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The paper aims to select a simple and effective damage index for estimating the extent of damage of rectangular concrete-filled steel tube 

(RCFT) structures subjected to ground motions. Two experimental databases of cyclic tests conducted on RCFT columns and frames are 

compiled. Test results from the database are then used to evaluate six different damage indices, including the ductility ratio (μ), drift ratio, 

initial-to-secant stiffness ratio (DKJ), modified initial-to-secant stiffness ratio ( msD ), energy coefficient (E), and the combined damage index 

(DPA) as a benchmark indicator. Selection criteria including correlation, efficiency, and proficiency are utilized in the selection process. The 

optimal alternative for DPA is identified on the basis of a comprehensive evaluation. The evaluations indicate that msD  previously proposed 

by some of the authors is the most appropriate substitution of DPA, followed by the drift ratio. For the case of the slenderness ratio less than 

or equal to 30, the same grades of relation between the investigated damage indices and the benchmark are observed. However, in the case 

of the slenderness ratio larger than 30, the drift ratio tends to be the optimal alternative. In most cases, μ is proved to be an inadequate 

replacement of DPA.  
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1.  INTRODUCTION 

Rectangular concrete-filled steel tubular (RCFT) columns 

make the best use of the effective material properties of both 

steel and concrete when compared with steel or reinforced 

concrete columns alone. Previous research [1]-[3] has shown 

that RCFT members have higher strength, stiffness, and 

capacity of energy dissipation in comparison with steel or 

reinforced concrete structures. Due to their excellent 

structural performance, RCFT members have been 

extensively used in various types of structures, particularly in 

high-rise and super high-rise buildings where higher lateral 

loads would be experienced. The increasing tendency in using 

RCFT members requires the estimation of their seismic 

performance with adequate accuracy.  

Performance-based design methodology is commonly used 

in the seismic design of RCFT structures. This method allows 

designing earthquake-resistant structures with better 

reliability [4]. In order to implement this method in the 

seismic design of RCFT structures, it is essential to have a 

damage index capable of evaluating the extent of damage of 

RCFT structures reasonably. 

In the past years, numerous efforts have been made to 

develop damage functions to measure and quantify 

numerically  the damage  potential  to structures subjected to 

earthquake excitations [5], [6]. In most cases, the proposed 

damage indices correlated with maximum deformation 

experienced by structures or with structural accumulated 

damage sustained under cyclic loading, whereas, limited   

studies are found to focus on developing damage parameters 

in which the combined effects of both excessive deformation 

and cumulative damage are taken into account. Ideally, a 

damage index is a dimensionless parameter with a defined 

scale ranging between 0 (no damage) and 1 (collapse), as well 

as with intermediate values for corresponding damage states 

of a structure [5].Generally, these damage indicators can be 

broadly classified into four categories in accordance with 

what the indicator allows for: a) displacement; b) stiffness; c) 

energy; and d) combination of maximum displacement and 

dissipated energy.  

Two deformation-related damage indicators, such as the 

drift ratio and the ductility ratio, are commonly adopted in the 

estimation of structural seismic performance for their 

simplicity and ease of interpretation [5]. However, they were 

proved to be unreliable indices since the effects of cyclic 

loading on the structural seismic behaviors are not taken into 

account [7]. Regardless of those limitations, the two indices 

are still considered as the crucial design parameters in most 

current seismic codes.  
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Stiffness of a structure after being subjected to earthquakes 

can often be deteriorated [8]. In order to overcome some of 

the drawbacks of deformation-based indices, damage 

parameters associated with stiffness reduction were proposed. 

The concept of changing in stiffness was firstly adopted by 

Banon et al. [9] to develop a damage function defined as the 

flexural damage ratio. And later, this damage function was 

modified by researchers such as Roufaiel and Meyer [10], and 

Kunnath and Jenne [11]. Based on the comparison of stiffness 

of a building before and after an earthquake, Ghobarah et al. 

[6] proposed a new rational damage indicator by means of 

two pushover analysis. Another recent stiffness related 

damage parameter was suggested by Guan et al. [12], in 

which initial stiffness, the secant stiffness at the performance 

point for a designed earthquake intensity, and stiffness at 

failure were considered. Obviously, compared with the 

deformation-based parameters, there is an improvement due 

to the consideration of the stiffness deterioration of structures 

under cyclic loading.  

The essence of seismic damage of structures is the 

procedure of earthquake input energy transfer, conversion, 

and dissipation [13]. In this respect, energy-based parameters 

appear to be preferable damage indicators, particularly for 

ideal ductile systems, in which the failure is principally 

caused by repeated inelastic deformations [6], [14]. As 

presented in the literature [15], several measures such as 

hysteretic energy absorption, and hysteretic energy demand 

over structural energy dissipation capacity ratio were taken as 

damage indices. However, these damage indices were not 

widely used in practical projects since the calculation of 

values of the earthquake input energy, structural hysteretic 

energy, and damping energy are rather complicated. On the 

other hand, the damage caused by the sole excessive 

deformation, especially for non-ductile buildings, may not be 

precisely estimated using energy-based parameters. 

Clearly, an indicator with the capability to estimate all types 

of damage of structures sustained under seismic loading 

should take into account both excessive deformation and 

cyclic loading effects. By using the linear combination of the 

two aspects, Park and Ang [16] suggested a combined 

damage measure and validated it against a large amount of 

tests of reinforced concrete beam and column components. 

This combined model is considered to have a significant 

advantage over the aforementioned damage measures and is 

widely used in the seismic evaluation of structures. 

Nevertheless, complication still exists in the calculation of the 

combined damage index.  

It is obvious that most of the damage models discussed were 

developed and calibrated for reinforced concrete structures. 

Few studies concerning RCFT structures are found in the 

literature. Furthermore, a relatively simple damage index 

used in estimating the degree of damage of RCFT buildings 

with appropriate accuracy is most needed. 

In the current study, the objective is to choose a damage 

measure with relative simplicity and precision for RCFT 

buildings. For this purpose, the experimental database 

composed of 111 RCFT columns under cyclic loading, as 

well as the database with 22 cyclically loaded RCFT frames, 

was developed. Four types of damage parameters, including 

deformation related, stiffness related, energy related and the 

widely used Park-Ang damage index were selected to 

represent the current damage indicators proposed in the 

literature. According to the discussion above, the Park-Ang 

damage model is utilized as a benchmark measure. The 

metrics with respect to correlation, efficiency, and 

proficiency are employed to compare the examined five 

damage indicators with the benchmark measure. Finally, a 

comprehensive evaluation approach is utilized to identify the 

most appropriate alternative index for the Park-Ang index. 

 

2.  DAMAGE INDICES 

In the present work, six damage indices related to 

deformation, stiffness, energy, and combination of 

deformation and accumulative effect are chosen as the 

investigated indicators. The main features of each type of 

damage index are briefly discussed. 

 

2.1.  Deformation-based indices 

Two widely used damage indices regarding deformation 

capacity are ductility and drift ratios due to their simplicity 

and easy interpretation [5]. The ductility can be calculated by 

the maximum deformation of members or structures over that 

of yield value ratio, in which the deformation is broadly 

expressed as rotation, curvature or displacement. For 

instance, the ductility ratio related to the displacement of a 

structure is defined as 
 

                                 

(1) 

 

where,  denotes the ductility ratio;  represents the 

maximum displacement, and  is the yield displacement 

obtained by the R-park method [17]. 

The same as ductility ratio, drift ratio is commonly utilized 

as a crucial performance index in the seismic design of 

buildings as well. However, the effect of cumulative damage 

on structures caused by the duration of ground motions 

cannot be considered [5], [7]. 

 

2.2.  Stiffness-based indices 

Degradations in stiffness and strength were observed in 

members or structures when subjected to cyclic loading. 

Consequently, attempts to develop damage models with 

respect to stiffness deterioration have been made by 

researchers. A stiffness-related measure proposed by 

Kunnath and Jenne [11] is defined as initial rigidity over 

secant rigidity at the maximum deformation ratio, as 

presented below: 
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where,  denotes pre-yield stiffness; and  represents 

secant rigidity corresponding to the maximum deformation. 

The indicator , however, may underestimate the real 

damage extent of structures subjected to earthquakes since 

the structural ultimate state was not considered. 

Consequently, some authors modified the form of initial 

stiffness over reduced secant stiffness ratio and suggested a 

new damage index as given below [12]  
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where,  is initial stiffness;  denotes the secant 

stiffness at the maximum displacement; and  represents 

the secant stiffness at the ultimate displacement under a static 

monotonic load. 

 

2.3.  Energy-based indices 

Generally, the seismic behavior of structures mainly 

depends on the capacity of energy dissipation. In this regard, 

a building would survive an earthquake with the energy 

dissipation capacity above the earthquake input energy. 

Therefore, the energy dissipation capacity can be utilized as 

a key indicator to measure damage in structures [13]. As 

shown in Fig.1., an energy coefficient is employed as a 

damage index expressed as: 

 

                      (4) 

 

 
 

Fig.1.  The load-deformation curve. 

 
2.4.  Combined index 

Conventionally, seismic damage of structures would cause 

the joint actions of both extreme and repeated cycles of 

deformations [6]. Accordingly, when developing a damage 

indicator, these two effects should be taken into account. 

Such an attempt was made by Park and Ang [16], a combined 

damage indicator was proposed on the basis of the calibration 

against observed damage in a large amount of experimental 

data on reinforced concrete beams and columns. In the paper, 

this index is utilized as a benchmark and expressed as: 

 

                     

(5) 

 

where,  represents the maximum deformation of inelastic 

response of a component;  denotes the ultimate 

deformation of a component subjected to a monotonic load; 

 represents the cumulative hysteretic energy;  is the 

yield strength of component, and 
 
is a hysteretic energy 

factor that considers the contribution of the repeated cycles of 

deformation to the structural damage and needs calibration 

from the experiments. Based on the regression analysis of 

cyclic loading tests on square concrete-filled steel tubular 

columns, 
 
was suggested to be 0.042 [18] and thus was 

used in the presented study.  

 

3.  DATABASE OF THE EXPERIMENTAL RESEARCH 

3.1.  Database description 

In the present study, two databases documenting 

experimental results related to RCFT columns and frames 

were compiled, respectively. In selecting test specimens from 

published works, only cyclically loaded tests were taken into 

account. Moreover, specimens with only steel tubes loaded 

were not included in the database. For each experiment, 

information, such as material and geometric properties, load 

and deformation capacities, hysteretic behaviors and 

evolution of damage, were recorded in detail. 

The test set-up for cyclically loaded columns and frames is 

shown in Fig.2. The specimen was placed in a reaction frame, 

clamped to lifting jack in the vertical direction and to an 

actuator in the horizontal direction. During the test, the top of 

the specimen was loaded vertically. And this vertical load was 

kept constant. Then, the specimen at the top was cyclically 

loaded by means of an actuator fixed horizontally to the 

reaction wall. 

In general, the tests were conducted by employing joint 

controls of load and displacement. Cyclically loading test 

procedure consists of two stages, that is, pre-yield loading 

stage, and after yielding stage. In the first phase, the lateral 

load was controlled by force and one cycle was carried out 

for each loading level. In the second phase, the cyclic lateral 

loading with varying amplitudes was controlled by 

displacement with interval of the estimated lateral yield 

displacement. Three repeated cycles of displacement were 

executed on the specimen for each load level until the failed 

state of the specimen was reached. 
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a) Columns 

 

 
 

b) Frames 

 
Fig.2.  Cyclically loaded test set-up. 

 
3.2.  Database of RCFT column tests 

A total number of 111 cyclically loaded RCFT column 

specimens were included in the database [19]-[29]. Material 

parameters including measured compressive strength of 

concrete ( ) and measured yield strength of steel tube ( ) 

are described in the database, as shown in Fig.3. The  

ranged from 16.9 MPa to 120 MPa. As seen from the figure, 

apart from specimens having super high strength concrete, 

RCFT column tests with a wide scope of strength grades, 

including low strength concrete, moderate strength concrete, 

and high strength concrete, were conducted to examine the 

seismic performance. For steel tubes, the maximum and 

minimum values of   were 242.2 MPa and 660 MPa, 

respectively. The frequency distribution of   shows that 

tested RCFT column specimens were higher than those 

having high yield strength steel tubes. 

Geometric facors, such as the ratio of measured depth to 

width of steel tube , measured depth over thickness 

ratio of steel tube /D t  ,
 

and the slenderness ratio 

 , are included in the database. Fig.4. 

demonstrates the histogram of . It is shown that the 

cross section types of most specimens are square shaped. As 

shown in Fig.5., the   ratios in the cyclically loaded 

RCFT column database varied between 20 to 81. What is 

more, the number of specimens with low to moderate  

ratios are more than those having large values, which 

indicates that RCFT columns with thin-wall steel tubes need 

to be further studied. The   ratio of RCFT columns is 

obtained as the ratio of  measured length ( ) to depth 

( ) of steel tube, where  is the depth perpendicular to the 

axis of bending. Fig.6. presents the frequency distribution of 

 ratios of collected experimental tests, ranging from 7 to 

87. As seen from the figure, most researches focused on the 

RCFT columns with a range of   ratios from 15 to 30 

compared with speciemns classified as short (  ) or 

slender ( ) columns. 

 

 
 

a) Compressive strength of concrete 

 

 
 

b) Yield strength of steel tube 

 
Fig.3.  Measured values of material properties of cyclically loaded 

RCFT columns. 
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In addition to the measured material and geometric 

properties, the axial compression ratio ( ), which is a key 

factor related to the seismic behaviors of experimental 

specimens, was also documented in the database, as shown in 

Fig.7. The maximum   is 0.702 corresponding to a high 

level of axial compression, while the minimum value 0 

indicated no axial load applied on test specimens. It can also 

be obseved from the figure that RCFT columns with a wide 

range of  were tested. 

 

 
 

Fig.4.   ratios of cyclically loaded RCFT columns. 

 

 
 

Fig.5.   ratios of cyclically loaded RCFT columns. 

 

 
 

Fig.6.   ratios of cyclically loaded RCFT columns. 

 
 

Fig.7.   of cyclically loaded RCFT columns. 

 

3.3.  Database of RCFT frame tests 

Similarily, 22 cyclically loaded RCFT frames were selected 

from the literature [30]-[38]. According to the compiled data, 

tested frames with one storey and one span were more 

comprehensive than specimens with multiple storeyes or 

spans, as demonstrated in Fig.8. The experimental setup is 

similar to that of RCFT column tests as mentioned above. 

 

 
 

a) Storey 

 

 
 

b) Span 

 

Fig.8.  Numbers of storey and span of cyclically loaded RCFT 

frames. 

 

As in the case of the cyclically loaded RCFT column 

database, same material parameters were recorded in the 

RCFT frame database. The histogram of  , ranging 

between 36.6 MPa and 52.6 MPa, for experimental frames 

with rectangular steel tubes, is presented in Fig.9.a). 
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Obviously, the tests of RCFT frames infilled with low to high 

strength concrete were mostly conducted, whereas no reports 

were found in terms of those having super high strength 

concrete. The maximum and minimum values of   were 

242 MPa and 404 MPa, respectively. The frequency 

distribution of  in Fig.9.b) indicates that frame specimens 

with low strength steel tubes are more comprehensively 

tested compared to those with moderate to high strength steel 

tubes. 

Similar to the RCFT column database, geometric 

parameters, such as , , and , were recorded in 

the database. The   ratios of RCFT frame specimens 

shown in Fig.10. demonstrate that overwhelming majority of 

steel tubes are square shaped. The seismic behaviors of 

frames with  ratios larger than 1 should be the focus of 

further research. The   ratios in the compiled database 

ranged between 24 and 35. As shown in Fig.11., no 

experiments were conducted on frames made of thinner-wall 

steel tubes filled with concrete. The histogram of  ratios in 

the developed database is presented in Fig.12. Obviously, 

fewer frames of large λ  ratios ( 50λ > ) were investigated 

compared to those with low and moderate λ  ratios.  

 

 
 

a) Compressive strength of concrete 

 

 
 

b) Yield strength of steel tube 

 
Fig.9.  Measured values of material properties of cyclically 

loaded RCFT frames. 

 
 

Fig.10.   ratios of cyclically loaded RCFT frames. 

 

 
 

Fig.11.   ratios of cyclically loaded RCFT frames. 

 

 
 

Fig.12.   ratios of cyclically loaded RCFT frames. 

 
4.  NUMERICAL SELECTION PROCEDURES 

As mentioned above, it is very important to precisely assess 

the state of damage of structures subjected to earthquakes in 

the performance-based seismic design approach. An 

appropriate alternative for the Park-Ang index [16] can be 

obtained by investigating several features between damage 

indices. The statistic issues studied in the study include 

correlation, efficiency, and proficiency [39]. In addition, a 

comprehensive evaluation method was employed in the 

selection process [40]. This assessment structure can benefit 

from balancing a number of varying factors and serve to 

identify an optimal alternative index. 
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The grade of interdependency between the examined 

damage indices and the combination indicator proposed by 

Park and Ang [16] was evaluated by using a correlation 

coefficient. For random pairs of data, Pearson’s correlation 

coefficient was generally adopted, as expressed below [41]: 

 

             

(6) 

 

where  and  are the two variables;  is the mean 

value of the variable ; and  denotes the mean value of 

the variable . 

Another parameter, which has been widely utilized for 

emphasizing the relationship between two variables, is 

termed efficiency. Smaller value of efficiency implies that the 

alternative index is more efficient [39]. The relationship 

between pairs of damage indicators could be estimated by a 

linear function: 

 

                            (7) 

 

where  and  are the regression coefficients. 

As a result, the dispersion  was given by: 

 

                  
(8) 

 

The regression coefficient  is also a good parameter used 

to measure the degree of correlation between a damage 

indicator and the Park-Ang index. When the value of the 

coefficient  approaches to zero, a weak correlation is 

observed. By modifying the dispersion , we suggested a 

metric for the dependency estimation, which is defined as: 

 

                              
(9) 

 

An attempt to identify an appropriate alternative on the 

basis of a unique coefficient would lead to a challenge since 

different results may exist for the three assessment 

parameters. Therefore, comprehensive remarks are needed to 

balance the influences of different factors. In the present 

study, some assumptions including equal weights of the three 

methods, higher score for more correlated index and optimal 

alternative index decided by the highest total score were made 

when utilizing the comprehensive assessment approach [40]. 

 

5.  RESULTS  

5.1.  Statistics of values of performance indices 

According to the test results of the two compiled databases, 

the values of the six chosen damage indicators for each 

specimen were calculated. And then, the results of these 

parameters were statistically analyzed. For simplicity, 
average value, standard deviation, and coefficient of variation 

are abbreviated to AV, SD, and CV, respectively. 

Fig.13. presents the statistical results of six damage indices 

for cyclically loaded columns. As seen from the figure, 
msD

 
 

has the minimum variation coefficient of 0.127, representing 

the most stable evaluation of damage states of RCFT 

members.  and , as followers, yield less 

dispersion regarding seismic damage assessment of RCFT 

columns. Nevertheless, the value of the coefficient of 

variation of drift ratio shows considerable scatter, indicative 

of a high degree of instability for the damage assessment. 

For the RCFT frames, similar dispersion for the selected 

damage indices was observed according to the statistical 

analysis, as shown in Fig.14. It can be seen from the figure 

that msD demonstrates the least dispersion about the seismic 

damage evaluation, followed by PAD and KJD . Similarly, 

the drift ratio exhibits relatively high degree of scatter. 

 

5.2.  Comparison analysis 

5.2.1. Correlation 

Based on the two compiled databases, i.e. RCFT column 

database and RCFT frame database, the degradation of 

correlation between the chosen five indicators and the 

benchmark measure was investigated by adopting the Pearson 

coefficient. The absolute values of the Pearson coefficient 

were calculated using OriginPro 8 software [42], as shown in 

Table 1. It can be seen that, in general, there is a strong 

correlation between stiffness related damage indices and the 

benchmark indicator. On the other hand, in most cases, a 

weak correlation is observed for ductility ratio . In the case 

of two databases of RCFT columns and frames, 
msD  

exhibits the strongest correlation with the Park-Ang index, 

followed by the drift ratio, for which a significant correlation 

with the Park-Ang index was obtained. On the whole, there 

is, in principle, a low correlation between energy related 

parameter  and the combined index. 
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Fig.13.  Histogram statistics of varying damage indicators for cyclically loaded RCFT columns. 
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Fig.14.  Histogram statistics of varying damage indicators for cyclically loaded RCFT frames. 
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Table 1.  Correlation coefficients between estimated damage parameters and the Park-Ang index. 

 

Damage index 

RCFT column 

database
 

RCFT frame 

database
 

 Rank  Rank 

Drift ratio 0.460 3 0.601 2 

 0.384 5 0.371 4 

 0.403 4 0.409 3 

msD  0.665 1 0.627 1 

 0.513 2 0.320 5 

 

5.2.2.  Efficiency 

As indicated above, the relative efficiency of varying 

indices can be evaluated through the comparison of the 

corresponding dispersion. The values of efficiency of the five 

examined damage measures and the Park-Ang index for the 

two constructed databases are presented in Table 2. On the 

whole, as seen in Table 2., slight differences in -values 

exist for the inspected indicators. Generally, the relations 

between the five indices and the benchmark indicator are 

similar to those of correlation assessment. In all cases, 
msD  

tends to be the most efficient alternative index, followed by 

drift ratio. On the other hand, several damage indices 

including , , and  tend to have nearly similar 

degrees of efficiency. 

 

5.2.3.  Proficiency 

Similarly, levels of proficiency of the inspected damage 

parameters are also obtained by investigating values of 

proficiency parameter , which are illustrated in Table 3. In 

contrast to the estimation of correlation and efficiency, drift 

ratio is the most appropriate alternative index on the basis of 

the proficiency values presented in Table 3. 
msD  is 

downgraded as a follower. In the cases of the two developed 

databases, two of the five damage indicators, namely,  and 

, appear to be a less appropriate substitution of the 

combined index. 

 

5.2.4.  Comprehensive assessment 

The optimal alternative damage indicator for the Park-Ang 

damage index, which can be employed in seismic damage 

assessment of RCFT structures, was identified on the basis of 

the evaluation of correlation, efficiency, and proficiency. 

Each score of , , and , as well as the final score of 

those estimation coefficients, was calculated in Table 4. 

According to the selection criteria, 
msD , ranked in the top 

one, tends to be the most appropriate substitution. The next 

one is drift ratio. However, it should be pointed out that 

stiffness related damage index  was proved to be not a 

good alternative. What is more, based on the scores presented 

in Table 4.,   appears to be the least appropriate 

replacement for the combined index.

 
Table 2.  Efficiency coefficients between estimated damage parameters and the Park-Ang index. 

 

Damage index 

RCFT column 

database
 

RCFT frame 

database
 

 Rank  Rank 

Drift ratio 0.136 3 0.109 2 

 0.141 5 0.127 3 

 0.140 4 0.147 5 

msD  0.114 1 0.107 1 

 0.132 2 0.130 4 
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Table 3.  Proficiency coefficients between estimated damage parameters and the Park-Ang index. 

 

Damage index 

RCFT column 

database
 

RCFT frame 

database
 

 Rank  Rank 

Drift ratio 0.032 1 0.020 1 

 4.099 5 2.965 5 

 0.205 3 0.178 3 

msD  0.147 2 0.177 2 

 0.847 4 1.530 4 

 

 
Table 4.  The scores of varying estimation coefficients. 

 

Damage index 

RCFT column 

database
 

RCFT frame 

database
 Final Rank

 
      

Drift ratio 3 3 5 4 4 5 24 2 

 1 1 1 2 3 1 9 5 

 2 2 3 3 1 3 14 4 

msD  5 5 4 5 5 4 28 1 

 4 4 2 1 2 2 15 3 

 

 

5.3.  Influence of  ratios 

The column slenderness ratio  is a crucial parameter by 

which the mechanical behaviors of RCFT columns and 

frames are drastically affected [43]-[46]. Columns with 

higher  ratios subjected to a combined action of constant 

vertical load and cyclic loading are more prone to be locally 

or overall buckled. As a result, load and deformation capacity 

of members, as well as energy dissipation capacity, were 

severely reduced as  ratios were getting larger. In this 

regard, experimental specimens recorded in the two databases 

are categorized into two groups in accordance with the values 

of slenderness ratio, namely , representing low to 

moderate slenderness and , indicative of high 

slenderness. 

As mentioned above, for the two compiled databases with 

slenderness ratio less than 30, the coefficients regarding 

correlation, efficiency, and proficiency were computed for 

five  examined  damage  indices and the  Park-Ang index, as 

shown in Table 5. Apart from the proficiency estimation, 

msD exhibits the strongest correlation and the highest 

efficiency with the combined damage index. Moreover, it 

must be noticed that drift ratio shows, in principle, significant 

correlation, high efficiency and the most proficiency. As 

indicated in the same table, it is obvious that there are weak 

correlation, low efficiency, and less proficiency between  

and the Park-Ang index. 

Table 6. presents the comprehensive evaluation in the case 

of 30λ > for both sets of data, including scores of three 

inspected coefficients and the sum of the values. Clearly, the 

same rank class as in Table 4. was observed, for which the

msD  ranks in the top one and thus tends to be the most 

appropriate alternative. Furthermore, drift ratio is also a close 

contender, whereas, it can be seen that µ appears to be an 

inappropriate substitution of the Park-Ang index.
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Table 5.  The values of varying estimation coefficients for . 

 

Damage 

index 

RCFT column database RCFT frame database 

      

Drift 

ratio 
0.448 0.165 0.039 0.548 0.129 0.031 

 0.358 0.173 5.361 0.260 0.149 4.407 

 0.370 0.172 0.271 0.100 0.154 0.584 

msD  0.702 0.132 0.153 0.835 0.085 0.109 

 0.530 0.157 0.875 0.347 0.145 1.348 

 

 

Table 6.  The scores of varying estimation coefficients for . 

 

Damage index 

RCFT column 

database
 

RCFT frame 

database
 Final Rank

 
      

Drift ratio 3 3 5 4 4 5 24 2 

 1 1 1 2 2 1 8 5 

 2 2 3 1 1 3 12 4 

msD  5 5 4 5 5 4 28 1 

 4 4 2 3 3 2 18 3 

 

 

Table 7.  The values of varying estimation coefficients for . 

 

Damage 

index 

RCFT column 

database
 

RCFT frame 

database
 

      

Drift ratio 0.625 0.075 0.010 0.712 0.094 0.012 

 0.616 0.076 1.124 0.470 0.118 1.445 

 0.600 0.077 0.081 0.604 0.107 0.075 

msD  0.478 0.084 0.181 0.557 0.111 0.192 

 0.532 0.081 0.707 0.355 0.125 1.497 

30λ ≤

ρ β ζ ρ β ζ

µ

KJ
D

E

30λ ≤

ρ β ζ ρ β ζ

µ

KJ
D

E

30λ >

ρ β ζ ρ β ζ

µ

KJ
D

E
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Table 8.  The scores of varying estimation coefficients for . 

 

Damage index 

RCFT column 

database
 

RCFT frame 

database
 Final Rank

 
      

Drift ratio 5 5 5 5 5 5 30 1 

 4 4 1 2 2 2 15 3 

 3 3 4 4 4 4 22 2 

msD  1 1 3 3 3 3 14 4 

 2 2 2 1 1 1 9 5 

 

 

The results of correlation, efficiency, and proficiency 

analyses on the basis of the two compiled test data with 

slenderness ratio above 30 are illustrated in Table 7. 

According to the assumptions proposed above, the scores and 

the corresponding ranks are shown in Table 8. as well. It is 

worth pointing out that, in all cases, drift ratio demonstrates 

the strongest correlation, the highest efficiency and the most 

proficiency with the benchmark indicator and thus appears to 

be the most appropriate alternative damage index. This result 

can be attributed to the fact that the behaviors of the RCFT 

columns and frames are governed by the deformation in the 

case of large slenderness ratio. As seen from Table 7. and 

Table 8., KJD and µ can be taken as the next two candidates. 

However, two measures with respect to msD  and E   are 

found unsuitable to represent the Park-Ang damage index.  

 

6.  CONCLUSIONS 

The present study has attempted to identify an optimal 

alternative for the Park-Ang index which has been employed 

to assess the seismic performance of rectangular concrete-

filled steel tube (RCFT) structures. Two experimental 

databases associated with 111 RCFT columns and 22 RCFT 

frames under cyclic loading have been constructed. The 

multi-metrics including correlation, efficiency, and 

proficiency have been used to evaluate the relation between 

the chosen damage indicators and the Park-Ang measure. 

Eventually, a comprehensive evaluation approach has been 

used to find the most appropriate alternative index for the 

Park-Ang index. Comments and findings are drawn as 

follows: 

1)  The modified initial-to-secant stiffness ratio 
msD  

previously proposed by some of the authors provides a stable 

estimation of the seismic behaviors of RCFT structures. 

2)  
msD  is found to be the most appropriate substitution of 

the Park-Ang damage index. As a whole, 
msD  shows the 

strongest correlation, the highest efficiency and best 

proficiency with the Park-Ang index.  

3)  In most cases, particularly with RCFT frame database, the 

drift ratio has a slight disadvantage over 
msD , indicative of 

a follow alternative. 

4)  In the case of the slenderness ratio  greater than 30, the 

drift ratio is proved to be the optimal alternative for the 

combined damage index, which indicated that seismic 

behaviors of RCFT structures with high slenderness ratios are 

controlled by deformation or displacement. 

5)  The ductility ratio 
 
is considered to be an inappropriate 

alternative while, in the case of , 
 
appears to be a 

moderately appropriate substitution.  

It should be noted that the findings have been drawn from 

the analysis of the two developed experimental databases, 

namely, the RCFT column database and the RCFT frame 

database. However, since limited test results of RCFT 

columns and frames are available, larger specimen data set, 

especially for the RCFT frame tests, is needed to yield greater 

statistical validity and to enhance the quantitative aspect in 

the future studies. 
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