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ABSTRACT 
 
The collapse assessment of reinforced concrete (RC) structures is critical for evaluating their 
seismic capacity. In the past, the incremental dynamic analysis (IDA) method was used to assess 
the collapse. However, despite its accuracy, engineers avoid the IDA method because it is time-
consuming.   
In this study, the authors used the method based on capacity spectrum method (CSM), which is 
more practical, to calculate the collapse limit and evaluate the seismic capacity of RC buildings. 
Finally, the authors compared the collapse limits evaluated by the CSM and IDA methods using 
observed and artificial ground motions. The results of both methods were in good agreement. In 
addition, it was found that the shape of the response spectrum affected the accuracy. 
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Introduction 
 
Strong earthquakes may cause reinforced concrete structures to totally collapse owing to shear 
failure because of rapid degradation of their horizontal and axial capacity. In the Japanese 
seismic code and design standards [1], deterioration of shear resistance has not been considered 
because of its complexity and unclearness of calculation. Therefore, the safety limit state of 
building structures, which is the maximum displacement point of structures, is generally taken as 
the first occurrence of shear failure of a structural member. The safety limit is often a 
conservative estimate compared to actual collapse limit.  
 
 Structural engineers need to know the collapse limit displacement to calculate the actual 
seismic capacity of buildings. Therefore, the collapse risk needs to be assessed and is actively 
pursued by many research groups. For example, Haselton et. al. [2] [3] assessed the collapse risk 
of structures designed according to the ASCE 7 (ASCE 2002, 2005) and ACI 318 standards 
using the incremental dynamic analysis (IDA) method. In the IDA method, the ground motions 
are increasingly scaled and used as input until the structure collapse. However, a structural 
engineer who uses the IDA method needs to be knowledgeable and experienced and know how 
to perform time-consuming calculations; therefore, the method is not practical. 
 
 In this study, the authors evaluated the collapse limit of structures using the method based 
on the capacity spectrum method (CSM), which is a more practical method than IDA method. 
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For that purpose, the authors confirm the accuracy of the collapse limit evaluation according to 
the CSM-based method by comparing it to the IDA-based method using SDOF system.   
 

Evaluation Methodology 
 
IDA-based method 
As shown in Fig.1, the IDA-based collapse limit evaluation consists of four steps. First, a set of 
ground motions with incrementally increasing amplitude scales (shown as “a”, “b” and “c”) is 
prepared. Second, a structural system that demonstrates capacity degradation after shear failure is 
determined (although simple SDOF model shown in Fig. 1 is used in this study, using a frame 
model, an FEM model and another kind of a more detailed structural system is preferred for 
more accurate result.). Third, the set of ground motions is inputted to the structural system as 
shown in Fig. 1 and the maximum response displacements (shown as “A” and “B”) are obtained, 
respectively. This process is called “incremental dynamic analysis”. When the amplitude scale of 
the ground motion is much higher than the capacity of the structural system, the system will 
collapse, as shown in step 3 in Fig. 1. Collapse is defined as the appearance of dynamic 
instability in computations (same as past research [2]). In addition, a collapse that occurs only in 
the horizontal direction, typically called the “side-sway collapse,” is considered in this study, but 
a collapse that occurs in the vertical direction, which occurs because of reduction in the axial 
capacity owing to shear failure of the column, is not considered.   
 

 
Figure 1. The IDA-based method procedure. 

 
 Finally, the relation of the amplitude scale and the maximum displacement is used to 
evaluate the collapse limit displacement, as shown in Fig. 1. The maximum response 
displacement for the maximum amplitude scale of the ground motion at which the structural 
system does not collapse is taken as the collapse limit displacement. This is shown as point B in 
Fig. 1. 
 
CSM-based method 
The key features of the CSM-based evaluation of the collapse limit against the side-sway 
collapse proposed by the authors [4] are summarized as follows:  
1) Calculate the seismic capacity index (SCI [5]) for the equivalent SDOF system, which is 

typically converted from the frame model using nonlinear static analysis. 
2) Consider the maximum SCI point of the equivalent SDOF system as the collapse limit. 
 SCI is defined as the ratio of spectral acceleration of the ultimate spectrum at each 



response point on the capacity curve (5% damping, Lu, as shown in Fig. 2) and the spectral 
acceleration of the standard spectrum (5% damping, Ls) at the period of each response point, as 
shown in Fig. 2. The ultimate spectrum at each response point on the capacity curve is defined as 
the 5% dumping response spectrum that its demand spectrum intersects the response point on the 
capacity curve (point A in Fig. 2). Therefore, the SCI increments will roughly correspond with 
amplitude scale of IDA (see Fig. 3). Similarly to the IDA-based method, the maximum SCI point 
is taken as the collapse limit displacement, which denotes the maximum response point at which 
the structure does not collapse for the maximum resistible scaled ground motion. 
 

 

 

 
Figure 2. General concept of SCI. 

 
Figure 3. Relation of SCI and the amplitude 

scale of IDA. 
 

 
Analytical Models and Ground Motions 
The SDOF system, which consists of a mass (1 ton) with two shear springs in parallel, is used in 
this study (Fig. 1). Each shear spring is applied backbone characteristics to show the shear 
critical member and flexural shear member, respectively. As shown in Fig. 5, the spring which 
behaves as shear critical member is called “spring S” and the other spring is called “spring F”.  

 

 
Figure 4. Backbone characteristics of each shear spring.  

 
 The parameters of the SDOF system are natural period (T=0.2-0.8sec), μfu (see Fig. 5, 
μfu=2, 3 and 4) and the maximum strength ratio of both shear springs (spring S: spring F=1:1, 
1:2). The maximum strength of each spring is shown as Vy and Vsu in Fig. 4 and is determined 
by the maximum strength ratio. The summation of Vy and Vsu are determined to be 0.6 of base 
shear coefficient. Table1 shows the parameters for each spring and overall systems for an 
example (S:F=1:1). 
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 The hysteresis behavior proposed by Takeda et.al [6] is used in each spring. For spring S, 
Takeda-pinching model is applied to consider effect of the deterioration of the bonding strength 
between the steel bars and concrete. For spring F, pinching is not considered in the hysteresis 
loop for demonstrating the large energy absorption. 

 
Table 1. Parameters for each spring and overall system. 

 
 
 A set of ground motions is consists of twelve observed ground motions (observed at 6 
stations, both NS (N) and EW (E) directions are included) and ten artificial ground motions; 
Elcentro wave (EL_N and EL_E) , Kobe wave (KB_N and KB_E), Hachinohe wave (HC_N and 
HC_E) , Ojiya wave (OJ_N and OJ_E), Taft wave (TF_N and TF_E), Tohoku wave (TH_N and 
TH_E) and ten artificial waves which are made to fit response spectrum indicated in Japanese 
building code (soil type2). The artificial ground motions are shown in Fig. 5. The five artificial 
ground motions with a duration of 30sec are called S series and the other five artificial ground 
motions with a duration of 120 sec are called LL series. Each ground motions is marked as 
“LL05” or “S03”, respectively. The calculated response spectrum using the artificial ground 
motions and target spectrum are shown in Fig. 6. 

 

 

 

Figure 5. Acceleration time series of artificial 
ground motions. 

Figure 6. Averaged spectral acceleration 
of each series of artificial 
ground motions. 
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Consideration of Asymmetrical Behavior 
To compare the CSM and IDA methods, it is important to discuss the effect of asymmetrical 
behavior that is observed during the dynamic analysis, where the maximum response 
displacement in the positive and negative direction is significantly different, as shown in Fig. 7. 
The equivalent period commonly used in the CSM is calculated by equivalent stiffness at the 
maximum response point - if the equivalent mass is constant - even though substantial equivalent 
period is significantly shorter. This is caused because the typical assumptions in the CSM are 
steady response and symmetrical behavior. In addition, the energy absorption owing to the 
hysteresis loop (damping) will decrease because of the asymmetrical behavior in Fig. 8. 
 
 To consider the effect of asymmetrical behavior, the symmetrical ratio β and adjusting 
factor of equivalent period αT [7] are defined in Eqs. 1 and 2, respectively. The corresponding 
variabilities are shown in Figs. 7 and 8. 
 

 

 

 
Figure 7. Asymmetrical 

behavior of dynamic 
analysis. 

 

Figure 8. Hysteresis loop assumption using β. 
 

 
            (1) 

 
            (2) 

 
 The values at collapse limit are calculated from results of the IDA-based method using 
the artificial waves. Fig. 9 shows the calculated values of αT and β by Eqs. 1 and 2, at the 
collapse limit. The black line in Fig. 10 is mathematical values when bi-linear characteristic 
assumed. The average values for αT and β are 0.80 and 0.60, respectively, and they are taken into 
the CSM calculations. 
 
 The damping ratio heq of structural system is calculated as weighted average of the 
damping factor of each spring by using their potential energy. Viscous and hysteresis damping of 
each spring are included in heq. The initial viscous damping is assumed as 5% and the hysteresis 
damping is calculated as the ratio of absorbed and potential energies. 
 
 β is considered in the hysteresis damping calculations, as shown in Fig. 8. In addition, 
reduction factor for calculating the demand spectrum shown in Fig. 2, Fh is calculated by Eq. 3 
and is multiplied to standard spectrum (5% damping) for calculation of demand spectrum.  

dlarge

dsmall=β×dlarge

Teq’, Substantial 
equivalent period

Teq, Equivalent period 
used in CSM

d

Substantial absorbed energy Absorbed energy (symmetrical assumed)

disp.=dlarge

disp.=βdlarge

disp.=dlarge

disp.=βdlarge

elsmall dd arg/=β

eqeqT TT /'=α



 
            (3) 

 
Analytical Results 

 
Results for the Artificial Ground Motions 
The collapse limit calculated by both methods for artificial ground motions is compared. Fig. 10 
shows the results of the collapse limit evaluation by both methods and the collapse limit point on 
the capacity curve of the structures. Fig. 11 shows the amplitude scale of the input ground 
motion. From Fig. 11, it is found that even though the amplitude scale calculated by the CSM-
based method is underestimated relative to the results of IDA-based method, the collapse limit 
point evaluated by using both methods is in good agreement. 
 
 The collapse limit displacement and amplitude scale (SCI) calculated by the CSM-based 
method were divided by the collapse limit displacement and amplitude scale calculated by the 
IDA-based method and plotted in the vertical axis of Figs. 12 (a) and (b), respectively. In 
addition, they are averaged and arranged for each ground motion and natural period of each 
structural system. The collapse limit displacement in Fig. 12 (a) shows the validity of the CSM-
based evaluation with an average error of ±20% and an average relative accuracy (vertical axis) 
of nearly 1.0 although the amplitude scale is underestimated. 
 

 
Figure 10. Examples of collapse limit evaluation. 
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Figure 9. αT versus β at collapse limit calculated by the IDA-based method. 
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Figure 11. Amplitude scale of the input ground motion. 

   
(a)                                                       (b) 

Figure 12. Accuracy of the collapse limit evaluation for artificial ground motions. 
 
 The effect of duration time can be found from the results. The collapse limit displacement 
for the S series of ground motions are of higher accuracy than the LL series ground motions with 
values near 1.0 in Fig. 12 (a). In addition, structural system with short natural period (such as 
T=0.2sec, 0.3 sec, etc. denoted by the open symbols in Fig. 12 (a)) shows large variability, 
which is related to the capacity degradation curve of such structural systems and it will be 
discussed in detail in the near future. 
 
Results for Observed Ground Motion 
In this chapter, analytical results for observed ground motions are shown. Response spectrum 
calculated by the observed ground motion has strong unevenness shape, which would possibly 
affect SCI and collapse limit, as shown in Fig. 13. 
 
 The correspondence among the evaluation results by both methods is relatively good (Fig. 
14 (a)); however, a relatively large error in the collapse limit evaluation is shown in Fig. 14 (b). 
As shown in Fig. 14(a), the SCI is affected by unevenness of the response spectrum. The 
unevenness clarifies the SCI peak; therefore, it is possible to obtain accurate and reliable results 
by the CSM-based method. In contrast, although the unevenness clarifies the SCI peaks, large 
errors could be found in the examples shown in Fig. 14 (b). The cause of such results could be 
explained by differences in each SCI peak. The difference of each SCI peak is relatively small in 
example shown in Fig. 14 (b), therefore, clearly, such differences affect the accuracy. 
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 Fig. 15 shows the accuracy of the collapse limit displacement (Fig. 15 (a)) and amplitude 
scale at the collapse limit (Fig. 15 (b)). Although the accuracy of the collapse limit displacement 
by the CSM-based method is highly variable compared to the results for the artificial ground 
motions, the variability is due to the short natural period of the structural systems (Fig. 15(a)). 
Actually, the standard deviation decreases from 0.30 to 0.19 if the results for the 0.2 s period are 

 
Figure 13. Unevenness of the spectrum shape and its relation to SCI. 

 

   

 
      (a)     (b) 
Figure 14. Examples of the collapse limit evaluation for the observed ground motions. 
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omitted. 
 
 The results suggest that the CSM-based method is well suited for evaluating the collapse 
limit displacement if observed ground motions are used, except for structural systems having 
short natural periods.  
 
 On the contrary, the evaluation of the amplitude scale at the collapse limit, as shown in 
Fig. 15 (b), shows large variability even for structural systems with long natural periods. This 
suggests that although unevenness of response spectrum may help to evaluate the collapse limit 
displacement, the spectrum unevenness causes the amplitude scale between the IDA and CSM to 
differ. 
 

 

 

 
   (a)      (b) 

Figure 15. Accuracy of collapse limit evaluation. 
 

 
Conclusions 

 
Based on the above discussion, the authors conclude the following. 
 
1) The CSM-based method for evaluating the collapse limit is valid and practical. 
2) The collapse limit displacement evaluated by the CSM-based method is in good agreement 
with the IDA-based method except for structural systems with short natural periods. For artificial 
ground motions, the errors are approximately within ±20%. 
3) Ground motions with duration of 30 s and 120 s were used in assessing the collapse. The 
differences in the duration time affected the collapse limit displacement by 10%. 
4) The unevenness in the shape of the response spectrum significantly affected the accuracy of 
the CSM-based method. Ground motions with large unevenness showed higher accuracy.  
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