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Abstract: Damage assessments of concrete structures are essential to determine their seismic 

performances under earthquake events. In this paper, six three bays two dimensional concrete 

frames, five to ten story high, were analyzed under 30 near-field earthquake records by 

nonlinear dynamic analyses. The seismic performances were evaluated using two important 

overall damage indices which are: the modified Park-Ang index and the maximum softening 

damage index. The correlations between several seismic parameters and the two damage indices 

of the six concrete frames were determined using Spearman correlation coefficient. In the end, 

the values of correlations between seismic parameters and these two damage indices were 

compared and discussed. Subsequently, seismic parameters that have the strongest and the 

fairest correlation were presented. The numerical results of correlations have shown that 

Velocity Spectrum Intensity (VSI) has a strong interdependency with two overall structural 

damage indices (the modified Park-Ang model and the maximum softening damage) for all of the 

reinforced concrete frames. 
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Introduction   
 

The quantities of damages induced by the earth-

quake are important criteria to determine seismic 

performance of structures.  For this purpose, damage 

indices can be used as a useful indicator to deter-

mine quantities of damages. Damage index may be 

calculated for single member of structure (local 

damage index) or the structure as a whole (global 

damage index). Two important global structural 

damage indices are the maximum softening damage 

index [1] and the overall modified Park-Ang damage 

index [2]. In this paper, the quantities of damages 

are calculated by these two damage indices.   

 

There are important parameters to characterize the 

ground motion damaging potential. These seismic 

parameters may be of a simple instrumental peak 

value or a complicated mathematical derivation. In 

this paper, important seismic parameters including 

Peak Ground Acceleration (PGA), Peak Ground 

Velocity (PGV), Peak Ground Displacement (PGD), 

  
 
1 Department of Civil Engineering, Shahid Abbaspour Campus of 

Shahid Beheshti University, Tehran, IRAN 
* Correspponding author, e-mail: abed.soleymani@yahoo.com; 

mohsafi@yahoo.com; Tel: +9809121023440 

 

Note: Discussion is expected before November, 1st 2014, and will be 

published in the “Civil Engineering Dimension” volume 17, number 

1, March  2015. 
 

Received 28 August 2013; revised 20 March 2014; accepted 15 May 

2014. 

Velocity Spectrum Intensity (VSI), Housner Inten-

sity (IH), Sustained Maximum Acceleration (SMA), 

Sustained Maximum Velocity (SMV), Effective 

Design Acceleration (EDA), Root-Mean-Square of 

Acceleration (ARMS), Root-mean-square of Velocity 

(VRMS), Root-mean-square of Displacement (DRMS), 

Arias Intensity (IA), Characteristic Intensity (IC), 

Specific Energy Density (SED), and Cumulative 

Absolute Velocity (CAV) have been used. Charac-

terizations of seismic parameters that are mentioned 

above are presented in literatures [3-8]. 

 

Interdependencies between seismic parameters and 

damage indices can be used as a good indicator to 

predict the damaging potential of earthquake 

records. Elenas [9] has shown that the Pearson and 

the Spearman correlation coefficient have the same 

interdependency grade between some seismic para-

meters and two overall structural damage indices 

(the modified Park-Ang model [2] and the maximum 

softening DiPasquale and Cakmak model [1]). 

 

Selected seismic parameters included peak para-

meters (e.g. PGV, PGD), spectral parameters (e.g. 

response, energy, Fourier-spectra) and energy 

parameters (e.g. ARIAS intensity, HUSID diagrams, 

Strong Motion Duration (SMD) after Trifunac and 

Brady [10], power P0.90). Among the seismic para-

meters, the spectral pseudo-acceleration and the 

spectral absolute seismic input energy have the 

strongest interdependencies with these two models. 

On the other hand, the PGA, the central period and 

the strong motion duration defined after Trifunac 
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and Brady [10] exhibit poor interdependencies with 

these two  models, only one eight story concrete 

frame was utilized instead of a range of different 

concrete frames [9]. 

 

Elenas and Meskouris [11] have shown that the 

peak ground motion parameters provide poor or fair 

correlation with the modified global Park-Ang model, 

the maximum floor acceleration, and the maximum 

inter-story drift. On the other hand, the spectral and 

energy parameters provide good interdependencies 

with these three damage indices. It was reported 

that period and the strong motion duration after 

Trifunac and Brady show poor interdependencies 

with these damage indices [11]. Also, only one eight 

story concrete frame similar to research done by 

Elenas [9] was utilized. 

 

Nanos et al. [12] have evaluated interdependencies 

between several strong motion duration definitions 

and the overall building damage indices including 

Park-Ang model and DiPasquale and Cakmak 

model. 

 

It has been shown that strong motion duration 

definitions that are not directly enclosing an 

accelerogram intensity measure, are inappropriate 

seismic damage potential descriptors [12]. Elenas 

[13] has investigated the interdependencies between 

the seismic intensity parameters and the structural 

damage indices. The modified Park-Ang damage 

index and drift model as damage index were used. It 

was concluded that the spectral and energy 

parameters provide strong correlation to the damage 

indices [13]. 

 

Safi and Soleymani [14] have estimated inter-

dependencies between three global damage indices 

(the Bracci index, the modified flexural damage 

index and the drift index) and seismic parameters, 

time-variations of the members' degradations were 

also presented. It has been shown that the Housner 

intensity has the best correlations with these three 

damage indices [14]. 

 

In most papers, evaluations of correlations between 

damage indices and seismic parameters are focused 

on one reinforced concrete frames and a limited 

number of seismic records. One part of this paper 

consists of calculating two overall damage indices 

(the modified Park-Ang index and the maximum 

softening damage index) for 30 near-field earthquake 

records which are listed in Table 1. Other part of this 

paper includes determination of interdependencies 

between all of the calculated damage indices and 

important seismic parameters stated above. To 

increase the accuracy of the results, assessments 

were done for six different reinforced concrete frames 

(Figure 1). 
 

Damage Indices 
 

Damage indices are widely used to estimate the 

quantities of damages during and after the earth-

quake. In fact, the expression of damage in quantita-

tive form is essential to estimate the maximum 

damage which is sustained by structure during an 

earthquake. Estekanchi and Arjomandi [15] investi-

gated correlation between numerical values of 

damage indices which are based on deformation, 

energy, modal parameters, and low cycle fatigue 

behavior. 
 

The maximum softening damage index is presented 

by DiPasquale and Cakmak [1]. This model calcu-

lates softening index relating the initial fundamental 

period of the structure to the final one.  In fact, the 

concept of the maximum softening damage index is 

based on the variation of the vibrational periods 

during earthquake event. It is presented by the 

following expression: 

      
  

    
     (1) 

Where, DIm is the maximum softening damage 

index, T0 is the initial natural period of the structure 

and Tmax is the maximum natural period of an 

equivalent linear system. 
 

One of the important damage indices that have an 

extensive use is the Park-Ang model [16]. Because 

the Park-Ang damage index includes the effect of 

hysteretic energy dissipation and the effect of 

damage caused by excessive deformation, it is 

conceptually important and attractive. When 

inelastic behavior is restricted to plastic zone near 

the end of members, the relationship between local 

plastic rotation and member deformation can be 

presented by the modified Park-Ang model [2]. It is 

defined by the following formula: 

    
     

     
 

 

    
   (2) 

Where, θm is maximum rotation related to loading 

history; θu is ultimate rotation capacity of the 

member; θr is recoverable rotation when member is 

unloading; My is yield moment; Eh is dissipated 

energy at the section and β is a non-negative 

strength deteriorating parameter. 
 

Global damage indices can be calculated by the 

weighting factors that are defined as the dissipated 

energy by members. The weighting factor is 

estimated by the following formula: 

   
  

∑   
 
 

 (3) 

              



Soleymani, A. et al. / Correlations between Damage Indices and Seismic Parameters / CED, Vol. 16, No. 2, September 2014, pp. 75–84 

 77 

Where, N is the number of element and Ei is the 
dissipated energy by a member.  
 
In statistics, interdependency between two random 
variables is estimated by correlation coefficient. The 
Spearman's correlation coefficient measures the 
strength of association between two ranked 
variables. The following formula presents the 
relation of the Spearman correlation coefficient [16]. 

            
 ∑  

       
   (4) 

Where, Di is the difference in the ranks given to the 
two variable values for each item of data. Also N is 
the number of pairs of values (X, Y) in the data. It is 
necessary to notice that values of the Spearman 
correlation coefficient between 0 and 0.3 (0 and -0.3) 
show a weak positive (negative) correlation, values 
between 0.3 and 0.7 (-0.3 and -0.7) show a moderate 
positive (negative) correlation, and values between 
0.7 and 1.0 (-0.7 and -1.0) show a strong positive 
(negative) correlation. 
 
Analytical Procedure 
 

In this study, six different concrete frames com-

prising five, six, seven, eight, nine, and ten story 

have been utilized for nonlinear dynamic analysis. 

All of the story have height of 320 cm and the length 

of each beam is 600 cm. The distances between each 

frame of structure have been chosen 600 cm. All of 

them are shown in Figure 1. Details of the sections 

are presented in Tables 2 to 13. Compressive 

strength of concrete is equal to 24 MPa and strain at 

maximum strength of concrete is equal to 0.2%. 

These frames were designed in accordance to ACI 

(318-02) code [18]. Also, seismic design of frames was 

done in accordance to UBC 97 code [19]. Seismic soil 

type equal C had been considered. The values of 

dead and live loads were 6.5 kN/m2 and 1.5 

kN/m2 respectively. After the reinforced concrete 

frames were designed, nonlinear dynamic analyses 

were performed to assess the seismic vulnerability. 

The computer program IDARC 7.0 [20] was utilized 

for nonlinear dynamic analyses. Hysteresis models 

which consider the effect of stiffness degradation and 

strength deterioration for beams and columns were 

applied. For beams and columns, grades related to 

stiffness degrading parameters are equal to  

moderate degrading and mild degrading respec-

tively. In addition, for beams and columns, grades 

related to strength degrading parameters (energy 

controled) are equal to  moderate deterorating and 

mild deteriorating respectively. 

Table1. Earthquake Events 

Event Country Date Station Component 

Cape Mendocino USA 1992/04/25 89156 Petrolia PET090 

Coalinga USA 1983/05/02 Pleasant Valley H-PVY045 

Coyote Lake USA 1979/08/06 57383 Gilroy Array G06230 

Duzce Turkey 1999/11/12 Bolu BOL090 

Erzincan Turkey 1992/03/13 95 Erzincan ERZ-NS 

Friuli Italy 1976/05/06 8012 Tolmezzo A-TMZ000 

Gazli Uzbekistan 1976/05/17 9201 Karakyr GAZ000 

Irpinia Italy 1980/11/23 Sturno STU270 

Kobe Japan 1995/01/16 0 KJMA KJM000 

Landers USA 1992/06/28 24 Lucerne LCN000 

Loma Prieta USA 1989/10/18 16 LGPC LGP090 

Imperial Valley USA 1979/10/15 5054 Bonds  H-BCR230 

Morgan Hill USA 1984/04/24 57191 Halls Valley HVR240 

N. Palm Springs USA 1986/07/08 5070 North NPS300 

Nahanni Canada 1985/12/23 6097 Site 1 S1280 

Northridge USA 1994/01/17 77 Rinaldi RRS228 

Parkfield USA 1966/06/28 1013 Cholame C02065 

Taiwan  Taiwan 1986/11/14 63 SMART1 O02 45O02NS 

Victoria Mexico 1980/06/09 6604 Cerro Prieto CPE045 

Avaj Iran 2002/06/22 Avaj N-E 

Bam Iran 2003/12/26 Bam L -T 

Manjil Iran 1990/06/20 Abbar Transverse 

Varzaqan Iran 2012/08/11 Varzaqan N-E 

Chi-Chi Taiwan 1999/09/20 CHY006 CHY006-E 

Tabas Iran 1978/09/16 Tabas Transverse 

Firozabad Iran 2004/05/28 Hassankeyf N-E 

Karebas Iran 1999/05/06 Balaadeh N-E 

Sarein Iran 1997/02/28 Kariq L-T 

Chalfant Valley  USA 1986/07/20 54428 Zack  270 

Mammoth Lakes USA 1980/05/25 54099 Convict  CVK180 
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Figure 1. Reinforced Concrete Frames 

 

Table 2. Details of the Five-story Frame Beams 

No. Section 

Dimensions 

Maximum 

Rebar 

Percentage 

No. Section 

Dimensions 

Maximum Rebar 

Percentage 

No. Section 

Dimensions 

Maximum 

Rebar 

Percentage 

1 50×40 cm 1.09% 6 50×40 cm 1.24% 11 45×40 cm 0.96% 

2 50×40 cm 1.06% 7 45×40 cm 1.21% 12 45×40 cm 0.98% 

3 50×40 cm 1.09% 8 45×40 cm 1.18% 13 45×40 cm 0.75% 

4 50×40 cm 1.24% 9 45×40 cm 1.21% 14 45×40 cm 0.73% 

5 50×40 cm 1.21% 10 45×40 cm 0.98% 15 45×40 cm 0.75% 

 

Table 3. Details of the Five-story Frame Columns 

No. Section 

Dimensions 

Maximum 

Rebar 

Percentage 

No. Section 

Dimensions 

Maximum Rebar 

Percentage 

No. Section 

Dimensions 

Maximum 

Rebar 

Percentage 

1 50×50 cm 2.9% 8 50×50 cm 2.90% 15 45×45 cm 1.24% 

2 50×50 cm 2.9% 9 50×50 cm 1.24% 16 45×45 cm 1.24% 

3 50×50 cm 2.9% 10 50×50 cm 1.24% 17 45×45 cm 1.24% 

4 50×50 cm 2.9% 11 50×50 cm 1.24% 18 45×45 cm 1.24% 

5 50×50 cm 2.9% 12 50×50 cm 1.24% 19 45×45 cm 1.24% 

6 50×50 cm 2.9% 13 45×45 cm 1.24% 20 45×45 cm 1.24% 

7 50×50 cm 2.9% 14 45×45 cm 1.24% 15 45×45 cm 1.24% 
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Table 4. Details of the Six-story Frame Beams 

No. Section 
Dimensions 

Maximum 
Rebar 

Percentage 

No. Section 
Dimensions 

Maximum Rebar 
Percentage 

No. Section 
Dimensions 

Maximum 
Rebar 

Percentage 

1 55×40 cm 2.99% 7 50×40 cm 1.45% 13 50×40 cm 1.45% 
2 55×40 cm 2.99% 8 50×40 cm 1.45% 14 50×40 cm 1.45% 
3 55×40 cm 2.99% 9 50×40 cm 1.45% 15 50×40 cm 1.45% 
4 55×40 cm 2.99% 10 50×40 cm 1.45% 16 50×40 cm 1.45% 
5 55×40 cm 2.99% 11 50×40 cm 1.45% 17 50×40 cm 1.45% 
6 55×40 cm 2.99% 12 50×40 cm 1.45% 18 50×40 cm 1.45% 

 
Table 5. Details of the Six-story Frame Columns 

No. Section 
Dimensions 

Maximum 
Rebar 

Percentage 

No. Section 
Dimensions 

Maximum Rebar 
Percentage 

No. Section 
Dimensions 

Maximum 
Rebar 

Percentage 

1 55×55 cm 2.9% 9 50×50 cm 1.45% 17 50×50 cm 1.45% 

2 55×55 cm 2.9% 10 50×50 cm 1.45% 18 50×50 cm 1.45% 
3 55×55 cm 2.9% 11 50×50 cm 1.45% 19 50×50 cm 1.45% 

4 55×55 cm 2.9% 12 50×50 cm 1.45% 20 50×50 cm 1.45% 
5 55×55 cm 2.9% 13 50×50 cm 1.45% 21 50×50 cm 1.45% 

6 55×55 cm 2.9% 14 50×50 cm 1.45% 22 50×50 cm 1.45% 
7 55×55 cm 2.9% 15 50×50 cm 1.45% 23 50×50 cm 1.45% 

8 55×55 cm 2.9% 16 50×50 cm 1.45% 24 50×50 cm 1.45% 

 
Table 6. Details of the Seven-story Frame Beams 

No. Section 
Dimensions 

Maximum 
Rebar 

Percentage 

No. Section 
Dimensions 

Maximum Rebar 
Percentage 

No. Section 
Dimensions 

Maximum 
Rebar 

Percentage 

1 60×40 cm 1.00% 8 60×40 cm 1.26% 15 55×40 cm 1.02% 
2 60×40 cm 1.00% 9 60×40 cm 1.30% 16 55×40 cm 0.83% 
3 60×40 cm 1.00% 10 55×40 cm 1.20% 17 55×40 cm 0.80% 
4 60×40 cm 1.26% 11 55×40 cm 1.16% 18 55×40 cm 0.83% 
5 60×40 cm 1.24% 12 55×40 cm 1.20% 19 55×40 cm 0.63% 
6 60×40 cm 1.26% 13 55×40 cm 1.02% 20 55×40 cm 0.63% 
7 60×40 cm 1.30% 14 55×40 cm 0.99% 21 55×40 cm 0.63% 

 
Table 7. Details of the Seven-story Frame Columns 

No. Section 
Dimensions 

Maximum 
Rebar 

Percentage 

No. Section 
Dimensions 

Maximum Rebar 
Percentage 

No. Section 
Dimensions 

Maximum 
Rebar 

Percentage 

1 60×60 cm 2.09% 11 60×60 cm 2.09% 21 55×55 cm 1.25% 
2 60×60 cm 2.09% 12 60×60 cm 2.09% 22 55×55 cm 1.25% 
3 60×60 cm 2.09% 13 55×55 cm 1.25% 23 55×55 cm 1.25% 
4 60×60 cm 2.09% 14 55×55 cm 1.25% 24 55×55 cm 1.25% 
5 60×60 cm 2.09% 15 55×55 cm 1.25% 25 55×55 cm 1.25% 
6 60×60 cm 2.09% 16 55×55 cm 1.25% 26 55×55 cm 1.25% 
7 60×60 cm 2.09% 17 55×55 cm 1.25% 27 55×55 cm 1.25% 
8 60×60 cm 2.09% 18 55×55 cm 1.25% 28 55×55 cm 1.25% 
9 60×60 cm 2.09% 19 55×55 cm 1.25% - - - 
10 60×60 cm 2.09% 20 55×55 cm 1.25% - - - 

 
Table 8. Details of the Eight-story Frame Beams 

No. Section 
Dimensions 

Maximum 
Rebar 

Percentage 

No. Section 
Dimensions 

Maximum Rebar 
Percentage 

No. Section 
Dimensions 

Maximum 
Rebar 

Percentage 

1 60×40 cm 1.03% 9 60×40 cm 1.44% 17 50×40 cm 1.12% 

2 60×40 cm 1.02% 10 55×40 cm 1.41% 18 50×40 cm 1.15% 
3 60×40 cm 1.03% 11 55×40 cm 1.37% 19 50×40 cm 0.94% 
4 60×40 cm 1.36% 12 55×40 cm 1.41% 20 50×40 cm 0.90% 
5 60×40 cm 1.33% 13 55×40 cm 1.28% 21 50×40 cm 0.94% 
6 60×40 cm 1.36% 14 55×40 cm 1.24% 22 50×40 cm 0.73% 
7 60×40 cm 1.44% 15 55×40 cm 1.28% 23 50×40 cm 0.75% 
8 60×40 cm 1.41% 16 50×40 cm 1.15% 24 50×40 cm 0.73% 
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Table 9. Details of the Eight-story Frame Columns 

No. Section 

Dimensions 

Maximum 

Rebar 

Percentage 

No. Section 

Dimensions 

Maximum Rebar 

Percentage 

No. Section 

Dimensions 

Maximum 

Rebar 

Percentage 

1 60×60 cm 2.31% 12 60×60 cm 2.31% 23 50×50 cm 1.45% 

2 60×60 cm 2.31% 13 55×55 cm 1.79% 24 50×50 cm 1.45% 

3 60×60 cm 2.31% 14 55×55 cm 1.79% 25 50×50 cm 1.45% 

4 60×60 cm 2.31% 15 55×55 cm 1.79% 26 50×50 cm 1.45% 

5 60×60 cm 2.31% 16 55×55 cm 1.79% 27 50×50 cm 1.45% 

6 60×60 cm 2.31% 17 55×55 cm 1.79% 28 50×50 cm 1.45% 

7 60×60 cm 2.31% 18 55×55 cm 1.79% 29 50×50 cm 1.45% 

8 60×60 cm 2.31% 19 55×55 cm 1.79% 30 50×50 cm 1.45% 

9 60×60 cm 2.31% 20 55×55 cm 1.79% 31 50×50 cm 1.45% 

10 60×60 cm 2.31% 21 50×50 cm 1.45% 32 50×50 cm 1.45% 

11 60×60 cm 2.31% 22 50×50 cm 1.45% - - - 

 

Table 10. Details of the Nine-story Frame Beams 

No. Section 

Dimensions 

Maximum 

Rebar 

Percentage 

No. Section 

Dimensions 

Maximum Rebar 

Percentage 

No. Section 

Dimensions 

Maximum 

Rebar 

Percentage 

1 60×40 cm 1.05% 10 55×40 cm 1.39% 19 50×40 cm 0.90% 

2 60×40 cm 1.03% 11 55×40 cm 1.34% 20 50×40 cm 0.86% 

3 60×40 cm 1.05% 12 55×40 cm 1.39% 21 50×40 cm 0.90% 

4 60×40 cm 1.37% 13 55×40 cm 1.26% 22 50×40 cm 0.68% 

5 60×40 cm 1.33% 14 55×40 cm 1.20% 23 50×40 cm 0.64% 

6 60×40 cm 1.37% 15 55×40 cm 1.26% 24 50×40 cm 0.68% 

7 60×40 cm 1.43% 16 55×40 cm 1.13% 25 50×40 cm 0.52% 

8 60×40 cm 1.39% 17 55×40 cm 1.08% 26 50×40 cm 0.55% 

9 60×40 cm 1.43% 18 55×40 cm 1.13% 27 50×40 cm 0.52% 

 

Table 11. Details of the Nine-story Frame Columns 

No. Section 

Dimensions 

Maximum 

Rebar 

Percentage 

No. Section 

Dimensions 

Maximum Rebar 

Percentage 

No. Section 

Dimensions 

Maximum 

Rebar 

Percentage 

1 60×60 cm 3.01% 13 55×55 cm 1.79% 25 50×50 cm 1.45% 

2 60×60 cm 3.01% 14 55×55 cm 1.79% 26 50×50 cm 1.45% 

3 60×60 cm 3.01% 15 55×55 cm 1.79% 27 50×50 cm 1.45% 

4 60×60 cm 3.01% 16 55×55 cm 1.79% 28 50×50 cm 1.45% 

5 60×60 cm 3.01% 17 55×55 cm 1.79% 29 50×50 cm 1.45% 

6 60×60 cm 3.01% 18 55×55 cm 1.79% 30 50×50 cm 1.45% 

7 60×60 cm 3.01% 19 55×55 cm 1.79% 31 50×50 cm 1.45% 

8 60×60 cm 3.01% 20 55×55 cm 1.79% 32 50×50 cm 1.45% 

9 60×60 cm 3.01% 21 50×50 cm 1.45% 33 50×50 cm 1.45% 

10 60×60 cm 3.01% 22 50×50 cm 1.45% 34 50×50 cm 1.45% 

11 60×60 cm 3.01% 23 50×50 cm 1.45% 35 50×50 cm 1.45% 

12 60×60 cm 3.01% 24 50×50 cm 1.45% 36 50×50 cm 1.45% 

 

Table 12. Details of the Ten-story Frame Beams 

No. Section 

Dimensions 

Maximum 

Rebar 

Percentage 

No. Section 

Dimensions 

Maximum Rebar 

Percentage 

No. Section 

Dimensions 

Maximum 

Rebar 

Percentage 

1 0.98% 65×40 cm 11 1.57% 60×40 cm 21 60×40 cm 1.29% 

2 0.96% 65×40 cm 12 1.61% 60×40 cm 22 55×40 cm 1.15% 

3 0.98% 65×40 cm 13 1.56% 60×40 cm 23 55×40 cm 1.10% 

4 1.33% 65×40 cm 14 1.52% 60×40 cm 24 55×40 cm 1.15% 

5 1.31% 65×40 cm 15 1.56% 60×40 cm 25 55×40 cm 0.95% 

6 1.33% 65×40 cm 16 1.44% 60×40 cm 26 55×40 cm 0.91% 

7 1.47% 65×40 cm 17 1.40% 60×40 cm 27 55×40 cm 0.95% 

8 1.43% 65×40 cm 18 1.44% 60×40 cm 28 55×40 cm 0.77% 

9 1.47% 65×40 cm 19 1.29% 60×40 cm 29 55×40 cm 0.77% 

10 1.61% 60×40 cm 20 1.24% 60×40 cm 30 55×40 cm 0.77% 
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Rayleigh proportional damping [21] was considered 

as structural damping. The characterizations of 

seismic excitations used as inputs for the dynamic 

time history analyses are presented in Table 14. 

 

It is necessary to mention that all of the selected 

seismic records are near-field earthquake records. 

Also, all of the seismic excitations have not been 

scaled. Seismic parameters related to each of the 

accelerogram are presented in Table 14. In next 

step, the two damage indices were calculated 

using output results obtained from the IDARC 7.0 

software. Calculated values of the modified Park-

Ang damage indices and the maximum softening 

damage indices are presented in Table 15 and Table 

16 respectively. Correlations between seismic 

parameters and damage indices were estimated by 

the Spearman correlation coefficient. For the 

modified Park-Ang model and the maximum 

softening model, values of the correlation co-

efficients are shown in Figures 2 to 17. 

 

Table 13. Details of the Ten-story Frame Columns 

No. Section 

Dimensions 

Maximum 

Rebar 

Percentage 

No. Section 

Dimensions 

Maximum Rebar 

Percentage 

No. Section 

Dimensions 

Maximum 

Rebar 

Percentage 

1 3.50% 65×65 cm 15 2.05% 60×60 cm 29 55×55 cm 1.63% 

2 3.50% 65×65 cm 16 2.05% 60×60 cm 30 55×55 cm 1.63% 

3 3.50% 65×65 cm 17 2.05% 60×60 cm 31 55×55 cm 1.63% 

4 3.50% 65×65 cm 18 2.05% 60×60 cm 32 55×55 cm 1.63% 

5 3.50% 65×65 cm 19 2.05% 60×60 cm 33 55×55 cm 1.63% 

6 3.50% 65×65 cm 20 2.05% 60×60 cm 34 55×55 cm 1.63% 

7 3.50% 65×65 cm 21 2.05% 60×60 cm 35 55×55 cm 1.63% 

8 3.50% 65×65 cm 22 2.05% 60×60 cm 36 55×55 cm 1.63% 

9 3.50% 65×65 cm 23 2.05% 60×60 cm 37 55×55 cm 1.63% 

10 3.50% 65×65 cm 24 2.05% 60×60 cm 38 55×55 cm 1.63% 

11 3.50% 65×65 cm 25 2.05% 60×60 cm 39 55×55 cm 1.63% 

12 3.50% 65×65 cm 26 2.05% 60×60 cm 40 55×55 cm 1.63% 

13 2.05% 60×60 cm 27 1.63% 60×60 cm - - - 

14 2.05% 60×60 cm 28 1.63% 60×60 cm - - - 

 
Table 14. Values of the Seismic Parameters 

Earthquake PGA 

(g) 

PGV 

(cm/sec) 

PGD 

(cm) 

Vmax/Amax 

(sec) 

ARMS 

(g) 

VRMS 

(cm/sec) 

DRMS 

(cm) 

IA 

(m/sec) 

IC SED 

(cm2/sec) 

CAV 

(cm/sec) 

VSI 

(cm) 

IH 

(m) 

SMA 

(g) 

SMV 

(cm/sec) 

EDA 

(g) 

Cape Mendocino 0.66 89.00 29.00 0.13 0.08 11.79 0.06 3.82 0.14 5049.2 1456.5 319.4 287.4 0.27 22.04 0.61 

Coalinga 0.73 37.50 5.20 0.05 0.05 2.87 0.01 1.44 0.07 238.5 447.7 138.6 83.24 0.58 19.11 0.71 

Coyote Lake 0.43 49.20 7.70 0.11 0.04 5.15 0.01 0.77 0.05 761.9 433.1 150.2 136.50 0.16 13.75 0.41 

Duzce 0.72 56.44 23.10 0.07 0.07 8.33 0.06 3.72 0.12 3896.5 1478.6 234.8 211.20 0.44 40.53 0.61 

Erzincan 0.51 83.90 27.70 0.16 0.07 17.65 0.07 1.50 0.08 6665.6 770.9 296.9 319.90 0.24 51.10 0.51 

Friuli 0.31 30.78 5.10 0.10 0.05 4.74 0.01 1.19 0.06 626.1 659.0 116.1 87.60 0.29 21.68 0.31 

Gazli 0.71 71.58 23.90 0.10 0.13 15.17 0.08 4.99 0.20 4142.4 1384.9 215.1 204.70 0.68 50.03 0.64 

Irpinia 0.37 114.5 89.60 0.30 0.06 24.27 0.24 2.87 0.10 35912.5 2059.9 210.4 231.20 0.29 67.27 0.37 

Kobe 0.82 81.30 17.00 0.10 0.10 12.53 0.03 8.39 0.24 7589.6 2091.2 417.3 362.10 0.61 54.90 0.81 

Landers 0.78 31.88 16.00 0.04 0.09 5.01 0.03 6.58 0.19 1244.4 2463.4 110.6 90.21 0.64 26.43 0.46 

lomaperieta 0.59 40.84 0.13 0.07 0.09 10.04 0.03 3.08 0.13 2589.2 1256.1 219.5 190.50 0.39 37.70 0.50 

imperial 0.57 46.01 12.00 0.08 0.11 10.40 0.04 3.80 0.16 2434.0 1270.1 209.0 173.60 0.51 34.27 0.56 

Morgan Hill 0.31 39.60 6.40 0.13 0.05 5.86 0.03 0.85 0.06 664.0 614.2 134.7 108.90 0.24 16.68 0.30 

N. palm spring 0.69 0.33 3.90 0.05 0.07 4.81 0.01 1.57 0.08 504.0 700.53 115.7 92.20 0.36 15.10 0.60 

Nahanni 0.95 42.60 9.30 0.05 0.12 8.17 0.03 4.41 0.18 1337.0 1261.0 151.2 126.40 0.85 26.77 0.74 

Northridge 0.93 136.6 40.50 0.14 0.17 25.92 0.09 7.38 0.28 10869.1 1663.1 504.7 462.20 0.68 61.70 0.92 

Parkfield 0.47 75.00 22.40 0.16 0.05 7.64 0.03 1.78 0.07 3040.8 884.0 240.3 235.50 0.40 18.29 0.47 

Taiwan 0.24 26.10 11.40 0.11 0.05 6.56 0.03 1.35 0.06 1903.7 1190.9 106.2 97.10 0.19 25.40 0.23 

Victoria 0.60 33.45 10.00 0.05 0.07 7.81 0.03 1.94 0.09 1492.5 982.2 159.3 141.20 0.41 28.17 0.46 

Avaj 0.47 93.20 23.00 0.20 0.05 8.32 0.02 7.03 0.14 14392.2 3402.9 396.6 380.70 0.43 74.28 0.44 

Bam 0.78 115.30 29.20 0.14 0.09 10.74 0.03 7.90 0.21 7672.2 2246.7 397.0 389.00 0.63 40.83 0.68 

Manjil 0.45 32.58 19.50 0.07 0.07 6.94 0.10 4.17 0.13 2579.3 2424.90 161.4 144.70 0.42 26.33 0.41 

Varzaqan 0.47 105.60 40.50 0.22 0.04 10.57 0.05 4.92 0.11 24839.8 2848.00 447.8 444.20 0.31 77.90 0.47 

Chi-chi 0.36 53.20 20.70 0.15 0.05 9.83 0.05 1.69 0.07 3832.4 917.70 240.2 227.20 0.29 46.71 0.35 

Tabas 1.01 58.24 18.00 0.06 0.14 13.39 0.04 10.83 0.31 6642.0 2915.50 290.5 271.60 0.63 47.85 0.91 

Firozabad 1.07 143.13 49.00 0.14 0.04 8.26 0.06 5.68 0.12 19418.8 2372.16 564.6 529.30 0.37 64.78 1.05 

Karebas 0.34 70.32 39.00 0.21 0.04 6.35 0.04 4.02 0.10 7722.3 2794.70 151.2 147.10 0.28 37.40 0.33 

Sarein 0.58 47.09 12.00 0.08 0.05 4.38 0.01 7.83 0.16 3939.9 3486.70 219.8 170.40 0.35 30.70 0.53 

Chalfant 0.29 19.52 3.30 0.07 0.03 2.58 0.01 0.52 0.03 266.0 540.18 67.05 53.39 0.20 10.47 0.29 

Mammoth 0.44 23.10 5.40 0.05 0.08 4.48 0.01 2.61 0.11 606.4 1211.60 94.13 85.13 0.35 14.50 0.34 
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Table 15. Values of the Overall Modified Park-Ang Model 

Earthquake 5 story frame 6 story frame 7 story frame 8 story frame 9 story frame 10 story frame 

Cape Mendocino 1.01E-01 1.33E+00 3.30E-02 4.50E-02 1.88E-01 6.00E-03 
Coalinga 1.40E-02 1.30E-02 1.60E-02 1.20E-02 1.30E-02 1.71E+00 
Coyote Lake 1.00E-03 1.00E-02 1.37E+00 6.00E-03 5.90E-01 9.47E-01 
Duzce 1.05E+00 4.90E-02 3.20E-02 1.48E+00 1.20E-02 1.22E+00 
Erzincan 2.60E-02 1.00E-02 1.70E-02 1.40E-02 1.07E+00 2.50E-02 
Friuli 5.00E-03 5.00E-03 5.90E-02 6.50E-01 2.40E-02 1.60E-02 
Gazli 4.00E-02 1.83E+00 6.00E-03 8.00E-03 1.07E-01 7.00E-03 
Irpinia 1.60E-02 1.19E+00 1.70E-02 8.00E-03 1.40E-02 1.00E-02 
Kobe 1.23E-01 1.15E-01 1.47E-01 4.10E-02 3.12E-01 9.70E-02 
Landers 1.20E+00 1.00E-02 1.50E-02 1.00E-03 1.30E-02 1.00E-03 
lomaperieta 4.00E-02 1.89E+00 1.70E-02 1.70E-02 1.50E-02 1.80E-02 
imperial 1.61E-01 2.90E-01 1.61E+00 5.00E-03 6.58E-01 1.40E-02 
Morgan Hill 1.10E-02 1.10E-02 1.20E-02 1.60E-02 1.60E-02 1.90E-02 
N. palm spring 1.60E-02 1.70E-02 1.10E-02 1.20E-02 8.50E-02 1.30E-02 
Nahanni 1.40E-02 1.60E-02 1.50E-02 1.50E-02 1.60E-02 1.90E-02 
Northridge 9.10E-02 1.13E-01 7.20E-02 8.00E-02 1.86E-01 6.00E-02 
Parkfield 1.00E-02 3.50E-02 4.40E-02 1.10E-02 1.13E+00 1.50E-02 
Taiwan 3.30E-02 1.40E-02 1.60E-02 1.40E-02 1.40E-02 1.00E-03 
Victoria 1.48E+00 1.40E-02 5.44E-01 1.10E-02 1.59E+00 2.00E-02 
Avaj 1.30E-02 1.94E+00 7.00E-03 1.87E-01 3.30E-02 1.39E-01 
Bam 5.00E-03 9.50E-02 1.27E+00 8.57E-01 1.21E+00 7.30E-02 
Manjil 4.30E-02 1.50E-02 1.57E+00 1.30E-02 5.74E-01 1.80E-02 
Varzaqan 2.80E-02 1.07E-01 2.90E-02 5.80E-01 1.15E-01 5.80E-02 
Chi-chi 3.70E-02 1.30E-02 3.60E-02 1.00E-02 1.46E+00 1.50E-02 
Tabas 6.40E-02 8.30E-02 5.20E-02 7.00E-03 1.20E+00 5.80E-02 
Firozabad 2.50E-02 2.37E-01 1.40E-02 1.60E-02 2.06E-01 1.40E-02 
Karebas 9.84E-01 1.40E-02 1.12E+00 1.50E-02 1.40E-02 1.70E-02 
Sarein 1.40E-02 1.54E+00 3.60E-02 5.40E-02 4.24E-01 1.20E-02 
Chalfant 1.10E-02 1.10E-02 1.40E-02 1.00E-03 0.00E+00 0.00E+00 
Mammoth 1.40E-02 0.00E+00 1.50E-02 1.30E-02 1.00E-03 0.00E+00 

 
Table 16. Values of the Maximum Softening Damage Model 

Earthquake 5 story frame 6 story frame 7 story frame 8 story frame 9 story frame 10 story frame 

Cape Mendocino 5.15E-01 4.58E-01 1.91E-01 4.58E-01 6.37E-01 2.31E-01 
Coalinga 2.76E-02 7.38E-02 4.44E-02 4.91E-01 3.00E-01 8.82E-01 
Coyote Lake 1.19E-03 1.53E-01 8.18E-01 1.43E-02 5.02E-01 8.32E-01 
Duzce 8.60E-01 3.70E-01 5.30E-01 8.65E-01 2.72E-01 8.01E-01 
Erzincan 2.21E-01 2.80E-01 3.68E-01 4.46E-01 8.53E-01 2.48E-01 
Friuli 1.28E-01 1.20E-01 3.95E-01 6.33E-01 3.32E-01 2.17E-02 
Gazli 4.63E-01 3.41E-01 1.05E-01 1.27E-01 6.75E-01 1.04E-01 
Irpinia 1.07E-01 8.49E-01 4.34E-01 6.37E-02 5.22E-01 2.02E-01 
Kobe 8.73E-01 7.81E-01 8.43E-01 3.44E-01 5.40E-02 3.34E-01 
Landers 6.82E-01 1.27E-01 1.07E-01 0.00E+00 1.25E-01 0.00E+00 
lomaperieta 4.59E-01 3.69E-01 2.50E-01 3.64E-02 0.00E+00 1.51E-01 
imperial 4.32E-01 4.42E-01 8.57E-01 4.23E-02 5.22E-01 1.02E-01 
Morgan Hill 6.00E-02 8.80E-02 2.71E-01 3.72E-02 1.09E-01 2.91E-01 
N. palm spring 1.78E-01 1.65E-01 2.55E-02 3.61E-02 1.87E-01 1.69E-02 
Nahanni 6.17E-03 1.04E-01 2.70E-02 4.29E-02 5.46E-02 2.32E-01 
Northridge 5.75E-01 4.68E-01 7.91E-01 8.00E-01 6.44E-01 5.48E-01 
Parkfield 5.24E-01 5.13E-01 5.15E-01 3.81E-02 8.35E-01 3.02E-01 
Taiwan 5.08E-01 8.41E-02 2.07E-01 1.08E-03 5.42E-02 0.00E+00 
Victoria 8.57E-01 2.00E-01 6.35E-01 4.25E-02 9.16E-01 1.55E-01 
Avaj 2.24E-01 8.16E-01 8.22E-02 9.23E-01 5.19E-01 6.82E-01 
Bam 1.53E-01 2.51E-01 8.90E-01 8.14E-01 7.87E-01 2.31E-01 
Manjil 4.08E-01 3.26E-01 9.01E-01 2.15E-03 5.67E-01 2.59E-01 
Varzaqan 4.49E-01 5.40E-01 4.73E-01 8.48E-01 9.16E-01 4.83E-01 
Chi-chi 4.55E-01 1.53E-01 5.42E-01 1.03E-01 8.35E-01 2.91E-01 
Tabas 7.52E-01 5.69E-01 5.96E-01 3.72E-02 8.76E-01 4.48E-01 
Firozabad 3.53E-01 5.78E-01 0.00E+00 1.67E-01 8.67E-01 2.32E-01 
Karebas 9.22E-01 2.03E-01 8.39E-01 4.65E-02 5.40E-02 2.78E-02 
Sarein 1.27E-01 8.22E-01 5.30E-01 3.69E-01 8.29E-01 2.46E-01 
Chalfant 1.28E-01 1.07E-01 2.51E-01 0.00E+00 0.00E+00 0.00E+00 
Mammoth 1.31E-01 0.00E+00 0.00E+00 4.89E-02 0.00E+00 0.00E+00 
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Discussion 
 

The determination of the interdependency between 

the overall structural damage index and seismic 
parameters can give a good indicator to predict the 
damaging potential of the earthquake record. The 
results of the Spearman correlation coefficients 

presented in Figures 2 to 17 have shown seismic 
parameters which have the strongest and the 
weakest correlation coefficients have been altered by 
the variation of number story. In fact, the strongest 

and the weakest correlation coefficients change with 
the variation of structural stiffness. For five, six, 
seven, eight, nine, and ten story concrete frames, the 
modified Park-Ang model had the strongest 

correlations with the characteristic intensity, VSI, 
Vmax/Amax, VSI, VSI, and EDA respectively. 
 

On the other hand, for the overall modified Park-Ang 
model, Vmax/Amax, ARMS, PGA, VRMS, SMA, and 
CAV showed the fairest interdependencies with five, 
six, seven, eight, nine, and ten story frames 

respectively. As it is presented in Figures 2 to 17, 
among all of the reinforced concrete frames, six story 
frame has the highest range of the correlation values 
between all of the seismic parameters and the 

overall modified Park-Ang model.  
 

As it is presented in Figures 2 to 17, for five, six, 
seven, eight, nine, and ten story concrete frames, the 
maximum softening damage index has the strongest 
correlations with characteristic intensity, the 

Housner intensity, Vmax/Amax, VSI, VSI, and EDA 

respectively. On the contrary, for the maximum 
softening damage index, Vmax/Amax, ARMS, PGA, 
ARMS, ARMS, and CAV presented the fairest 

correlation with five, six, seven, eight, nine, and ten 
story frames respectively.  
 

Also, among all of the reinforced concrete frames, the 
correlation values of seismic parameters presented 
in Figures 2 to 17 have shown that the highest range 
of correlation values was related to six story concrete 

frames.  
 
Among all of the seismic parameters, Velocity 
Spectrum Intensity (VSI) has strong interdepen-

dencies with the overall modified damage index and 
the maximum softening damage index for all of the 
structural concrete frames.  

 

Consequently, the value of Velocity Spectrum 
Intensity (VSI) can be used as a good indicator to 
predict damaging potential of the earthquake record. 
Velocity Spectrum Intensity (VSI) presents the 

intensity of shaking of an earthquake at a region. 
 
Velocity Spectrum Intensity (VSI) is defined as the 

area under elastic velocity spectrum between the 
periods 0.1 and 2.5 s. In fact, values of correlations 

showed that spectral and energy parameters have 

strong correlation with the maximum softening 
damage index and the overall modified Park-Ang 

model.  
 
As shown in Figures 2 to 17, regular variations are 
not attained by variations of the story numbers for 

each of the seismic parameters. Also, for five story 
frame, all of the correlation values between the Park-
Ang model and seismic parameters have shown the 
stronger correlations than all of the correlation 

values between the maximum softening model and 
seismic parameters. On the other hand, for eight and 
ten story frame, all of the correlation values between 
the maximum softening model and seismic 

parameters have presented the stronger correlations 
than correlation values between the Park-Ang model 

and seismic parameters. 
 

 
5 story    6 story   7 story  8 story  9 story   10 story 

frame        frame    frame    frame     frame      frame      

Figure 2. Comparative Diagram for PGA Parameter 
 

 

 
5 story    6 story   7 story  8 story  9 story   10 story 

frame        frame    frame    frame     frame      frame      

Figure 3. Comparative Diagram for PGV Parameter 
 

 

 
5 story    6 story   7 story  8 story  9 story   10 story 

frame        frame    frame    frame     frame      frame      

Figure 4. Comparative Diagram for PGD Parameter 
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5 story    6 story   7 story  8 story  9 story   10 story 

frame        frame    frame    frame     frame      frame      

Figure 5. Comparative Diagram for Vmax/Amax Parameter 

 

 
5 story    6 story   7 story  8 story  9 story   10 story 

frame        frame    frame    frame     frame      frame      

Figure 6. Comparative Diagram for Acceleration RMS 

Parameter 

 

 
5 story    6 story   7 story  8 story  9 story   10 story 

frame        frame    frame    frame     frame      frame      

Figure 7. Comparative Diagram for Velocity RMS Para-

meter 

 

 
5 story    6 story   7 story  8 story  9 story   10 story 

frame        frame    frame    frame     frame      frame      

Figure 8. Comparative Diagram for Displacement RMS 

Parameter 

 
5 story    6 story   7 story  8 story  9 story   10 story 

frame        frame    frame    frame     frame      frame      

Figure 9. Comparative Diagram for Arias Intensity Para-

meter 

 

 
5 story    6 story   7 story  8 story  9 story   10 story 

frame        frame    frame    frame     frame      frame      

Figure 10. Comparative Diagram for Characteristic Inten-

sity Parameter 

 

 
5 story    6 story   7 story  8 story  9 story   10 story 

frame        frame    frame    frame     frame      frame      

Figure 11. Comparative Diagram for Specific Energy 

Density Parameter 

 

 
5 story    6 story   7 story  8 story  9 story   10 story 

frame        frame    frame    frame     frame      frame      

Figure 12. Comparative Diagram for Cumulative Absolute 

Velocity Parameter 
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5 story    6 story   7 story  8 story  9 story   10 story 

frame        frame    frame    frame     frame      frame      

Figure 13. Comparative Diagram for Velocity Spectrum 

Intensity Parameter 

 

 
5 story    6 story   7 story  8 story  9 story   10 story 

frame        frame    frame    frame     frame      frame      

Figure 14. Comparative Diagram for Housner Intensity 

Parameter 

 

 
5 story    6 story   7 story  8 story  9 story   10 story 

frame        frame    frame    frame     frame      frame      

Figure 15. Comparative Diagram for Sustained Maximum 

Acceleration Parameter 

 

 
5 story    6 story   7 story  8 story  9 story   10 story 

frame        frame    frame    frame     frame      frame      

Figure 16. Comparative Diagram for Sustained Maximum 

Velocity Parameter 

 
5 story    6 story   7 story  8 story  9 story   10 story 

frame        frame    frame    frame     frame      frame      

Figure 17. Comparative Diagram for Effective Design 

Acceleration Parameter 

 
Conclusion 
 
In this paper, determination of interdependencies 
between seismic parameters and two overall damage 
indices; the modified Park-Ang model and the 
maximum softening damage index were investigated 
by the Spearman correlation coefficient. For this 
purpose, 30 near-field earthquake records were 
selected from all over the world. Also, six different 
types of reinforced concrete frames were utilized for 
nonlinear dynamic analyses. 
 
Among all of the seismic parameters, the results 
have shown that spectral and energy parameters 
have strong correlation with the maximum softening 
damage index and the overall modified Park-Ang 
model. 
 

Generally, Velocity Spectrum Intensity has pre-
sented a strong correlation with two overall struc-
tural damage indices (the maximum softening 

damage and the modified Park-Ang model) for all of 
the reinforced concrete frames. Therefore, as the 
numerical results of correlations have shown, 
Velocity Spectrum Intensity (VSI) can be used as a 

good indicator to predict the damaging potential of 
earthquake record. In the end, among all of the 
structural concrete frames, six story frames 

presented the highest range of correlation values 
between all of the seismic parameters and two 
overall damage indices; the maximum softening 
damage and the modified Park-Ang model. 
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