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ABSTRACT 
 

Structural damage level evaluation against specific ground motion is necessary 
for earthquake countermeasures of high-rise RC buildings. In this paper, the method of 
structural damage level evaluation by evaluating „limit story drift‟ and „residual seismic 
capacity‟ obtained from seismic capacity evaluation of high-rise RC buildings is 
considered. First, seismic capacity index and residual seismic capacity in limit states 
are calculated for 45 frame models that simulated existing high-rise RC buildings. At 
that time, the transition of residual seismic capacity associated with the increase in the 
input ground motion is analyzed, and the threshold that estimating structural damage 
level evaluation is considered. From the result, the method of structural damage level 
evaluation using „limit story drift‟ and „residual seismic capacity‟ is proposed. Next, 
structural damage level evaluation of 1 frame model against specific ground motion 
carries out. The validity of the evaluation method is considered based on the results. 

 
1. INTRODUCTION 
 

Since The 2011 off the Pacific coast of Tohoku Earthquake, verification of seismic 
performance against long-period ground motions is required for high-rise reinforced 
concrete buildings (RC buildings). In doing so, it is useful to estimate structural damage 
level evaluation in order to present the damage of the elements intelligibly (Fig.1). With 
newly built high-rise buildings, the structural damage level evaluation can be used for 
structural health monitoring as well as indicate seismic menus. Also, in existing high-

rise buildings, the structural damage level evaluation can be used to indicate seismic 
diagnosis and reinforcement effects for specific ground motions. However, there is no 
established method for estimating structural damage level evaluation of high-rise RC 
buildings used for design and diagnosis. 
     The authors have already studied about seismic performance evaluation of high-
rise RC frames (Michishita 2016). The flow of seismic performance evaluation is shown 
in Fig.2. Seismic performance evaluation is carried out in two steps. First step, In 
“Evaluation of seismic performance frame is held”, the limit story drift angle based on 
the damage degree of elements is calculated by nonlinear static analysis. Then, 
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seismic response analysis by gradual increase input of the ground motion is carried out, 
and the seismic capacity index is calculated from the limit ground motion where the 
response  story drift angle reaches the limit story drift angle. Second step, In 
"Evaluation of structural damage level", the residual seismic capacity based on the 
energy of story is calculated from the maximum story drift for a specific ground motion, 
and the structural damage level evaluation is carried out. 
     In this paper, the method of structural damage level evaluation presented by the 
authors is applied to the high-rise RC frame and the result is considered. First, for the 
45 high-rise RC frames, the two index values of seismic capacity index and residual 
seismic capacity are calculated. Next, the transition of the residual seismic capacity 

with the increase of the input ground motion is analyzed and the threshold used for 
estimating structural damage level evaluation is considered. From the obtained results, 
the method to estimate structural damage level evaluation using limit story drift angle 
and residual seismic capacity is proposed. Finally, structural damage level evaluation of 
the frame model against a specific ground motion carries out. The validity of the 
evaluation method is considered based on the results. The reason for using energy of 
story for estimating structural damage level evaluation is that the restoring force 
characteristics of the story are evaluated at the design stage and it is easy to estimate 
structural damage level evaluation at the design stage and to develop it for monitoring. 
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2. SEISMIC PERFORMANCE EVALUATION OF HIGH-RISE RC FRAME 
 
     2.1 Limit story drift angle 
     In this paper, since a frame structure of total yield mechanism by the beam 
bending yield is targeted, the limit story drift angle (RS) of the three states, which are 
serviceability limit, reparability limit, and ultimate limit is calculated based on the 
damage degree of beams. Fig.3 shows the relationship between the damage degree of 
elements and ductility factor. As for the relationship between the damage degree of 
elements and ductility factor, please refer to reference (Akita 2014). The limit story drift 
angle is evaluated according to the beam bending ductility factor (DF) and the column 

equivalent ductility factor (CDF) by nonlinear static analysis. The DF of the beam is the 
maximum value at both ends, and the CDF is the average value of the DF of the beam 
attached to the column (Fig.4). Serviceability limit is evaluated by DF (Table.1), and 
reparability limit and ultimate limit are evaluated from the ratio of the shear force of the 
columns that have equal column equivalent damage degree (Table.2). Column 
equivalent damage degree is determined from CDF. Seismic capacity index (HIS value) 
is calculated as the ratio of the intensity of limit ground motion to the intensity of basis 
ground motion. Limit ground motion is an input ground motion when story drift angle 
obtained from seismic response analysis reaches RS (Fig.5). For details, please refer to 
reference (Akita 2014) 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Fig.3 Damage degree and DF 
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2.2 Evaluation of residual seismic capacity based on energy of story 
     Residual seismic capacity (HR) is defined based on the energy of story as 
presented in the past study (Michishita 2016). It is calculated by Eq. (1) as the ratio of 
the residual energy excluding sum of energy consumption of each story (∑Ei) from sum 
of energy absorption capability of each story (∑Eui). Seismic performance reduction 
coefficient (Hηi) of each story is calculated by Eq. (2) from energy consumption (Ei) of 
each story and energy absorption capability (Eui) of each story.  
 

[%]100×)
∑

∑
-1(=

i

i
H Eu

E
R                           (1) 

[%]100×)-1(=
i

i
iH Eu

E
η                            (2) 

 
     The energy of the story is determined by the relationship between the story shear 
force (Qi) and story drift (δi) of each story by nonlinear static analysis and the maximum 
story drift by seismic response analysis. Eui is calculated from the area surrounded by 
the story shear force (SQi), the story drift (Sδi) and unloading deformation (OSδi) at the 
ultimate limit state on the Q-δ curve (Fig.6). Ei is calculated from the area surrounded 
by the story shear force (Qi), the maximum story drift (maxδi) and the unloading 
deformation (Oδi) obtained approximate to the Q-δ curve (Fig.7). OSδi and Oδi are 
calculated by multiplying the deformation ratio during unloading (a) to Sδi and maxδi, 
respectively. Deformation ratio during unloading (a) is calculated at each story from the 
ratio of the maximum response story drift and the maximum value of unloading 
deformation obtained from seismic response analysis (Fig.8).  
     In addition, in the high-rise RC frame, there is a case that deviation occurs in a 
specific story as a result of an increase in input ground motion. Therefore, when Ei is 
calculated, the energy (ΔEi) represented by the area surrounded by the offset 
deformation (Δ) and Qi is reduced from Ei. Δ is calculated by multiplying inclination ratio 
(b) to maxδi. Inclination ratio (b) indicates the degree of deviation, and is calculated from 
maximum response story drift of each story from seismic response analysis (Fig.9). 
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Fig.8 Deformation ratio during unloading Fig.9 Inclination ratio 
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3. ANALYSIS CONDITION 
 
     3.1 Frame model 
     Authors, have created some frame models representing the structural properties 
of each design phases and classified them into three design phases for existing high-
rise RC buildings (the first: 1971 and 1989, the second: 1990 and 1999, the third: 2000 
~) (Akita 2011). The frame model of this paper consists of three representative 
standard models for each phase (Table.3, Fig.10), six strong and weak models with 
increased or decreased beam bending strength, six rigid and flexible models with 
varying elastic natural period, totaling 15 models in total in three design phases. For the 

standard model, the beam bending strength is 1.15 times for the strong model and 0.85 
times for the weak model. In the rigid model, the stiffness of the beam is 1.2 times and 
the story weight is 0.8 times. In the flexible model, the stiffness of the beam is 0.8 times 
and the story weight is 1.2 times.Fig.11 shows the distribution of the base shear 
coefficient for the short-term allowable stress design (SCB) and the elastic natural period 
(T1) in 373 existing high-rise RC buildings of earthquake resistant structure and 45 
frame models. It is understood that the set value of the frame model well corresponds 
to the design value of the existing building. Also, looking at the relationship between the 
base shear coefficient (CB) and the representative horizontal drift angle (RT: horizontal 
drift angle of the external force center of gravity position) of the frame model by 
nonlinear static analysis (Fig.12), in any of the frame models RT reaches approximately 
maximum strength with about 1/150 radian. Also, the higher the number of stories is, 
the longer the T1 becomes, so it is understood that the maximum strength is small. 
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Fig.10 Framing plan/section 

Table.3 Various elements of standard model 

※1:All frame models are assumed to be in the X direction ※2:The max value of the strength of used concrete 
※3:The value of used reinforcement ※4:The value obtained by dividing standard floor weight by building area 

Fig.11 SCB and T1 Fig.12 CB and RT 

SCB  

T1[s] 

CB  

RT [rad] 

design phase

model name and direction※1 1G20X 1G25X 1G30X 2G20X 2G30X 2G40X 3G20X 3G30X 3G40X

building height[m] 60.75 75.5 90.25 61.7 91.7 121.7 63.6 94.6 125.6

number of floors 20 25 30 20 30 40 20 30 40

floor height of standard floor[m] 2.95 2.95 2.95 3 3 3 3.1 3.1 3.1

building area[m2] 675 787.5 945 600 900 1050 585 936 1170

column dominated area[m2] 22.5 22.5 22.5 30.0 30.0 30.0 39.0 39.0 39.0

Fc [N/mm2]※2 36 36 42 36 48 60 42 54 70

main reinforcement strength[N/mm2]※3 390 390 390 390 490 490 490 490 490

average weight[kN/m2]※4 14.5 14.0 14.8 15.5 14.9 14.4 15.4 14.3 13.4

T 1[s] 1.13 1.38 1.69 1.21 1.74 2.42 1.29 1.94 2.48

SC B 0.168 0.138 0.113 0.149 0.103 0.074 0.132 0.088 0.068
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3.2 Analysis method of frame model  
Three-dimensional frame model is used for analysis of frame model, and the 

horizontal displacement of each stories are assumed to be equal due to rigid floor 
assumption. The foundation is pin supported. The bending deformation, shear 
deformation and axial deformation are considered in the deformation of the columns, 
and the bending deformation and shear deformation are considered in the deformation 
of the beams. The columns use a fiber model by the assumption of the plane holding. 
By using fiber model, it is possible to consider the rigidity changing due to bending 
cracking and bending yield. The bending deformation of the beam, consider the elastic-
plastic characteristics by using skeleton curve that evaluate rigidity changing due to 

bending cracking and bending yield by tri-linear curve. Also, the shear deformation by 
using the joint panel to beam-to-column connection is considered. The shear 
deformation of the column, beam, and column joint is elastic. The bending restoring 
force characteristics of the beam, is Takeda model (Fig.13) and it is commonly used in 
the design of high-rise RC building in Japan. In addition, bending restoring force 
characteristics of the column is fiber model which determined from history 
characteristics. It should be noted that the influence over time is not considered. Also, 
internal viscous damping is tangent stiffness-proportional damping, and the damping 
factor of the first mode is 3%. 

The basis ground motion is BCJ-L2 which was issued by Building Center of Japan 
(Fig.14,Table 4), and it is commonly used in the design of RC building in Japan. At that 
time, in order to analyze the continuous transition of indicators used for estimating 
structural damage level evaluation, seismic response analysis by gradual increase 
input (0.1 times to 1.8 times) of the basis ground motion is carried out. Also, the specific 
ground motion is OSAKA which simulated ground motion that assumes the Nankai 
Trough Earthquake (Fig.14,Table 4). 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 

Fig.13 Restoring force characteristics 
      (Takeda model) 

Fig.14 Spectrum of pseudo velocity 
      (BCJ-L2 and OSAKA) 

Table.4 Various elements of ground motion 
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4.TRANSITION OF RESIDUAL SEISMIC CAPACITY AND SEISMIC PERFORMANCE 
REDUCTION COEFFICIENT 
 
     The relationship between residual seismic capacity (HR) and input ground motion 
(HI value) for 45 frame models is shown in Fig.15(a). The HR in the reparability limit is 
about 80%, and there is not much difference due to the frame model. However, 
although the HR in the ultimate limit is on average about 60%, the difference according 
to the frame model is large. This is because the difference in deformation distribution is 
seen by the frame model when the reparability limit is exceeded. In the high-rise RC 
frame, deformation of a specific story in which the margin of beam strength is relatively 

small as compared with other stories may proceed greatly as the input ground motion 
increases. In such a frame model, HR does not decrease so much, but HR decreases 
greatly in a frame model where deformation progresses in most of the stories. 
Therefore, it is considered that a difference in HR due to the frame model in the vicinity 
of the ultimate limit occurs. The relationship between the minimum value of seismic 
performance reduction coefficient (Hηmin) and HI value is shown in Fig.15(b). In the 
vicinity of the ultimate limit, Hηmin decreases greatly as compared with HR, and it is 
considered that the damage of the specific story is much larger than the damage of the 
other story. Therefore, it is considered difficult to evaluate the damage of a specific 
story only with the HR. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
5. STRUCTURAL DAMAGE LEVEL EVALUATION TO SPECIFIC STORY 
 
     As the input ground motion increases beyond the reparability limit, progress of the 
story drift greatly differs depending on the frame model. Therefore, the height direction 
distribution of the story drift is classified into several patterns. Then, for each pattern, 
the ratio by each damage degree of beams is calculated, and the evaluation of the 
damage of the specific story is considered. 
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Fig.16 shows the relationship between story drift ratio (HF) representing the height 
direction distribution of story drift and the input ground motion (HI value). HF is the ratio 
of the maximum value of iRmax (Rmax) to the average of maximum response story drift 
angle (iRmax) of each story. HF has a large difference depending on the frame model 
after reparability limit, and it is about 1.3 to 2.0 in the vicinity of ultimate limit. Therefore, 

HF at the ultimate limit is 1.3 to 1.5 times as the pattern A, the 1.5 to 1.65 times as the 
pattern B, and 1.65 times or more as the pattern C are classified into 3 patterns. 
     Fig.17 shows the relationship between the residual seismic capacity (HR) and 
ratio by each damage degree of beams by pattern. In pattern A, deformation of most of 
the stories progresses, and only when the HR reaches 60%, elements of damage 

degree 5 can be seen for the first time (Fig.17(a)). On the other hand, in the pattern C, 
the deformation of the specific story proceeds in comparison with other stories, and 
elements of damage degree 5 are seen at HR of about 70% (Fig.17(c)). Also, in pattern 
B, elements of damage degree 5 are seen at HR of about 65%, showing an 
intermediate tendency between pattern A and pattern C (Fig.17(b)). In this way, in the 
case of the large deformation near the ultimate limit, it is conceivable that the 
deformation progresses as if the collapse mechanism shifts total collapse mechanism 
to story collapse mechanism. Therefore, in the frame model such as pattern C, the 
damage of the specific story progresses earlier than the other stories, and it is 
understood that it is difficult to estimate structural damage level evaluation by only HR. 
Therefore, it is necessary to jointly use HR and Rmax in the vicinity of the ultimate limit in 
estimating structural damage level evaluation. 
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Fig.16 Transition of story drift ratio (HF) 

Fig.17 Relationship of HR and ratio by each damage degree of beams 
 (a) Pattern A (b) Pattern B  (c) Pattern C 
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6. METHOD OF STRUCTURAL DAMAGE LEVEL EVALUATION 
 
     Table.5 presents the classification of structural damage level evaluation and the 
threshold of the evaluation index. In consideration of the indication of structural damage 
level evaluation in the seismic design of the high-rise RC frame, the classification of 
structural damage level evaluation is divided into no damage, minor, minor damage, 
half damage, and major damage. With respect to no damage, it is treated in the same 
way as the serviceability limit state of the frame (Table.1), and it is determined by using 
the serviceability limit story drift angle (serviceabilityRS). Minor should be serviceabilityRS used 
or more and residual seismic capacity (HR) of 95% or more. At this time, damage 

degree 1 and damage degree 2 occupy about 90% or more (Fig.18(a)). Minor damage 
shall be HR not less than 80% and less than 95%. At this time, the damage degree of 
the element is approximately damage degree 2, and damage degree 3 is about 30% or 
less (Fig.18(b)). Half damage shall be HR not less than 60% and less than 80% and the 
maximum story drift angle shall be less than ultimate story drift angle (ultimateRS). At this 
time, the damage degree of the element is approximately damage degree 3 and 
damage degree 4 is about 30% or less (Fig.18(c)). For major damage, HR is 60% or 
less or the maximum story drift angle is more than ultimateRS. At this time, the damage 
degree 5 of the element is about 30% or less (Fig.18(d)). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Table.5 Index of structural damage level evaluation 

Fig.18 Structural damage level evaluation and ratio by each damage degree 
 (a) Minor 

damage degree 1     damage degree 2     damage degree 3     damage degree 4     damage degree 5 

ratio [%] 

damage degree 

ratio [%] 

damage degree 

ratio [%] 

damage degree 

ratio [%] 

damage degree 

 (b) Minor damage (c) Half damage (d) Major damage 

evaluation residual seismic damage maximum story drift angle damage

no damage - R max < serviceability R S
There is no elements of

damage degree 2

minor HR ≥ 95[%] -
damage degree 1 and 2

occupy about 90% or more

minor damage 80 ≤ HR < 95[%] -
damage degree 3 is about

30% or less

half damage 60 ≤ HR < 80[%] -
damage degree 4 is about

30% or less

major damage HR < 60[%] ultimateR S < R max
damage degree 5 is about

30% or less



  

7. EXAMPLE OF EVALUATION AGAINST SPECIFIC GROUND MOTION 
 

This chapter shows the results of the structural damage level evaluation when 
OSAKA (Table.4, Fig.14) are input from 1.0 to 2.5 times in increments of 0.5 for two 
frame models (3G20X, 3G30X, Table.3). 

Fig.19 shows the relationship between the maximum response story drift angle 
and the limit story drift angle at each input ground motion. Table.6 also shows the result 
of the structural damage level evaluation at each input ground motion, the residual 
seismic capacity (HR), and the ratio by each damage degree of beams at that time. 
     Along with the increase in input ground motion, 3G20X is progressing story drift 

generally on the middle story (Fig.19(a)). At an input ground motion of 2.5 times, HR is 
33% (Table.6), so it is evaluated to be major damage. On the other hand, 3G30X has 
greatly advanced story drift near the 23rd floor as the input ground motion increases 
(Fig.19(b)). HR is 61% (Table.6) at the input ground motion of 2.0 times, but since the 
maximum story drift angle exceeds the ultimate limit story drift angle, it is evaluated to 
be major damage. This is because attention was paid to the damage level of the beam 
due to the increase in the story drift at the 22nd to 24th stories. At this time, although 
the differences in progress of story drift are observed in the two frame models, they are 
similar evaluations (Table.6), which correspond approximately to the damage shown in 
Table.5. Also, the same holds true for other results.  
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Fig.19 Maximum story drift angle and limit story drift angle 

Table.6 Results of structural damage level evaluation and damage degree of beams 

(a) 3G20X (b) 3G30X 

number of floors 

R [rad] 

number of floors 

R [rad] 

0 

1 2 3 4 5

1.0 93 1/100 minor damage 36 64 0 0 0

1.5 82 1/65 minor damage 24 36 37 3 0

2.0 68 1/56 half damage 18 24 38 20 0

2.5 33 1/35 major damage 11 23 16 15 35

1.0 95 1/168 minor 75 25 0 0 0

1.5 80 1/85 minor damage 9 58 33 0 0

2.0 61 1/50 major damage 10 22 40 22 6

2.5 47 1/45 major damage 4 21 39 21 15

3G20X

3G30X

damage degree
model magnification HR evaluationR max



  

8. CONCLUSIONS 
 

In this paper, the method of structural damage level evaluation base on energy of 
the story was examined for the high-rise RC frame. Although it is within the scope of 
this paper, the following knowledge was obtained. 
1) The residual seismic capacity is about 80% in the vicinity of the reparability limit, 

and the difference depending on the frame is small. In the vicinity of the ultimate 
limit, the residual seismic capacity is about 50 to 70%, and on the average it is 
about 60%, but the difference depending on the frame is large. 

2) The seismic performance reduction coefficient has a larger decline with the 

increase of input ground motion compared to the residual seismic capacity, and the 
difference is noticeable near the ultimate limit. 

3) In the frame in which the deformation of a specific story progresses with the 
increase of the ground motion, even when the residual seismic capacity is 60% or 
more, the case where the maximum story drift angle reaches the ultimate limit story 
drift angle was observed . 

4) The residual seismic capacity is used for the structural damage level evaluation, 
but restrictions shall be made by the serviceability limit story drift angle and the 
ultimate limit story drift angle. 

5) Using the method described above, the result of structural damage level evaluation 
for a specific ground motion corresponded to the damage of beams. 
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