. One way to determine the hysteretic behavior 
of the modal system of high rise buildings is to idealize modal 
cyclic pushover curve. The modal pushover analysis is 
performed on the detailed nonlinear model of case study 
buildings. The detailed nonlinear models were subjected to the 
cyclic and monotonic pushover analyses using the modal 
inertia force distribution pattern. The resulting cyclic 
pushover curves for three buildings along H1 direction are 
shown in the Fig. 4 in the form of base shear coefficient Vbi/W 
versus the roof drift ratio  ui

r H⁄ . The pushover curves are 
idealized to the hysteretic model. Then these pushover curves 
(Vbi/W vs  ui

r H⁄ )  are converted to the force deformation 
(Fsi/Li vs Di) curve using conversion relationships. 

The idealization of pushover curves and conversion to 
force-deformation curves are performed for individual 
significant mode. So that it is possible to formulate the 
nonlinear SDF system for individual modes and nonlinear 
analysis can be performed for each modal system and can 
combined them to get total nonlinear response. 

Monotonic pushover curve with different limit states is 
also presented here in the Fig. 3. It can be observed that at 
lower levels of roof drift ratio (0.05 to 0.1%), the behavior of 
all three buildings is linear elastic. At roof drift ratio greater 
than 0.1%, the stiffness softening in loading curve is observed. 
The stiffness softening at this point is mainly due to the 
cracking of masonry infill walls and RC shear walls. During 
unloading phase the stiffness remains soft until the cracks in 
RC shear walls are fully closed by the effect of the gravity 
loads and building regain its initial stiffness and rejoins the 
loading curve. Due to this crack closing phenomena, a self-
centering mechanism is attained by the system. This self-
centering will happen until the longitudinal reinforcement 
steel bars in RC shear walls are yielded. After steel bars 
reached their yield strain around roof drift ratio of 0.8 to 1.2 
%, the hysteretic loops exhibit a relatively large energy loss 
with a non-zero deformation. 

Normalized Base Shear (Vbi/W) 

 
Roof Drift Ratio ( ui

r H⁄ ) 
Fig. 3. Monotonic Pushover curve of 44 Story Building along strong 

direction (H1-Direction) 

Normalized Base Shear (Vbi/W) Vbi/W Vbi/W 

   
                              Roof Drift Ratio ( ui

r H⁄ )                                          Roof Drift Ratio ui
r H⁄                                   Roof Drift Ratio ui

r H⁄  

Fig. 4. First mode cyclic pushover curve of the case study buildings in H1 direction 
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As we have already mentioned, that in previous studies, 
Flag shape hysteretic model was used to represent the modal 
nonlinear behavior for high rise buildings. Fig. 5 shows the 
comparison of actual cyclic pushover curve obtained from 
modal pushover analyses and idealized flag shape hysteretic 
curve for the 1st mode of 19 story building (BL1). It can be 
observed from the comparison that the flag shape model can 
predict the hysteretic response for roof drift up to the range of 
1.0-1.2% only, for roof drift beyond 1.0 % we can see the 
significant deviation from the actual cyclic pushover curve. In 
bilinear region, even though flag shape is showing the fair 
prediction of the envelope curve, it can’t capture the cyclic 
stiffness degradation that we observed in the actual pushover 
curves. This inability of Flag shape model to capture the real 
nonlinear modal behavior encourage us to develop the new 
hysteretic model. The similar hysteretic behavior is observed 
in all three case study buildings. Despite the differences in 
geometrical and structural layout, the damage progression 
sequences and the overall hysteretic behavior are very similar. 
This observation help us to conclude that it might be possible 
to develop the generalized hysteretic model to represent the 
modal nonlinear behavior. 

 
Fig. 5. Comparison of first mode cyclic pushover curve with flag shape 

hysteretic idealization for different roof drift range 

IV. MODIFIED FLAG SHAPE MODEL 

The new hysteretic “Modified Flag Shape” model is 
developed based on the cyclic pushover curves of the three 
case study buildings obtained from modal pushover analysis. 
The purpose of this study is to develop a new model which is 
simple, realistic and accurate enough to predict the actual 
hysteretic behavior. Before establishing the rules for new 
model it is necessary to understand the modal hysteretic 
behavior of all three buildings precisely. To study modal 
hysteretic behavior, different roof drift loading histories were 
defined and modal cyclic pushover analyses were performed 
on three buildings for all those loadings. Some of the roof drift 
loading histories are shown in Fig. 6. After a detail study of 
the pushover curves for all those different cases of loadings, 
the rules for new hysteretic model are deduced. 

 

Fig. 6. Drift loading histories 

 Backbone curve 

Three linear curves in both direction define the backbone 
curve as shown in Fig. 7. The loading curve starts with initial 
stiffness ki1.The first change in slope is defined at cracking 
point this point corresponds to the significant cracking of infill 
wall and shear wall which results in substantial reduction of 
stiffness. The cracking point is define by [(Di)cr, (Fsi)cr] where 
(Di)cr is the crack displacement and (Fsi)cr is the crack force. 
The stiffness of the system after cracking is a post crack 
stiffness k

i2 
= 𝛼

1
ki1, 𝛼

1
 is the post crack stiffness ratio. The 

second change in slope occurs at yield point defined by [(Di)y, 
(Fsi)y] where, (Di)y is the yield displacement and (Fsi)y is the 
yield force. This yield point is defined corresponding to 
significant yield of reinforcement bars in RC shear wall. The 
stiffness of the system after yield point is defined as post yield 
stiffness given by k

i3 
= 𝛼

2
ki1, 𝛼

2
 is the post yield stiffness ratio. 

 
Fig. 7. Trilinear backbone curve 

 

 Response under cyclic loading 

There are many possible alternatives in the loading history 
paths. Here rules are described for different loading and 
unloading conditions and they are illustrated in Figures. 

Base Shear 
Coefficient (Vb/W)

Roof Drift Ratio (%)

Cyclic pushover curve
Idealized SDF system
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Base Shear 
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Roof Drift Ratio (%)

Roof Drift Ratio 
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Condition 1: The force F1 is reached in one direction on 
the curve such that (Fsi)cr < F1 < (Fsi)y. The force is then 
reversed to F2 such that F2 < F1. 

Rule: Unload with initial elastic stiffness until a force drop 
is β(Fsi)cr , then unload with a post cracking stiffness until it 
reaches to the initial loading curve and follow the initial 
loading stiffness. 

Example: Segment 2-3-4 ad 6-7-8 in Fig. 8. 

Condition 2: The force F1 is reached in one direction on 
the curve such that F1 > (Fsi)y. The force is then reversed to F2 
such that F2 < F1. 

Rule: Unloading follow initial elastic stiffness until a force 
drop is β(Fsi)cr , then curve will aim to the residual 
displacement. 

Example: Segment 12-13-14 ad 17-18-19 in Fig. 8. 

Condition 3: One or more loading cycles beyond cracking 
point have occurred. The force is zero. 

Rule: The loading curve will target to the maximum point 
attained from the previous cycles. 

Example: Segment 0-9-10 in Fig. 8. 

Condition 4: Unloading from a point which is lower than 
a maximum point reached in previous cycles. 

Rule: Unloading follows the initial elastic stiffness until a 
curve reaches the lower unloading curve. 

Condition 5: The yield load is exceeded in one direction 
but the cracking load is not exceeded in the opposite direction 

Rule: Unloading in same direction follows same rule as in 
Condition 2. Loading in the opposite direction will follow the 
path joining the residual point to the cracking point in the other 
direction and will follow the backbone curve on further 
loading. 

 

 
Fig. 8. Modified flag shape hysteresis curve 

 

Condition 6: The reloading starts from the unloading 
curve. 

Rule: The loading curve will point to the maximum point 
attained from the previous cycles. 

Example: In Fig. 9 reloading from different points in the 
unloading curve is shown. Reloading from point a in segment 
10-11 curve follows a-10, reloading from point b in segment 
11-12 curve follows b-10, and reloading from point c in 
segment 12-12* curve follows path joining c-10. 

 
Fig. 9. Modified flag shape hysteresis curve showing reloading rules 

 Residual Displacement 

The residual displacement is predicted based on the 
residual roof drifts observed in the modal cyclic pushover 
curves. Residual roof drifts are measured for each cycle that 
goes beyond yielding in cyclic pushover analysis. An 
empirical relation is established between the residual roof drift 
and post yield roof drift (difference of maximum roof drift and 
yield roof drift). The residual roof drifts data were measured 
for all three buildings from first mode pushover curve. Fig. 10 
shows the comparison of trend line of residual data for three 
case buildings. 

 
Fig. 10. Comparison of trend line of residual data for three case study 

buildings 

Different types of drift history loading were used to obtain 
the cyclic pushover and residuals were measured. Similar 
trend was followed by the residual roof drift except for 
impulse type loading in which higher residual roof drift for 
lower post yield drift were observed. As shown in Fig. 11, 
similar trend for all three buildings has been observed, 
therefore it is possible to develop a generalized relationship 
between residual roof drift and post yield roof drift for similar 
structural systems. 
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Fig. 11. Establishing empirical formula for residual drift 

The empirical formula to predict residual roof drift can be 
directly used to predict the residual displacement. The 
empirical formula to predict the residual displacement is given 
by,  

 (Di)r =  0.5x((Di)max − (Di)y)
1.35

 

Where, (Di)r is a residual displacement, 

(Di)max is a maximum displacement for which residual 

displacement has to be calculated 
(Di)y is a yield displacement 

V. VERIFICATION OF MODIFIED FLAG SAHPE MODEL 

The cyclic pushover curves are predicted using the new 
hysteretic model. Five different loading protocols were used 
to check the prediction accuracy of the modified flag shape 
model. Loading protocols used in this study are modified from 
the original protocols to make it applicable for our study and 
some new loadings are also defined. The crack roof drift, yield 
roof drift and maximum roof drift were used as a reference 
drift to define the loading protocol. It is believed that if the 
new model works well for these different cases of loading 
which are representative of different types of dynamic 
loading, the new model will accurately represent the nonlinear 
SDF system of high rise RC shear wall buildings. The loading 
protocols used for the verification of the models are derived 
from ATC-24 protocol [14], FEMA 461[15], SAC Near Fault 
[16] and one sided cyclic pushover. The roof drift loading 
history of these loading protocols are shown in Fig. 12. 

 

Fig. 12. Roof drift loading history used for validation of hysteretic model 

(a) ATC-24 (b) FEMA-461 (c) One sided cyclic loading and (d) Near 

fault loading 

The first mode of BL1 building along the H1 direction is 
considered here for the verification of the new hysteresis 
model. The idealization of the model is done to best match the 
cyclic pushover curve. The first mode SDF system is 
subjected to all roof drift loadings and also the 3D finite 
element model is subjected to the cyclic pushover analysis. 
The comparison is made between the pushover curves from 
the 3D finite element model and the pushover curves from the 
idealized modal system with new hysteresis model. Fig. 13 
shows the cycle by cycle comparison between the cyclic 
pushover curve obtained from the 3D finite element model 
and cyclic pushover curve obtained from the nonlinear SDF 
system idealized with modified flag shape model. And the 
overall comparison of cyclic pushover curves for all four 
different loading protocols are shown in Fig. 14. From these 
comparisons it is clearly observed that the modified flag shape 
can accurately represent the modal hysteresis behavior of the 
high rise RC core wall high rise buildings. 

 
Fig. 13. Comparison of cyclic pushover curve obtained from 3D finite 

element model and idealized SDF system with new hysteresis model 

 

 
Fig. 14. Comparison of cyclic pushover curve obtained from 3D finite 

element model and idealized SDF system with new hysteresis model for 
different loading protocols 
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VI. NONLINEAR ANALYSIS USING UMRHA PROCEDURE 

The new hysteretic model is capable of predicting the 
nonlinear modal behavior of the high rise RC core wall 
buildings. Furthermore, the new model is employed to predict 
the total nonlinear response of the building under different 
ground motions using UMRHA procedure. The new 
hysteresis model is employed to predict the total nonlinear 
responses of all three buildings and the results are in good 
agreement with  responses from NLRHA. However, it is more 
reasonable to test the model on other high rise building than 
those three buildings which were used to derive the hysteresis 
rule. For this reason, another high rise RC core wall building 
(40-story high, denoted as BL4) is selected. The 3D finite 
element model and plan of the building is shown in Fig. 15. 
This building was originally designed by Magnusson 
Klemencic Associates and ARUP according to Los Angles 
Tall Buildings Structural design council’s Alternate Design 
Procedure for tall Buildings[17, 18]. Further, it was located in 
the high seismic hazard zone in down town Los Angeles. In 
the original design, slabs were designed as post-tension 
elements. However, in the current study, the building system 
is slightly changed from RC shear wall with post-tensioned 
slabs to RC shear wall with moment resisting frame. 
Therefore, the lateral load resisting system becomes 
essentially a dual system with RC shear walls and moment 
resisting frames. The basic properties of the building are given 
in Table 2. 

Table 2:  Basic geometry and characteristics of case study 
building (BL4) 

 

 

 

(a) (b) 
Fig. 15. Full 3D Finite element model and (b) Building Plan of BL4  

A nonlinear 3D finite element model was developed in 
Perform 3D. Shear walls were modelled with inelastic 
concrete fibers and steel fibers along the entire height of the 
building. By doing so, it enables us to capture inelastic 
behavior (e.g., flexural cracking, flexural yielding etc.) that 
may happen at any height due to higher mode effects. 
Columns, on the other hand, modelled as component that 
comprises elastic element with inelastic fiber zones at the 
ends. Beams and coupling beams were modelled as elastic 
elements with plastic moment hinges at the ends whereas slabs 
were assigned with elastic thin shell elements. Each 
significant vibration mode of inelastic building model was 
assigned with 2.5% of modal damping.  

Two ground motions are selected from the PEER 
NGA[19]. First ground motion is from Manjil Iran earthquake 
in 1990 recorded at Abbar. This is a shallow crustal ground 
motion recorded on far field site (10 – 50 km). The second 
ground motion is from San Fernando earthquake in 1971 
recorded at Pacoima Dam. This ground motion is also a 
shallow crustal ground motion but recorded on relatively near 
source site (<10 km) with pulse effect (Shallow crustal Near 
Fault –Pulse like ground motion). Fig. 16 shows the 5.0% 
damped elastic response spectra of above ground motions 

Property  Quantity/Dimension 
No. of Stories  40 

Height (m)  128.95  

1st story height (m)  6.1 
Story height – Typical (m)  3.15 

Floor area – Typical (m2)  887.17 

Core wall thickness (mm) 1-20 300 
 21-40 200 

Slab thickness (mm) 1-40 200 

Column sizes (mm x mm) 1-10 800x800 
 11-20 700x700 

 21-30 600x600 

 31-40 500x500 
Coupling Beams (mm x 

mm) 
1 300x1700 

 2-20 300x900 
 21-40 200x700 

Concrete density (kg/m3 ) 1-40 2400 

Concrete fc´ (MPa) 1-20 55.16 
 21-40 41.37 

Concrete Ec  (MPa) 1-20 34906 

 21-40 30230 
Steel fy   (MPa) 1-40 413.6 

Steel Es (MPa) 1-40 199948 

H1 
H2 
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along with a 5.0% damped – design basis earthquake (DBE–
level) - code based response spectrum conformed to ASCE 7-
05 for a building site located in site class D with Ss = 1.5g and 
S1 =0.75g. These ground motions are sometimes scaled 
appropriately to make the structure yield at desired level. 

 
Fig. 16. 5.0% damped elastic response spectra of ground motions to test 
UMRHA procedure with MFS hysteretic model 

Fig. 17 shows the individual modal responses (base 
moment) of case study building (BL4) and also the total 
response from UMRHA comparing with NLRHA response. 
The comparison with NLRHA response shows that the new 
model can fairly predict the total nonlinear response of the 
building. Further, the UMRHA procedure helps us to closely 
look at the individual modal responses under given ground 
motion.  

 
Fig. 17. Modal and combined base moment time histories for 1.5 x Manjil 

Abbar ground motion (Computed for UMRHA with MFS hysteretic model 
for 40 story building BL4, in H1 direction) 

Fig. 18 and Fig. 19 show the comparison of NLRHA 
response time histories (Roof displacement, base shear and 
base moment) with combined UMRHA response time 
histories of inelastic SDF systems idealized based on FS 
hysteresis and MFS hysteresis for Manjil Abbar ground 
motion with scale factors 1.5 and 3.5 respectively. From 
comparison in Fig 18, it can be clearly seen that both FS and 
MFS hysteretic idealization work well for moderate level (1.5 
x Manjil Abbar) seismic force. That is combined UMRHA 
time histories from both FS and MFS provide good match with 

benchmark time histories obtained from NLRHA procedure. 
Although both model can fairly predict the nonlinear 
responses for the moderate level shaking, we can see the 
improvement in the time history prediction by MFS model. 
This improvement shown by MFS model even for the 
moderate level shaking is due its cyclic stiffness degradation 
characteristic. Further the intensity of shaking was increased 
by scaling Manjil Abbar ground motion by factor 3.5 and 
results are shown in Fig. 19. Comparison shows that when 
seismic excitation become high UMRHA results obtained 
with FS hysteretic model produce poor prediction. In contrast, 
promising results are produced by UMRHA with MFS 
hysteretic model. It can be seen that use of MFS hysteresis 
idealization with UMRHA resulted significant improvement 
in all three time history responses for high level of seismic 
load. In fact the period lag encountered in the response time 
histories between NLRHA approach and UMRHA approach 
with FS hysteretic model is effectively eliminated by 
switching to MFS model. 

 
Fig. 18. Combined UMRHA response time histories of inelastic SDF 

systems vs NLRHA response time histories for 1.5 x Manjil Abbar ground 

motion ((a) Roof displacement, (b) Base Shear and (c) Base Moment) 

 

 

 
Fig. 19. Combined UMRHA response time histories of inelastic SDF 
systems vs NLRHA response time histories for 3.5 x Manjil Abbar ground 

motion ((a) Roof displacement, (b) Base Shear and (c) Base Moment) 
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Fig. 20 shows the comparison between the seismic 
demands obtained by the UMRHA procedure using FS and 
MFS hysteresis and the NLRHA procedures for the case study 
building. It can be observed that the MFS model is predicting 
the NLRHA seismic demands with good accuracy and the 
accuracy is clearly improved on using MFS over FS model in 
the UMRHA procedure. 

 
Fig. 20. The comparison of combined UMRHA response envelops with 

NLRHA response envelops for 3.5 x Manjil Abbar 

Similar set of results were also obtained for second ground 
motion – San Fernando. Fig. 20 shows the comparison of 
combined UMRHA response time histories of inelastic SDF 
systems idealized based on FS hysteresis and MFS hysteresis 
with NLRHA response time histories for 1.0 x San Fernando 
ground motion - a high level of ground motion intensity. In 
addition, Fig. 21 shows the comparison of combined UMRHA 
response envelops along the building height obtained using 
inelastic SDF systems idealized based on FS hysteresis rule 
and MFS hysteresis rule with NLRHA bench mark response 
envelops for 1.0 x San Fernando ground motion. From figures 
it can be seen that UMRHA with MFS hysteretic rule produce 
much better prediction than with UMRHA with FS hysteretic 
rule. Moreover, the results of former provides reliable 
prediction with all type of response time histories.  Thus, 
results, once again confirm the efficiency of the proposed 
MFS hysteretic model to use with UMRHA procedure in 
predicting nonlinear seismic demands. 

 
Fig. 21. Combined UMRHA response time histories of inelastic SDF 

systems vs NLRHA response time histories for 1.0 x San Fernando ground 
motion ((a) Roof displacement, (b) Base Shear and (c) Base Moment) 

 
Fig. 22. The comparison of combined UMRHA response envelops with 

NLRHA response envelops for 1.0 x San Fernando 

VII. CONCLUSION 

In this study, new hysteretic model is developed to 
represent the modal nonlinear behavior of the high rise RC 
core walls buildings. The hysteretic rules of the new model is 
deduced by performing the modal pushover analysis of three 
case study buildings. The accuracy of the new model to predict 
the hysteretic behavior of the case study buildings is checked 
for different standard loading protocols and the comparison 
shows the fairly accurate representation of the nonlinear 
modal behavior. The UMRHA procedure is applied to 
determine the nonlinear responses of the buildings for two 
ground motions using new hysteresis model. It is shown that 
the new hysteretic model can be used with UMRHA 
procedure to accurately predict the story shears, story 
overturning moments, inter-story drifts, and floor 
accelerations of the high rise RC core wall buildings. 
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