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ABSTRACT 
 

In design, it is confirmed that seismic response not exceed the criteria, however, the seismic capacity 
of building is not apparent. Seismic capacity index is the numerical value that expresses how much 
the seismic capacity a building has. In Japan, the method of calculating seismic capacity index for RC 
buildings of 60m or less has been already proposed, on the other hand, the method for RC buildings 
over 60m (high-rise RC building) has been not proposed yet. This paper shows the calculation 
method of seismic capacity index to reparability limit state and ultimate limit state of existing high-
rise RC buildings. The seismic capacity indexes are calculated to frame models which correspond 
with seismic capacity of the existing high-rise RC buildings. The seismic capacity indexes of existing 
high-rise RC buildings are examined in order to clarify relationship between the indexes and 
structural characteristics, and relationship between the indexes and seismic responses. Main 
conclusions of this paper are summarized as follows. (1) The seismic capacity of existing high-rise 
RC building can be shown clearly with numerical value using the proposed method in this paper. (2) 
It is found that the seismic capacity index of existing high-rise RC building also increases as the 
value (CB×T1) which multiplied base shear coefficient (CB) and natural period (T1) increases. 
 
Keywords: High-rise RC building, Seismic capacity index, Reparability limit, Ultimate limit, Design 

phase 
 
 

INTRODUCTION 
 
So far, more than 500 high-rise RC buildings were built in Japan. However, the structural 
characteristics of these existing high-rise RC buildings differ depending on the designed phases. In 
addition, seismic capacity of the existing high-rise RC buildings is not grasped. It is necessary to grasp 
the seismic capacity of the existing high-rise RC buildings not only to understand the present situation 
but also to enhance the earthquake resistance capacity of high-rise RC buildings. 
In design, it is confirmed that seismic response not exceed the criteria, however, the seismic capacity 
of building is not apparent. Seismic capacity index is the numerical value that expresses how much the 
seismic capacity a building has. In Japan, the method of calculating seismic capacity index for RC 
buildings of 60m or less has been already proposed (Architectural Institute of Japan, 2004). On the 
other hand, the method for RC buildings over 60m (high-rise RC building) has been not proposed yet. 
The Purpose of this paper is to propose the calculation method of seismic capacity index to 
reparability limit state and ultimate limit state of existing high-rise RC buildings. In this paper, the 
seismic capacity indexes are calculated to frame models which correspond with seismic capacity of the 
existing high-rise RC buildings. These frame models are constructed in the existing research by the 
authors (Akita et al., 2012). The seismic capacity indexes of existing high-rise RC buildings are 
examined in order to clarify relationship between the indexes and structural characteristics, and 
relationship between the indexes and seismic responses. 
 

CALCULATION METHOD OF SEISMIC CAPACITY INDEX 
 
This chapter describes the calculation method of seismic capacity index for existing high-rise RC 
buildings. This calculation method is based on the method of calculating seismic capacity index for 
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RC buildings of 60m or less proposed by Architectural Institute of Japan in 2004 (Architectural 
Institute of Japan, 2004). Figure 1 presents the evaluation diagram of the seismic capacity index. In 
this paper, the calculation method is applied to the beam collapse type building, so that the target 
member of the evaluation is beam. 
 
Evaluation for limit state of member 
 
Figure 2 shows the restoring force characteristics of member and the member deformation 
corresponding to the limit states (Serviceability limit state, Reparability limit state I, Reparability limit 
state II and Ultimate limit state). A tri-linear model which has a cracking point and a yielding point is 
adopted to the restoring force characteristics of member. A ductility factor (DF) which calculated by 
yielding deformation (Ry) defines the limit states of member. It is assumed that a member reaches the 
serviceability limit state when DF is equal to 1. Similarly, the ductility factors corresponding with the 
reparability limit state I, reparability limit state II and ultimate limit state are 2, 3 and 4, respectively. 
In this calculation method, damage index of member is defined by ductility factor as shown in figure 2 
The damage index of member is divided in 5 rank. 
 

       
Figure 1.  Evaluation diagram                Figure 2.  Restoring force characteristics and limit states 

 
Evaluation for limit state of story 
 
In this calculation method, equivalent column ductility factor is calculated from the beams in which 
the column is connected. Then, damage index of column is evaluated by the equivalent column 
ductility factor as shown in table 1.  
 

Table 1. Relationship between damage index of column and equivalent ductility factor of column 
 

 
 
Figure 3 shows the example for calculation of equivalent ductility factor of column. The equivalent 
ductility factor of column is an average of ductility factors of beams in which the column is connected. 
As shown in figure 3, the equivalent ductility factor is 1.75 in the case of 2 beams and the equivalent 
ductility factor is 2.25 in the case of 4 beams. And then, from the table 1, the damage index of column 
is II in the case of 2 beams and the damage index of column is III in the case of 4 beams. 

Setting of target performance

Calculation of standard earthquake motion

Evaluation of characteristic of member

Pushover analysis

Evaluation of limit deformation

Dynamic analysis ⇒ Limit earthquake motion

Estimation of seismic capacity index

My

Mc

Moment（kN・m）

Member deformation
（rad）(Ry)

DF=1 DF=2 DF=3

DF=4

DamageⅠ

Ⅱ Ⅲ Ⅳ Ⅴ

Serviceability
limit state

Reparability 
limit state Ⅱ

Ultimate 
limit state (Ultimate)

Reparability 
limit state Ⅰ

Equivalent ductility factor
of column

0～1 1～2 2～3 3～4 4～

Ⅰ Ⅱ Ⅲ Ⅳ ⅤDamage index of column



The 5th Asia Conference on Earthquake Engineering 
October 16-18, 2014 

 
 

Figure 3. Example for calculation of equivalent ductility factor of column 
 
Limit state of story is evaluated by shear force ratio of columns which has same equivalent column 
damage index. Then, limit story drift angle is defined by the story drift angle corresponding to limit 
state of story. Non-linear pushover analysis is conducted to obtain the limit story drift angle in this 
calculation method. Table 2 shows the relationship between limit states of story and shear force ratio 
of columns.  The values in table 2 are determined considering a value proposed by AIJ (Architectural 
Institute of Japan, 2004). 
 

Table 2. Relationship between limit state of story and shear force ratio of columns 
 

 
 
Estimation of limit earthquake ground motion 
 
In this calculation method, limit earthquake ground motion is estimated by time history response 
analysis. The intensity of limit earthquake ground motion is examined by comparison of limit story 
drift angle derived from non-linear pushover analysis and the maximum story drift angle derived from 
time history response analysis. 
 

 
 

Figure 4. Two estimation method of limit earthquake ground motion 
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Figure 4 shows the two estimation method of limit earthquake ground motion. In this paper, the 
average method is applied to estimating reparability limit state I and II, and the maximum method is 
applied to estimating the ultimate limit state. In the average method, the intensity of limit earthquake 
ground motion is determined when average of the maximum story drift angle reaches average of the 
limit story drift angle. On the other hand, in the maximum method, the intensity of limit earthquake 
ground motion is determined when the maximum story drift angle reaches the limit story drift angle. 
The seismic capacity index is calculated as ratio of maximum velocity of the limit earthquake ground 
motion to maximum velocity of standard earthquake ground motion. 
 

FRAME MODEL 
 
In this chapter, outline of frame models are explained. Frame models are constructed based on 
structural planning and structural characteristics of the existing high-rise RC buildings. The structural 
planning and the structural characteristics were obtained from existing research conducted by the 
authors (Izumi et al., 2012). 
 

 
(a) Transition of number of buildings                       (b) Rate of three design phases 

 
Figure 5. Structural design phases for high-rise RC buildings 

 
Table 3. List of seismic capacity index of the frame model 
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Organization of Frame Model 
 
555 high-rise RC buildings designed from 1971 to 2009 were collected from the performance 
evaluation sheet (The Building Center of Japan, 1967-2009) and classified into the three design phases 
by means of the development of structural techniques on high-rise RC buildings as shown in figure 5. 
Table 3 summarizes the specifications of the frame models. Three frame models are constructed in 
each designed phases, thus nine frame models are constructed. These nine frame models are called 
“Standard model”. 
In this paper, “Strong model”, “Weak model”, “High-stiffness model” and “Low-stiffness model” are 
constructed based on the standard model. Capacity varies in the strong model and the weak model 
compared with the standard model. Stiffness varies in the high-stiffness model and low-stiffness 
model compared with the standard model. These models have nine buildings, respectively. Therefore, 
frame models using in this paper are 45 in total. 
 
Variety of Frame Model 
 
The strong model and weak model have 1.15 times capacity and 0.85 times capacity compared with 
the standard model, respectively. The high-stiffness model has 1.2 times stiffness of beams and 0.8 
times weight compared with the standard model. The low-stiffness model has 0.8 times stiffness of 
beams and 1.2 times weight compared with the standard model. Figure 6 shows the relationship 
between designed base shear coefficient (CB) and natural first period (T1) of the frame model, together 
with the relationship of the existing high-rise RC buildings. The value (CBxT1) of the first design 
phase, the second phase, and the third phase is 0.19, 0.18 and 0.17 respectively. As shown in Figure 6, 
the frame model can simulate distribution of the existing high-rise RC buildings in every design phase. 
 

 
 

Figure 6.  Correspondence between existing high-rise RC buildings and frame model 
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This chapter presents the calculation of seismic capacity indexes of frame models and distribution of 
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acceleration 356cm/sec2 and duration time 120sec.The intensity of the input earthquake ground motion 
varies to calculate the seismic capacity index. For example, “BCJ-L2(1.2)” stands for 1.2 times 
intensity compared with original BCJ-L2. In this paper, one direction of the frame model is conducted 
in static and dynamic analysis. 
 
Calculation of Seismic Capacity Index of Frame model 
 
The average method is applied in estimation of limit earthquake ground motion of the reparability 
limit state I and II while the maximum method is applied in estimation of limit earthquake ground 
motion of the ultimate limit state. Figure 7 shows an example of the estimation result of limit 
earthquake ground motion in the reparability limit state I and the ultimate limit state. As shown in 
figure 7, the average method estimates the limit earthquake ground motion by the intensity in which 
the average of story drift angle reaches the average of response story drift angle. A list of the seismic 
capacity index of the frame model is shown in Table 4. 
 

 
 

Figure 7.  Correspondence between existing high-rise RC buildings and frame model 
 

Table 4. List of seismic capacity index of the frame model 
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Figure 8(b) shows the relationship between seismic capacity index and designed base shear coefficient 
(CB), and figure 8(c) shows the relationship between seismic capacity index and the value (CBxT1). 
The relationship between seismic capacity index and CB has slight positive correlation because T1 is 
not taken into account. On the other hand, there is a little strong positive correlation in the relationship 
between seismic capacity index and the value (CBxT1). It is found that the seismic capacity index of 
existing high-rise RC building also increases as the value (CB×T1) increases. 
 

 
(a) Design phase 

 
      (b) Base shear coefficient (CB)                                              (c) CB x T1 

 
Figure 8. Relationship between seismic capacity index and structural characteristic 

 

 
(a) Story drift angle (R2)    

 
  (b) Representative deformation angle (RT)                          (c) R2/RT 

 
Figure 9. Relationship between seismic capacity index and structural characteristic 
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Relationship between Seismic Capacity Index and Seismic Response 
 
The relationship between the seismic capacity index and maximum story drift angle (R2) due to BCJ-
L2(1.0) as shown in figure 9(a). It is guessed that the capacity index increases according to decreasing 
of R2 due to BCJ-L2(1.0). Figure 9(a) indicates the strong negative correlation, so that it is clearly that 
the capacity index increases according to decreasing of R2. 
Figure 9(b) shows the relationship between the seismic capacity index and representative deformation 
angle (RT) when the intensity of earthquake ground motion brings limit states (Reparability limit state 
I, Reparability limit state II and Ultimate limit state). Where the representative deformation angle (RT) 
is calculated at the two thirds of building’s height. Figure 9(b) indicates the positive correlation, so 
that it is found that the tendency that the seismic capacity becomes greater according to increasing of 
RT. 
Figure 9(c) shows the relationship between the seismic capacity index and Rmax/RT. Rmax is maximum 
story drift angle when the intensity of earthquake ground motion brings limit states. Rmax/RT stands for 
the distribution of story drift angle. For example, Rmax/RT is large when the deformation of particular 
story is large. As shown in figure 9(c), a weak negative correlation is obtained. It is expected that the 
tendency that the seismic capacity decreases according to increasing of Rmax/RT. This tendency means 
seismic capacity index is underestimated when the deformation of particular story is large. 
 

CONCLUSIONS 
 
In this paper, the calculation method of seismic capacity index of existing high-rise RC buildings is 
proposed. Furthermore, the seismic capacity indexes are examined in order to clarify relationship 
between the indexes and structural characteristics, and relationship between the indexes and seismic 
responses. The findings obtained in this study may be summarized as follows. 
(1) The seismic capacity of existing high-rise RC building can be shown clearly with numerical value 

using the proposed method in this paper. 
(2) The seismic capacity index by proposed method of reparability limit state I indicates from 0.6 to 

1.0, the index of reparability limit state II indicates from 0.8 to 1.4 and the index of ultimate limit 
state indicates from 1.0 to 1.6 when using “BCJ-L2” earthquake ground motion. 

(3) In the every limit state, the seismic capacity of existing high-rise RC building doesn’t have 
particular difference among three design phases. 

(4) It is found that the seismic capacity index of existing high-rise RC building also increases as the 
value (CB×T1) which multiplied base shear coefficient (CB) and natural period (T1) increases. 
Therefore, the seismic capacity of existing high-rise RC building can be probably predicted by the 
value (CB×T1). 
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