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Fig. 1. Plan and design details  
  

 

 ]>:21�� ��� M�I 9�G0��.  

  
  

Longitudinal Bars 
)2(cm  

Column 
 (cm × cm)  

36.19 
60.82 
76.53 
88.72 
96.51 
132.83 
145.27 
167.51 
226.82  

35 × 35 
45 × 45 
50 × 50 
55 × 55 
60 × 60 
65 × 65 
70 × 70 
75 × 75 
80 × 80  

  
Fig. 2. Specifications of model frames  

  

  

 

Notes 
Moment resisting connections were used 
Material Properties: 

Characteristics strength of concrete: 25 MPa 

Yield stress of reinforcements: 400 MPa 
Ductitlity Class: Moderates 
Loading: 
Dead load for all storeys: 500 kg/m2 

Dead load for perimeter walls: 700 kg/m 

Live load for storeys: 200 kg/m2 

Live load for roog: 150 kg/m2 

Soil type: Type 2 

Seismic zone: High 
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 ���A1. 6�J�V� 4� ��40 K5�� ���0�
� �%J�%%�� 

NGA 

No. 
Earthquake Name Year Station Magnitude 

Closest 

Distance 

(km) 

Pulse 

index  

159 Imperial  Valley-06 1979 Agrarias 6.5 0.7 7.487 
161 Imperial  Valley-06 1979 Brawley Airport 6.5 10.4 1.458 
170 Imperial  Valley-06 1979 EC County Center FF 6.5 7.3 12.743 

171 Imperial Valley-06 1979 
El Centro-MelolandGeot. 

Array 
6.5 0.1 17.187 

173 Imperial  Valley-06 1979 El Centro Array #10 6.5 8.6 6.975 
178 Imperial  Valley-06 1979 El Centro Array #3 6.5 12.9 8.699 
179 Imperial  Valley-06 1979 El Centro Array #4 6.5 7 20.061 
180 Imperial  Valley-06 1979 El Centro Array #5 6.5 4 25.502 
181 Imperial  Valley-06 1979 El Centro Array #6 6.5 1.4 39.183 
182 Imperial  Valley-06 1979 El Centro Array #7 6.5 0.6 28.660 
184 Imperial  Valley-06 1979 El Centro Differential Array 6.5 5.1 7.445 
185 Imperial  Valley-06 1979 Holtville Post Office 6.5 7.5 15.247 
147 Coyote Lake 1979 Gilroy Array #2 5.7 9 1.878 
149 Coyote Lake 1979 Gilroy Array #4 5.7 5.7 1.137 
316 Westmorland 1981 Parachute Test Site 5.9 16.7 5.917 
723 Superstition Hills-02 1987 Parachute Test Site 6.5 0.9 31.443 
803 Loma Prieta 1989 Saratoga - W Valley Coll. 6.9 9.3 6.987 
900 Landers 1992 Yermo Fire Station 7.3 23.6 8.048 
982 Northridge-01 1994 Jensen Filter Plant 6.7 5.4 16.401 
1044 Northridge-01 1994 Newhall - Fire Sta 6.7 5.9 9.799 

1045 Northridge-01 1994 
Newhall - W Pico Canyon 

Rd. 
6.7 5.5 25.142 

1063 Northridge-01 1994 Rinaldi Receiving Sta 6.7 6.5 27.257 
1084 Northridge-01 1994 Sylmar - Converter Sta 6.7 5.3 8.941 
1085 Northridge-01 1994 Sylmar - Converter Sta 6.7 5.2 14.754 
1106 Kobe, Japan 1995 KJMA 6.9 1 4.117 
1114 Kobe, Japan 1995 Port Island (0 m) 6.9 3.3 11.472 
1119 Kobe, Japan 1995 Takarazuka 6.9 0.3 6.619 
1120 Kobe, Japan 1995 Takatori 6.9 1.5 8.731 
1244 Chi-Chi, Taiwan 1999 CHY101 7.6 9.9 23.398 
1481 Chi-Chi, Taiwan 1999 TCU038 7.6 25.4 7.497 
1483 Chi-Chi, Taiwan 1999 TCU040 7.6 22.1 7.495 
1491 Chi-Chi, Taiwan 1999 TCU051 7.6 7.6 5.878 
1498 Chi-Chi, Taiwan 1999 TCU059 7.6 17.1 5.814 
1503 Chi-Chi, Taiwan 1999 TCU065 7.6 0.6 8.485 
4102 Parkfield-02, CA 2004 Parkfield - Cholame 3W 6 3.6 5.177 
4107 Parkfield-02, CA 2004 Parkfield - Fault Zone 1 6 2.5 19.064 
4113 Parkfield-02, CA 2004 Parkfield - Fault Zone 9 6 2.9 1.169 
4115 Parkfield-02, CA 2004 Parkfield - Fault Zone 12 6 2.6 8.708 
6942 Darfield,New Zealand 2010 NNBS 7 26.8 3.727 
6966 Darfield,New Zealand 2010 SHLC 7 22.3 4.377 

Table 1. A set of 40 selected pulse-liked records 
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Table 2. Details of scalar IMsconsideredin this study 
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�SLM �J; H���'� ���� 
������  &���

K5�� 9���8 "^'%�� �4/. ��
 ?���#��� . 

 

No IMs Description the IM Definition Notes 

1 PGA peak ground acceleration lL�|�R �m�| �R(t) = acceleration time history 
2 PGV peak ground velocity lL�|�n �m�| �n(t) = velocity time history 
3 PGD peak ground displacement lL�|��m�| �(t) =  Displacement  time history 

4 Vpqr Apqr⁄  
maximum velocity to maximum  

acceleration ratio 
- - 

5 )1(TaS spectral acceleration value at first mode - - 

6 *
aS 

a geometric mean of the spectral 
acceleration values at M�and M( 

[KL�M��. KL�M(�]=.` - 

7 
, 1(0.2 Ta, gmS

)11.6 T 
’s at multiple  aS a geometric mean of 

11.6 Tto 1  0.2 Tperiods ranging from  
[u KL�M����@

�^�
]� @⁄  

M���=0.2T1 M�@� = 1.6M1 
n=5 
 

 
8 

 
ARMS 

 
root mean square of acceleration w 1mx y �R (�mz{

=  mx=  total duration of record 

 
9 

 
VRMS 

 
root mean square of velocity w 1mx y �n (�mz{

=  - 

10 DRMS root mean square of displacement w 1mx y �(�mz{
=  - 

 
11 

 
)aARIAS(I 

 
Arias intensity 

|2� y �R (�mz{
=  - 

 
12 

 
ASI 

 
acceleration spectrum intensity 

y KL�M, }��M=.`
=.�  - 

 
13 

 
VSI 

 
velocity spectrum intensity 

y K~�M, }��M(.`
=.�  Sv = the spectrum velocity curve 

 
14 

 
CAV 

 
cumulative absolute velocity 

y |�R |�mz{
=  - 

15 SED specific energy density 
����4 y �n (�m 

��= the wave velocity, ��= the mass 
density of the recording site 

16 I� characteristic intensity Q��K�.`m�=.`  

17 SI� Housner intensity y 	K��M, }��M(.`
=.�  	K� = pseudo spectrum velocity 

18 SMA sustained maximum acceleration - 
SMA= the third highest absolute 

peak in the acceleration time history 

19 SMV sustained maximum velocity - 
SMV= the third highest absolute 
peak in the velocity time history 

20 A�` acceleration parameter - 
= the level of acceleration which  95A

contains up to 95% of the Arias 
intensity 

21 T� mean period 
∑��!F

�! �
∑ �� (  

= Fourier amplitude for each  iC
–within the range 0.25  iffrequency 

20 Hz 

22 T� predominant period - 
The period(s) at which maximum 
spectral amplitudes are shown on 

response spectra 
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del using pulse-liked records. 
Fig. 3. Residual damage values (DIPA) against predicted 
damage values in single linear mo 
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Table 3.The relationship between Park–Ang damage ranges, 
damage states and performance levels 
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Fig4. Base model for validation  
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Fig. 5. Comparison of force-displacement curve for reference 
model and simulated model 
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 ���A4.  �P; D' 1�� � ���0�
� �P; 6� 1�� 6�$�3��J�4O D�� ���%��O ���  

Model 

No. 

Descriptio

n of model 

Damag

e level 
KK����� KK�����  

�K����� �K�����  
�(���� �(����  

>���� >����  
�   ¡����� �   ¡����¢  

SLM 
Single 
linear 

- - - - - - 

TLM

2 

 
Trilinear 

 

��:;� 0.1 
8% 24.8% 87% 47.5% 1010% 

0.1� ��:;� 0.5 
8.2% 17% 75% 40.7% 650% 

��:;≥ 0.5 
1.1% 5.6% 108% 27.1% 77% 

Table 4. Comparison of selected three-liner model and single-liner model using statistical indicators 
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Fig. 6. Residual damage values (DIPA) against predicted 
damage values inTLM model and Intensity measure Sa(T1) 
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Fig. 7. Residual diagrams of SLM and TLM models 
forintensitymeasure of VSI  
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Fig. 8.The relative entropy values of different intensity 
measures relative toSa(T1 
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Fig. 9.The most appropriate demand model for moderate 
damage level andpulse-like records for scalar Intensity 
measure 
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Abstract  
The estimation of seismic demand that connects the ground motion intensity measure and the damage measure of 

structures is one of the most important components in the performance-based design. In the seismic demand model, the 

relationship between the structural response and a seismic parameter that expresses the random nature of earthquake is 

expressed in the mathematical form. Therefore, proper choice of earthquake intensity measure as a seismic parameter and 

identifying how it is related to structural damage can play an important role in reducing errors in seismic assessments. 

The random nature of earthquake ground motion with great uncertainties in structural properties has posed challenges 

before this estimation. In many studies, the first mode spectral acceleration (Sa (t1)) or maximum ground acceleration 

(PGA) has been introduced as an appropriate intensity measure. However, some recent studies indicate that these IMs are 

insufficient in some circumstances. On the other hand, choosing a suitable method for measuring the sufficiency of 

intensity measure is of particular importance due to the existing uncertainties. In this study, the suitability of different 

intensity measures of ground motion is quantified by using information theory and relative entropy concepts in the 

representation of ground motion uncertainty. Due to the high application of the first mode spectral acceleration, this 

intensity measure has been introduced as the base index and the sufficiency of other intensity measures compared to this 

index. A set of intensity measures based on velocity, acceleration, displacement and combination have been selected 

based on previous studies for this purpose. 

The relative entropy of an intensity measure relative to the base intensity measure indicates the amount of additional 

information can be obtained from ground motion uncertainty. Therefore, intensity measures with positive relative entropy 

have better performance than the first mode spectral acceleration intensity measure. The Park-Ang damage index, which 

has many applications, especially in concrete structures, has been used for structural response. Given that there is a 

possibility of different behavior of intensity measures at different damage levels, the discussion of multilinear demand 

models is proposed and the performance of several multilinear models has been evaluated by statistical tests. Due to the 

wide application of moderate performance level in seismic design and evaluation, the operation of different intensity 

measures has been considered for these levels and the demand model has been developed for pulse liked ground motions 

that have more destructive effects. The results show that velocity-based intensity measures are sufficient for moderate 

damage level under pulse liked records. At these damage levels, the use of first mode spectral acceleration or acceleration-

based intensity measures such as maximum ground acceleration can cause errors. Also, studies conducted in this paper 

have shown that the use of single linear model is not suitable for all damage levels and the use of a three linear model 

with respect to damage levels can reduce errors in seismic assessments. The use of multilinear models, although reducing 

uncertainties, has complexities in computation and their use requires special considerations. If these models are used, the 

amount and time of calculations can be reduced in some ways. 

 
Keywords: Seismic demand model, earthquake intensity measure, relative entropy, damage levels 
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