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Abstract


Evaluation of the residual seismic capacity (RSC) of post-earthquake damaged buildings is instrumental to the formation of reasonable recovery strategies. At present, incremental dynamic analysis (IDA) that considers the mainshock and aftershock is the method most frequently used to evaluate the RSC of damaged structures. However, the mainshock-induced structural damage determined using the IDA method may be inconsistent with the damage observed in actual engineering. This inconsistency could potentially lead to an unreasonable evaluation result. To overcome this drawback, it is necessary to evaluate the RSC of damaged structures according to their observed damage instead of that obtained by the IDA. In this paper, a method of evaluating the RSC of damaged reinforced concrete (RC) columns is proposed. First, the damage degree and distribution of the damaged columns were evaluated via visual inspection after mainshocks. Then, a numerical model was developed to predict the residual behavior of damaged columns subjected to aftershocks. After that, the RSC of damaged columns was estimated based on fragility analysis. The degradation of the collapse capacity of damaged columns was quantified by the collapse fragility index (CFI), and a parameter analysis was conducted to study the effect of structural parameters on the CFI of damaged columns. Lastly, an empirical model for predicting the CFI was proposed, facilitating the application of this study in actual post-earthquake assessments. The parameter analysis indicates that the axial load ratio of the columns and the degree of damage degree accumulated during mainshocks have a significant effect on the CFI. Additionally, the proposed empirical model can effectively predict the degradation of the collapse capacity of RC columns in existing test data, with an accuracy of 0.82.






Keywords:


residual seismic capacity; post-earthquake; damage distribution; mainshock; aftershock; collapse












1. Introduction


It has been observed in recent earthquakes that well-designed buildings demonstrate excellent seismic performance, and that the earthquake-induced casualties and economic losses of well-designed buildings are significantly reduced. However, these buildings are vulnerable to damage in strong earthquakes due to their ductile design requirements. Earthquake-induced (mainshock-induced) damage to buildings may lead to the degradation of RSC, with potentially catastrophic consequences. A famous example was the Canterbury television (CTV) building, which was damaged during the Mw7.1 mainshock in September 2010 and was allocated a green placard (no restriction on use or occupancy). However, it collapsed during the aftershock on 22 February 2011 and one hundred and fifteen people lost their lives as a result. Evaluation of the residual seismic capacities (RSC) of damaged buildings is an essential part of post-earthquake decision making. However, studies focused on mainshock-damaged buildings are very scarce, creating difficulties in the quantification of their RSC in aftershocks. In light of this, engineers tend to make conservative assessments to avoid tragedies such as that of the CTV building. For example, a damaged building may require demolition even if it can resist potential aftershocks. Therefore, determining the RSC of damaged structures is critical to the further development of post-earthquake assessment theory.



Currently, post-earthquake assessment of damaged buildings is based on the visual damage observed during field inspections [1]. The mainshock-induced damage to structural components is usually categorized as slight, moderate, severe, or extreme according to the visual damage phenomena [2]. For example, a column can be considered moderately damaged if crushing of the cover concrete is observed. There have been many achievements related to the relationship between the damage state and visual damage phenomena [3,4,5,6,7], enriching the qualitative description found in the post-earthquake assessment guidelines worldwide. A preliminary assessment of the inadequacy of existing RC buildings in terms of their seismic capacity is another fundamental phase in ensuring a proper choice of effective retrofitting strategies [8,9,10]. Accordingly, quantitative evaluation of the RSC of damaged buildings in aftershocks has become a critical subject in post-earthquake assessment theory, whereas studies related to buildings damaged at the structural and component level are scarce. For the damaged components and structures, the related studies have focused on damage identification [11], degradation of structural key performance parameters [12], and the shift of the basic frequency [13]. It should be pointed out that the prediction of the residual hysteretic behaviors of damaged components and structures is rare. In other words, there is a lack of numerical models for damaged components and structures when evaluating their RSC. As a result, scholars and engineers must seek alternative methods of post-earthquake assessment.



Time history analysis considering mainshock–aftershock sequences is commonly used for evaluating the RSC of damaged components and structures. Focusing on the aftershock safety assessment of post-earthquake buildings, Burton and Deierlein [14] proposed a collapse capability assessment method for post-earthquake buildings based on time history analysis. Shokrabadi and Burton [15] evaluated the residual capacity of post-earthquake RC frames in aftershocks. Abdelnaby [16], Raghunandan, Liel and Luco [17] evaluated the failure probability of post-earthquake damaged RC frames in aftershocks. Trapani and Malavisi [18] evaluated the residual capacity and fragility of post-earthquake damaged RC frames in aftershocks. Iervolino, Chioccarelli, and Suzuki [19] evaluated the seismic damage accumulation of RC structures in multiple mainshock–aftershock sequences. Furtadoa, Rodrigues, Varuma et al. [20] analyzed the characteristics of damage accumulation in aftershocks for masonry structures. Focusing on the aftershock safety assessment of regional buildings in aftershocks, Lu, Cheng, Xu et al. [21] investigated the effect of ground motion characteristics based on nonlinear dynamic analysis considering mainshock–aftershock sequences. In these studies, the mainshock damage was determined according to the numerical results of time history analysis rather than the damage phenomena observed in the post-earthquake field; this is in contrast with the results of time history analyses, which are instead influenced by various factors [22]. As a result, the mainshock-caused damage obtained via time history analysis may be inconsistent with post-earthquake observations, which in turn may result in an inaccurate evaluation of the RSC of damaged components and structures. Therefore, it is necessary to develop alternative methods with which to evaluate the RSC of damaged components and structures.



This study aims to develop a new method of evaluating the RSC of mainshock-damaged RC columns. Compared with the aforementioned studies, the novelty of the proposed method is that the residual seismic capacity of columns can be evaluated based on their actual post-earthquake damage phenomena. The organization of the study is as follows. In Section 1, the evaluation method of the RSC of the damaged RC columns is introduced. In contrast with existing studies, the effect of mainshock damage to RC columns is analyzed according to observed damage phenomena instead of dynamic analysis. Section 2 presents a case study in which the proposed method was applied to 41 full-scale RC columns selected from the PEER database. In Section 3, we describe a parameter analysis conducted to discuss the effect of different factors on the degradation of the seismic capacity of damaged columns. Lastly, an empirical model is developed to rapidly estimate the seismic capacity degradation of damaged columns, facilitating the potential use of the proposed method in post-earthquake engineering.




2. Analysis Method of the RSC of Post-Earthquake Damaged RC Columns


2.1. Overview of Methodology


The method proposed in this paper includes three different paths, as shown in Figure 1. The response of buildings in a real earthquake can hardly be obtained, and the guidelines of post-earthquake assessment in different countries are usually based on the visible damage phenomenon of buildings after an earthquake. Therefore, the methodology starts with the visual inspection of columns in a post-earthquake field. The purpose of this is to ascertain the visible damage phenomenon of the damaged columns and to evaluate the degree of damage inflicted (i.e., damage index DI). Then, the damage distribution of materials in damaged columns can be quantified. The maximum strain of material experienced in the mainshock is defined as damaged strain, which is a key indicator used to estimate the residual behavior of damaged materials. Path 1 concludes with the output of the damaged strain of materials in damaged columns, which facilitates the prediction of the residual mechanical performance of the damaged columns.



Path 2 begins by establishing the numerical model for the damaged columns. To confirm the reasonability of the numerical model, the residual load–displacement of damaged columns with the numerical model should be compared with test data. Later, the performance of damaged columns subjected to subsequent earthquakes can be analyzed based on the incremental dynamic analysis (IDA) method. Through the IDA method, the maximum strength of subsequent earthquakes that a damaged column can withstand can be predicted. The aim of path 2 is to provide data with which to estimate the collapse probability of the columns under subsequent earthquakes.



In path 3, we first analyzed the collapse fragility of the columns in different mainshock-caused damage states. Based on the results, the collapse likelihood of those damaged columns was discussed. Generally, the seismic capacity of a structure is defined as the intensity of ground motion corresponding to the collapse of a structure. In second-generation performance-based earthquake engineering (PBEE), direct economic losses, indirect economic losses, and casualties caused by earthquakes are used as performance parameters which quantify and describe the seismic capability of probabilistic structures. This probability is typically chosen by decision makers and may be connected to factors such as the local population, economic level, etc. This is not the topic of this paper. Thus, as seen in several relevant studies [23,24], the authors chose a ground motion intensity corresponding to a 50% probability of collapse as the seismic capacity of the structure. The CFI was proposed to quantify the degradation of the RSC of damaged columns. Path 3 ends with a parameter study, which reveals the influence of structural parameters on CFI. To facilitate the practical use of the study, an empirical model was established to predict CFI.




2.2. Quantification of Damage to Columns


Post-earthquake inspections are important ways to assess the safety of damaged buildings. The purpose of a post-earthquake inspection is to determine the visible damage phenomena of damaged buildings, which are then used to evaluate the degree of damage and distribution caused by the earthquakes. Here, an estimation of the degree and distribution of damaged RC columns according to the inspected phenomena is presented.



2.2.1. Estimation of Damage Degree


The damage degree (also called the damage state or damage level) of RC components after earthquakes is usually classified as slight, moderate, severe, or extreme. Those damage degrees of RC columns are qualitatively described by visible damage phenomena, such as concrete spalling, exposure of reinforcements, etc. For example, moderately damaged RC columns are characterized by spalling of the cover concrete [3,4,5,6,7,8]. Each damage degree corresponds to a specific range of damage index (DI). The relationship between damage degree, DI, and visible damage phenomena [25] has been thoroughly investigated. Once the visible damage phenomena of a damaged column are inspected, its damage degree and the corresponding DI can be estimated.




2.2.2. Damage Distribution of Materials


In the proposed method, the numerical model of damaged columns is needed for the evaluation of their RSC. Quantification of the distribution of damaged materials in damaged components helps to reasonably model the residual response of damaged columns in subsequent earthquakes. Here, the damage distribution of materials in damaged columns was quantified with reference to the author’s previous work, i.e., the damage distribution model [26]. The distribution of concrete damage in columns is


  ξ   X , Y   =     8.12  e      − Y  /  0.3   + 0.65     D I   X h    h 0       ε  c c      ε  n o r     ,   0.07 ≤ Y ≤ 1     7.063 D I   X h    h 0       ε  c c      ε  n o r     ,   0 ≤ Y < 0.07      



(1)




where (X, Y) is the normalized coordinate of the material; X = 2x/h, Y = y/1.5 h, x, y is the distance of concrete to the section centroid and the column bottom; h0 is the depth of the section along the loading direction minus the depth from the inner edge of the stirrup to the surface of the member. Figure 2 is the schematic diagram of the material location. ξ(X, Y) is the damage strain ratio of the concrete at coordinate (X, Y), expressed as:


  ξ   X , Y   =    ε d    X , Y      ε  n o r      



(2)




where εd is the damaged strain of concrete, defined as the maximum compressive strain of concrete in the earthquake, and εnor is the normalized strain. The peak strain εc and εcc, respectively corresponding to the cover and the confined concrete, are used as the normalization strains. The reinforcement damage to columns is:


   ξ s    X , Y   =   X h    h 0     R s   Y  D I  



(3)




where ξs(X, Y) is the damage strain ratio of reinforcements at coordinate (X, Y). Rs(Y) is the relationship coefficient and the values at Y = 0.121, Y = 0.384, Y = 0.672, and Y = 1 are 11.312, 10.141, 2.413, and 1.731, respectively. When Y is between the two fitting points, Rs(Y) is determined by linear interpolation. The damage strain ratio of reinforcements ξs(X, Y) is the ratio of its damaged strain εd,s(X, Y) over the strain corresponding to its yield strength εy.



Equations (1) and (3) quantified the relationship between the material’s damage distribution and column damage degree. With those equations, the damaged strain of cover concrete, confined concrete, and reinforcements in damaged columns can be quantified after imputing estimated DI and other parameters.





2.3. Numerical Model


The fiber beam–column element is a widely used numerical model in the performance evaluation of structures. The cross-section is divided into different fibers with the corresponding stress–strain relationship. Through the equilibrium analysis, the sectional moment–curvature response can be obtained with the plane section assumption. Additionally, then, the force and displacement of the structures can be determined based on the finite element analysis method. In other words, the residual behavior of damaged columns can be modeled once the residual stress–strain relation of the materials is determined. The remainder of Section 2.3 presents the estimation of the residual stress–strain relation of the different materials according to their damaged strain.



The cover concrete and confined concrete can be considered intact if their damaged strain is less than εc than εcc. Otherwise, their strength is degraded and the residual strength can be estimated according to Equations (4) and (5).


   f  c , d     X , Y   =  f c    1 − Z    ε  c , d     X , Y   −  ε c       



(4)




where fc,d(X, Y) is the residual compressive strength corresponding to εc,d(X, Y); εc,d(X, Y) is the damaged strain of cover concrete at coordinates (X, Y); fc denotes the compressive strength of the cover concrete before the action earthquake and εc is the corresponding strain. Z is a parameter in the Kent–Park model [27].


   f  c c , d     X , Y   =    f  c c        ε  c c , d     X , Y    /   ε  c c       η   η − 1 +        ε  c c , d     X , Y    /   ε  c c        η     



(5)




where fcc,d(X, Y) is the residual strength corresponding to εcc,d (X, Y); εcc,d (X, Y) is the damaged strain of confined concrete at coordinates (X, Y); fcc denotes the compressive strength of the confined concrete of the undamaged column and εcc is the corresponding strain. η = Ec/(Ec − Esec) is the parameter in Mander’s model [28], while Ec denotes the elastic modulus of confined concrete prior to the action of the earthquake. Similarly, Esec is the secant modulus.



The stress–strain relationship of reinforcements is usually simplified by a bilinear model. If the damaged strain is greater than εy, the reinforcements enter into the hardening stage and their residual strength is expressed as follows:


   f  y , d     X , Y   =  f y  +  b s   E s     ε  s , d     X , Y   −  ε y     



(6)




where fy,d(X, Y) is the residual strength corresponding to εy,d(X, Y); εy,d(X, Y) is the damaged strain of reinforcements at coordinates (X, Y); fy and εy denote the yield strength and yield strain of intact reinforcements, respectively; bs is the strain hardening ratio of the undamaged reinforcement; and Es is their elastic modulus.



After the quantification of the damaged strain, the residual strength of different materials can be estimated according to Equations (4)–(6), and the numerical model of damaged RC columns can then be developed. The nodes, elements, and sectional discretization of the model are consistent with those presented in a previous work [26].




2.4. Evaluation of Residual Seismic Capacity


Probability-based earthquake engineering has become the main developmental trend in the field of seismic engineering in recent years [29,30]. The probability of structures reaching or exceeding their capacity can be obtained via fragility analyses. In this section, a probability-based evaluation of RSC (i.e., collapse capacity in sequent earthquakes) of damaged RC columns is proposed.



2.4.1. Incremental Dynamic Analysis


Generally, the dynamic equation of a single-degree-of-freedom (SDOF) column under earthquakes can be expressed as


  M  u ¨   t  + C  u ˙   t  + K u  t  = M   u ¨  g   t   



(7)




where M is the mass of the system; C denotes the damping matrix and K denotes the stiffness matrix;    u ¨   t    is the acceleration responses of the SDOF under the acceleration time history;    u ˙   t    and   u  t    are, respectively, velocity and displacement responses; and     u ¨  g   t    is the acceleration time history of a ground motion. A time history response, such as displacement of the column under a given level of earthquake intensity, can be solved by imputing the ground motion records into Equation (7). Additionally, the maximum displacement of columns at this earthquake intensity can be obtained.



The IDA method scales the intensity of one (or more) ground motion records to obtain a curve (or more) that parameterizes the response with the intensity level, as shown in Figure 3. Sa(T1), commonly used in engineering seismic studies, is used as the ground motion intensity measure in this paper, where Sa(T1) refers to the 5% damped elastic spectrum acceleration corresponding to the fundamental vibration period of the structure. The maximum drift ratio of columns θmax under each level of earthquake intensity is used to evaluate the RSC. The column is considered to be collapsed under the earthquake intensity when θmax is equal to the ultimate drift ratio θu, and the corresponding earthquake intensity represents the maximum intensity the column can resist, denoted as Sa,col in Figure 3a. To reduce the influence of the uncertainty of ground motions, 21 representatives’ far-field seismic records, recommended in the ATC-63 report [23], are used for IDA. The spectral acceleration curves of the selected seismic records are shown in Figure 3b.




2.4.2. Ultimate Drift Ratio of Damaged Columns


The mainshock-related damage to columns will decrease their drift capacity in aftershocks [31], meaning that the ultimate drift ratio of damaged columns θu,d may be smaller than that prior to earthquakes θu, as shown in Figure 4. To consider this effect, a reduction factor λd is here introduced, and θu,d = λdθu. According to FEMA 306 [12], λd is adopted, respectively, as 1.0, 0.9, 0.8, and 0.7 for slightly, moderately, severely, and extremely damaged columns in this paper.




2.4.3. Collapse Fragility of Damaged Column


The probabilistic collapse capacity of damaged columns is expressed by the fragility function. The expression is shown as follows:


  P [  θ  max   ≥  θ  u , d   |  S a     T 1    ] = Φ     ln    θ  max     − ln    θ  u , d          β c 2  +  β d 2         



(8)




where P[θmax≥θu,d∣Sa(T1)] is the collapse probability of the damaged columns under the earthquake intensity Sa(T1); Φ[•] is the standardized normal cumulative distribution function. βc and βd represent logarithmic standard deviations for the seismic demand and capacity. When the Sa(T1) is taken as the intensity measure of the fragility analysis,      β c 2  +  β d 2      can be estimated as 0.4 [32]; ln(θmax) can be calculated according to the result of IDA.


  ln    θ  max     = A + B ln    S a     T 1       



(9)




where A and B are determined by a linear regression of ln(θmax) and ln(Sa(T1)).



The fragility results are obtained according to Equation (8). Next, the residual collapse capacity of columns can be determined using the Sa(T1) corresponding to the 50% collapse probability of the fragility curve. The validity of the numerical model of damage columns is the basis of the accurate evaluation of residual collapse capacity. In this paper, the damage distribution of the numerical model is quantified according to the DI, which is estimated in light of the actual post-earthquake damage phenomenon. This means the proposed method can evaluate the RSC of columns based on the actual post-earthquake damage phenomenon.






3. Example Application and Discussions


The proposed evaluation method of RSC for aged and damaged structures was applied to RC columns selected from the PEER database. In Section 3.1, the principles of selecting columns from PEER database are introduced. To demonstrate the reasonability of the numerical model in the proposed method, the model results of residual load–displacement curves of RC columns in different damage states are compared with the test results in Section 3.2. In Section 3.3 the residual collapse capacity of earthquake-damaged RC columns is quantified based on fragility analysis and the CFI is calculated. Finally, the CFI is used to analyze structural parameters, which provides a reference for the rapid evaluation of the residual collapse capacity of structures after major earthquakes.



3.1. Test Database of RC Columns


The size effect has an undeniable influence on the load–displacement response of RC columns. When selecting test data, full-scale columns are preferred because their behavior is close to that which occurs in actual engineering. Moreover, this paper targets flexural dominated columns, so short columns where shear effect cannot be neglected are not considered. Based on the above principles, a total of 41 column specimens were selected from the PEER database [33,34,35,36,37,38,39,40,41,42,43,44]. The detailed parameters of selected columns are shown in Table A1 in the Appendix A. Later, the residual load–displacement response of those columns will be analyzed using the proposed numerical model.




3.2. Validation of the Numerical Model


According to Section 2.2, the damage distribution of the selected RC columns in slight, moderate, severe, and extreme damage states was quantified. To help the readers repeat the authors’ work, the damaged strain and ultimate strain of the extreme fibers of confined concrete are shown in Table 1; the εcc,d of the intact state is equivalent to εcc.



Then, substituting the damaged strain of materials into Equation (5) or (6), the residual strength of the damaged materials was obtained. After that, the numerical model for columns in different damage states could be developed. Examples of the residual load–displacement responses for Ang. No.3 are shown in Figure 5a–d, where the solid red line indicates the model results, and the dashed gray line represents the test results. According to the illustration, the model results for stiffness, residual bearing capacity, and hysteretic energy dissipation (shape of the hysteretic loops) of the specimen in intact, slight and moderate damage (Figure 5a–c) are in good agreement with the test results. In the condition of severe damage to the column (Figure 5d), the residual bearing capacity of model results is slightly lower than that of the test results, while the stiffness and hysteretic energy dissipation of the model results are generally consistent with the results of the experiment. Figure 5e–h shows a comparison between the model results and the test results of the residual bearing capacity of all the columns in different damage states. The model results are in good agreement with the test results, especially for columns with slight and moderate damage (Figure 5e,f). The prediction error of most columns in those two states is no greater than 15%. For columns with severe and extreme damage, the prediction error of some columns is slightly higher than 15%, whereas the overall coincidence degree is still acceptable.



In conclusion, the damage distribution model used in this paper can accurately predict the residual load–displacement responses of columns in different damage states. Therefore, it is reasonable to study the RSC of seismic damaged columns based on the damage distribution model.




3.3. Residual Collapse Capacity of Post-Earthquake Damaged Columns


The IDA method was performed on columns in different damage states, and then the collapse fragility curves of the damaged columns were obtained based on the method described in Section 2.4. The IDA curves of column Ang. No.3 in the extreme damage state subjected to the selected 21 ground motion records are shown in Figure 6a, which is used as an example to demonstrate the method of quantifying the residual collapse capacity of damaged columns. The ultimate drift ratio of the damaged column θu,d was determined according to the ultimate drift ratio θu of the undamaged columns. Generally, θu can be determined based on numerical analysis or test observation. However, it has been pointed out, in another work by the same authors [45], that the numerical model may not provide a sufficiently accurate simulation of the ultimate drift capacity of RC columns. Thus, θu shall be determined according to test data (shown in Table A1 in the Appendix A). The column is considered to be collapsed when θmax = θu,d, so the data when θmax > θu,d are not considered in the collapse fragility analysis of the damaged column.



Logarithm of the data when θmax ≤ θu,d in Figure 6a was used to obtain ln(θmax) and ln(Sa(T1)), which were substituted into Equation (9) and finally fitted to obtain coefficients A and B, as shown in Figure 6b. Then, substituting the expression for ln(θmax) into Equation (8), the collapse fragility curve of the column Ang. No.3 in an extreme damage state was quantified.



Figure 7 depicts the collapse fragility curves of the column Ang. No.3 in intact, slight, moderate, severe, and extreme damage states in response to aftershocks. As shown in the figure, the collapse probability increases with the degree of mainshock-induced damage to the column at the same earthquake intensity. In other words, the capacity of the columns in aftershocks decreased with the increase in the damage that cumulated in mainshocks. Compared with the intact column, the earthquake intensity Sa(T1) corresponding to the 50% collapse probability decreased by 16%, 38%, 47%, and 56% for slightly, moderately, severely, and extremely damaged columns, respectively.



To further investigate the influence of mainshock-induced damage to columns on their residual collapse capacity in relation to aftershocks, the difference between the collapse probability of the columns in the intact state and that in the damaged state (denoted as ΔPc,i) was calculated. Here, subscript i in ΔPc,i denotes the i-th damage state of columns. The results of ΔPc,i are shown in Figure 8, where ΔPc,1, ΔPc,2, ΔPc,3, and ΔPc,4 represent the difference between the collapse probability of the columns in the intact state and that in slight, moderate, severe, and extreme damage, respectively. The solid gray lines in Figure 8 are the ΔPc,i curves of different columns. The magnitude of ΔPc,i reflects the likelihood of collapse during aftershocks. The column is very likely to collapse during aftershocks if ΔPc,i ≥ 50%. In Figure 8a–d, the maximum value of ΔPc,i is 60%, 67%, 86%, and 93%, respectively, indicating that the likelihood of collapse of the columns in aftershocks increases with the degree of mainshock-induced damage. In Figure 8a–d, the number of the columns of which ΔPc,i ≥ 50% is 3, 10, 16, and 23, respectively accounting for 7%, 24%, 39%, and 56% of the total number of columns. The more severe the mainshock-induced damage, the greater the proportion of the columns that collapse during aftershocks.



The red dotted lines in Figure 8 are the 90th percentile curves of ΔPc,i. As shown in Figure 8a, the 90th percentile curve of ΔPc,1 increases with the increase in earthquake intensity. In Figure 8a, the value of the 90th percentile curve of ΔPc,1 is always lower than 50%, indicating that 90% of the columns in the slight damage state do not collapse during the aftershocks. In Figure 8b, the increase rate of the 90th percentile curve of ΔPc,2 is significantly higher than that in Figure 8a. When the earthquake intensity is 0.9 g, the value is close to 50%, indicating that the columns in a moderate damage state tend to collapse under a high level of aftershock intensity (0.9 g). In Figure 8c,d, the 90th percentile curve of ΔPc,3 and ΔPc,4 showed a trend of decrease after an initial increase with increasing earthquake intensity. The ΔPc,i on the 90th percentile curves reaches 50% when the aftershock intensity is 0.3 g (in Figure 8c) and 0.24 g (in Figure 8d), indicating that columns in severe and extreme damage states tend to collapse at a low level of aftershock intensity.



The above results and analysis explain the effect of mainshock-induced damage to columns in terms of their residual capacity from the perspective of probability. Notably, the gray solid lines in Figure 8 vary, indicating that the collapse capacity of each column may be significantly different. As shown in Table A1 in the Appendix A, the structural parameters of the 41 columns, such as the axial ratio, traverse reinforcement ratio, and shear span ratio, are different. The collapse capacity of the columns in aftershocks is influenced not only by the mainshock-induced damage, but also by the structural parameters. In the following section, the effects of structural parameters were discussed.





4. Effect of Structural Parameters on Degradation of Collapse Capacity of Damaged Columns


The post-earthquake evaluation is usually required to be completed within a short period of time. Clearly, the investigation of a rapid evaluation method for the collapse capacity of damaged columns facilitates an enhanced efficiency of post-earthquake evaluation. In this section, the CFI of the damaged columns, which reflected the degradation of collapse capacity after mainshock, is calculated (Section 4.1) based on fragility curves. Then, a parametric study is conducted to analyze the correlation between structural parameters and degradation of collapse capacity (Section 4.2). Finally, an empirical model used to predict the degradation of residual collapse capacity of damaged columns is proposed according to the results of parameter study (Section 4.3), providing a reference for the rapid evaluation of the residual collapse capacity of RC structures after mainshocks.



4.1. Collapse Fragility Index of Damaged Columns


The level of ground motion intensity corresponding to 50% collapse probability is a frequently used indicator. Here, it was used to construct the CFI, which quantified the degradation of collapse capacity of RC columns after mainshocks. The expression of κ is as follows:


  κ =    S ^   a  c o l , D M G      S ^   a  c o l , I N T      



(10)




where    S ^   a  c o l , I N T     and    S ^   a  c o l , D M G     are, the Sa(T1) corresponding to the 50% collapse probability of RC columns in intact and damaged states, respectively. The lower the FCI, the more severe the degradation of the collapse capacity. If κ is close to one, the degradation of collapse capacity of the damaged column is not significant. The CFI can be calculated by combining the fragility curves of the columns for different damage states with Equation (10). For example, the ground motion intensities correspond to 50% collapse probability of Ang. No.3 specimen in intact state, and the slight, moderate, severe, and extreme damage states are, respectively, 0.86 g, 0.72 g, 0.56 g, 0.46 g, and 0.38 g. The CFI of the slightly, moderately, severely, and extremely damaged columns under the action of aftershock were 0.84, 0.65, 0.53 and 0.44, respectively. The frequency distribution of κ for all the selected 41 columns in different damage states is shown in Figure 9. As shown in Figure 9, the distribution of CFI gradually shifts to the left side of the coordinate axis as the degree of damage increases and the median and mean values gradually decrease. The median and mean values of κ decreased by 56% and 58% when the damage level increased from slight to extreme, respectively. An increase in the damage degree has a substantial impact on the degradation of the residual collapse capacity of the structure.




4.2. Structural Parameter Analysis


In this paper, six dimensionless structural parameters, namely the axial load ratio I1, volumetric stirrup ratio I2, ratio of confined concrete area to section area (Acor/A) I3, span-to-depth ratio I4, longitudinal reinforcement ratio I5, and stirrup spacing to section height ratio (s/h) I6, are selected to analyze their effects on the CFI of columns with different seismic damage states. The structural parameters are represented by Ii, subscript i in Ii denotes the i-th parameters. Figure 10 shows the distribution of structural parameters of each specimen. The first four plots show a more even distribution of the selected corresponding structural parameters. The distribution of parameters I5 and I6 is relatively concentrated. On the whole, the distribution of various structural parameters of the selected RC columns covered the common values in the existing studies and in engineering and could be used in the subsequent analysis.



Then, the correlation between the above six dimensionless structure parameters and the CFI was analyzed. The distribution of the CFI and the chosen structural parameters does not match the normal distribution, as seen in Figure 9 and Figure 10. Therefore, Spearman’s correlation coefficient r [46,47] with no variable distribution requirement was adopted as part of the correlation analysis. Generally, the correlation coefficient r has the following provisions: first, if the absolute value of the correlation coefficient |r| is greater than 0.5, this indicates that the characteristic parameter Ii is strongly correlated with κ. Second, when |r| is between 0.3 and 0.5, it is moderately correlated. Third, when |r| is between 0.1 and 0.3, it is weakly related. Lastly, |r| less than 0.1 indicates no correlation. Additionally, a significance test is required, since a correlation analysis alone cannot demonstrate that the link between structural characteristics Ii and the CFI is accurate.



First, we established the hypotheses (null hypothesis H0: Ii and κ are independent of each other; alternative hypothesis H1: Ii and κ are related), supposed that the test level α = 0.05, and then calculated the statistics. The p-value can be obtained by referencing the table according to statistics and sample numbers. If the p-value is smaller than the test level α, the null hypothesis should be rejected, and the alternative hypothesis should be accepted, leading to the conclusion that Ii is connected to κ. Otherwise, Ii and κ are independent of each other.



Table 2 shows the calculation results of Spearman correlation coefficients r and the p-value between structural parameters and CFI. As observed in Table 2, the axial load ratio under different damage states and the collapsed fragility index of the correlation coefficient absolute value |r| are greater than 0.5, explaining that the axial load ratio and κ have strong correlation. At the same time, the damage condition of the p-value is less than the α test level, which further proves the correlation. The correlation between κ and the structural parameters is depicted in Figure 11. Figure 11a demonstrates that κ decreases as the axial load ratio rises under various damage states.



In addition, the results shown in Table 2 show the state of a slight damage volume stirrup ratio I2 associated with κ medium (0.3 ≤ |r| ≤ 0.5, and p-value < α), but also that the other three damage states of the p-value were greater than α. Thus, a volume stirrup ratio I2 with α correlation has no statistical significance. In Figure 11b, it is difficult to observe the change rule of I2 related to κ, which further proves the results of correlation analysis. As one of the most important structural characteristic parameters, the volumetric stirrup ratio I2 affects many seismic performance indexes. For example, increasing I2 can significantly improve the ductility, deformation, and energy dissipation capacity of the structure, thus greatly improving the collapse capacity of the structure in the earthquake, but it is difficult to improve the aftershock fragility of the structure after the earthquake damage.



For the other structural parameters, as shown in Table 2, the corresponding correlation coefficients r of 0.1 indicate a very weak correlation, and the p-value is greater than 0.05, so these parameters show no correlation with κ. The scatter distributions shown in Figure 11c–f are further evidence that these parameters and the fragility index are not related to κ.




4.3. Establishment of Empirical Model


In this section, based on the discussion in Section 3.2, an empirical model is established on the basis of existing test data to study the evolution law of damage degree (damage index DI) and axial load ratio of CFI of earthquake-damaged structures. According to the discussion in Section 3.2, assume that the model form is as follows:


  κ = 1 − ( a + b  n 0  ) D I  



(11)







The coefficients a and b were 0.433 and 0.857, respectively. Figure 12 shows the comparison between the calculated value of κ obtained by Equation (11) and the numerical model simulation data. In Figure 12, the average errors of the fitted and simulated results for the slight, moderate, severe, and extreme damage states are 0.12, 0.14, 0.18, and 0.19, respectively. In slight, moderate, severe, and extreme damage states, the number of specimens with errors greater than 20% accounted for 9%, 22%, 29%, and 36% of the total specimens, respectively. It can be seen that, due to the decline of the prediction accuracy of the numerical model (Figure 5), the accuracy of the empirical model also shows a trend of decline with the increase in the damage degree, but the maximum error is still no greater than 20%. In general, the outcomes of the empirical model match the numerical model results well and can predict the degradation of the RSC of the damaged columns accurately.





5. Conclusions


In this study, based on the actual post-earthquake damage phenomenon, the uneven distribution of post-earthquake damage in columns was quantified using the damage distribution model. Then, a numerical analysis model of the earthquake damaged columns was established. Then, the numerical analysis model was used for IDA, simulating and evaluating the RSC of the post-earthquake damaged columns. The novelty of the proposed method is that the RSC of the column can be evaluated based on the actual post-earthquake damage phenomenon. Lastly, an empirical model was proposed for application in an actual post-earthquake rapid assessment. A number of conclusions can be drawn:




	(1)

	
Based on the actual post-earthquake damage phenomenon and the damage distribution model, the simulation method of earthquake-damaged columns was suggested. Forty-one specimens were selected from the PEER database to verify the proposed numerical model. The results show that the proposed numerical model can accurately predict the residual load–displacement response of RC columns under different damage states.




	(2)

	
Twenty-one ground motion records were selected for collapse fragility analysis of the numerical models of 41 specimens under different damage states. The fragility analysis results revealed that the higher the degree of main shock damage, the lower the residual collapse capacity. In addition, the 90% fractional line of the difference between aftershock collapse probability and main shock collapse probability of structures with different damage degrees was discussed. It is concluded that the RC column in the slightly damaged state has a 90% probability of not collapsing after aftershocks, and RC columns with moderate damage will collapse only under the action of strong aftershocks. For RC columns in severe and extremely damaged states, collapse will occur at low aftershock levels.




	(3)

	
The CFI was calculated based on the fragility results. The mean values of the CFI for the slight, moderate, severe, and extreme damage states are 0.86, 0.71, 0.58, and 0.48, respectively. This shows that the risk of collapse of the structure increases significantly with the increase in the degree of damage. The two parameters with the greatest influence on the CFI were I1 and DI, as determined by parametric analysis. The empirical model of CFI related to I1 and DI is fitted. The fitted empirical model can effectively predict the degradation of the residual collapse capacity of damaged RC columns in different damage states (r = 0.82).




	(4)

	
The method outlined in this paper can evaluate the RSC of columns based on the actual post-earthquake damage phenomenon. If the damage strain distribution of post-earthquake damaged columns can be quantified based on damage images and combined with computer vision and unmanned aerial vehicle technology, the efficiency of the evaluators can be greatly improved.
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	Specimen
	b

(mm)
	h

(mm)
	H

(mm)
	c

(mm)
	d1

(mm)
	d2

(mm)
	fc

(Mpa)
	fy

(Mpa)
	fyv

(Mpa)
	n0

(%)
	rv

(%)
	θu

(%)





	Ang. No.3
	400
	400
	1600
	24.5
	16
	12
	23.6
	427
	320
	0.38
	2.8
	3.12



	Ang. No.4
	400
	400
	1600
	22.5
	16
	10
	25
	427
	280
	0.21
	2.2
	3.62



	Soes. No.1
	400
	400
	1600
	13
	16
	7
	46.5
	446
	364
	0.1
	0.9
	6.25



	Soes. No.2
	400
	400
	1600
	13
	16
	8
	44
	446
	360
	0.3
	1.2
	5.3



	Soes. No.3
	400
	400
	1600
	13
	16
	7
	44
	446
	364
	0.3
	0.8
	2.8



	Soes. No.4
	400
	400
	1600
	13
	16
	6
	40
	446
	255
	0.3
	0.6
	2.8



	Watson. No.5
	400
	400
	1600
	13
	16
	8
	41
	474
	372
	0.5
	0.7
	2.5



	Watson. No.6
	400
	400
	1600
	13
	16
	6
	40
	474
	388
	0.5
	0.3
	1.5



	Watson. No.7
	400
	400
	1600
	13
	16
	12
	42
	474
	308
	0.7
	1.3
	1.12



	Watson. No.8
	400
	400
	1600
	13
	16
	8
	39
	474
	372
	0.7
	0.7
	1.12



	Watson. No.9
	400
	400
	1600
	13
	16
	12
	40
	474
	308
	0.7
	2.3
	2.68



	Tanaka. No.1
	400
	400
	1600
	40
	20
	12
	25.6
	474
	333
	0.2
	2.5
	3.5



	Tanaka. No.5
	550
	550
	1650
	40
	20
	12
	32
	511
	325
	0.1
	1.7
	6



	Tanaka. No.7
	550
	550
	1650
	40
	20
	12
	32.1
	511
	325
	0.3
	2.1
	5



	Ohno. L3
	400
	400
	1600
	31.5
	19
	9
	24.8
	362
	325
	0.032
	0.3
	4.6



	Atalay. No.1S1
	305
	305
	1676
	32
	22
	9.5
	29.1
	367
	363
	0.099
	1.8
	6



	Atalay. No.2S1
	305
	305
	1676
	32
	22
	9.5
	30.7
	367
	363
	0.093
	1.5
	4.8



	Atalay. No.4S1
	305
	305
	1676
	32
	22
	9.5
	27.6
	429
	363
	0.104
	0.9
	5.3



	Atalay. No.5S1
	305
	305
	1676
	32
	22
	9.5
	29.4
	429
	392
	0.195
	0.9
	6



	Atalay. No.6S1
	305
	305
	1676
	32
	22
	9.5
	31.8
	429
	392
	0.181
	1.5
	4.8



	Atalay. No.9
	305
	305
	1676
	32
	22
	9.5
	33.3
	363
	392
	0.259
	0.9
	3.03



	Atalay. No.10
	305
	305
	1676
	32
	22
	9.5
	32.4
	363
	392
	0.266
	1.5
	3.03



	Azizinamini. NC-2
	457
	457
	1372
	38.1
	25.4
	12.7
	39.3
	439
	454
	0.206
	0.9
	4.7



	Azizinamini. NC-4
	457
	457
	1372
	41.3
	25.4
	9.5
	39.8
	439
	616
	0.31
	2.2
	2.9



	Wehbe. A1
	380
	610
	2335
	28
	19.1
	6
	27.2
	448
	428
	0.098
	1.9
	5.2



	Wehbe. A2
	380
	610
	2335
	28
	19.1
	6
	27.2
	448
	428
	0.239
	0.4
	5.2



	Wehbe. B1
	380
	610
	2335
	25
	19.1
	6
	28.1
	448
	428
	0.092
	0.4
	6.85



	Wehbe. B2
	380
	610
	2335
	25
	19.1
	6
	28.1
	448
	428
	0.232
	0.5
	4.83



	Lynn. 2CLH18
	457.2
	457.2
	1473
	38.1
	25.4
	9.5
	33.1
	331
	299
	0.073
	0.5
	2



	Lynn. 2CMH18
	457.2
	457.2
	1473
	38.1
	25.4
	9.5
	25.5
	331
	399
	0.284
	0.2
	1



	Saatcioglu. BG-1
	350
	350
	1645
	29
	19.5
	9.5
	34
	455.6
	570
	0.428
	0.2
	3.04



	Saatcioglu. BG-2
	350
	350
	1645
	29
	19.5
	9.5
	34
	455.6
	570
	0.428
	1
	5



	Saatcioglu. BG-3
	350
	350
	1645
	29
	19.5
	9.5
	34
	455.6
	570
	0.2
	2
	7



	Saatcioglu. BG-4
	350
	350
	1645
	29
	19.5
	9.5
	34
	455.6
	570
	0.462
	2
	4.86



	Saatcioglu. BG-5
	350
	350
	1645
	29
	19.5
	9.6
	34
	455.6
	570
	0.462
	1.3
	6



	Saatcioglu. BG-8
	350
	350
	1645
	29
	19.5
	6.6
	34
	455.6
	580
	0.231
	2.7
	7



	Mo. C1–1
	400
	400
	1400
	34
	19
	6.3
	24.9
	497
	459
	0.113
	1.3
	6.3



	Mo. C1–2
	400
	400
	1400
	34
	19
	6.3
	26.7
	497
	459
	0.158
	1.5
	6.7



	Mo. C1–3
	400
	400
	1400
	34
	19
	6.3
	26.1
	497
	459
	0.216
	1.5
	6.65



	Takemura. Test1
	400
	400
	1245
	27.5
	12.7
	6
	35.9
	363
	368
	0.027
	1.5
	3.5



	Takemura. Test2
	400
	400
	1245
	27.5
	12.7
	6
	35.7
	363
	368
	0.027
	0.5
	5.6
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Figure 1. Overview of the methodology. 






Figure 1. Overview of the methodology.



[image: Buildings 13 00595 g001]







[image: Buildings 13 00595 g002] 





Figure 2. Schematic showing the material location. 
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Figure 3. Schematic diagram of the IDA curve and spectral acceleration response of the selected ground motions. (a) Schematic diagram of the IDA curve; (b) Spectral acceleration response of the selected ground motions. 
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Figure 4. The collapse point of the RC column. 
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Figure 5. The residual load–displacement response of the seismic damage column Ang. No.3 and the residual bearing capacity of all the columns in different damage degree. (a) Response in the intact state. (b) Response in the slight damage state. (c) Response in the moderate damage state. (d) Response in the severe damage state. (e) The residual bearing capacity in the intact state. (f) The residual bearing capacity in the slight damage state. (g) The residual bearing capacity in the moderate damage state. (h) The residual bearing capacity in the severe and extreme damage state. 
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Figure 6. IDA curves and regression analysis of the results. (a) The IDA curves of column Ang. No.3 in the extreme damage state. (b) Regression analysis based on IDA results. 
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Figure 7. Collapse fragility curves of columns with different damage states. 
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Figure 8. Results of ΔPc,i for damaged column of different initial damage level. (a) Results of ΔPc,1. (b) Results of ΔPc,2. (c) Results of ΔPc,3. (d) Results of ΔPc,4. 
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Figure 9. Frequency distribution of collapse fragility index of column specimen under different damage degrees. (a) Under the slight damage state. (b) Under the moderate damage state. (c) Under the severe damage state. (d) Under the extreme damage state. 
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Figure 10. The frequency distribution of the structural parameters. (a) The axial load ratio I1. (b) The volumetric stirrup ratio I2. (c) The ratio of confined concrete area to section area I3. (d) The span-to-depth ratio I4. (e) The longitudinal reinforcement ratio I5. (f) The stirrup spacing to section height ratio I6. 
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Figure 11. Distribution of collapse fragility index corresponding to each structural characteristic parameter under different damage states. (black square: slight damage state; grey circle: moderate damage state; blue triangle: severe damage state; white inverted triangle: extreme damage state). 
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Figure 12. Comparison between predicted value of empirical model and value of numerical model. 
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Table 1. The damaged strain of extreme fibers of confined concrete in the RC specimen.
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Ref.

	
Specimen

	
εcc,d (%)

	
εccu (%)




	
Slight Damage

	
Moderate Damage

	
Severe Damage

	
Extreme Damage






	
[33]

	
Ang. No.3

	
1.24

	
3.51

	
14.88

	
84.1

	
7.67




	
Ang. No.4

	
0.95

	
2.67

	
11.33

	
64.03

	
5.6




	
[34]

	
Soes. No.1

	
0.54

	
1.52

	
6.43

	
36.31

	
2.64




	
Soes. No.2

	
0.66

	
1.88

	
7.95

	
44.91

	
3.53




	
Soes. No.3

	
0.54

	
1.52

	
6.43

	
36.31

	
2.62




	
Soes. No.4

	
0.42

	
1.2

	
5.07

	
28.67

	
1.7




	
[35]

	
Watson. No.5

	
0.69

	
1.96

	
8.29

	
46.83

	
3.68




	
Watson. No.6

	
0.48

	
1.36

	
5.75

	
32.49

	
2.27




	
Watson. No.7

	
0.85

	
2.39

	
10.15

	
57.34

	
5




	
Watson. No.8

	
0.73

	
2.08

	
8.79

	
49.69

	
3.3




	
Watson. No.9

	
1.4

	
3.95

	
16.74

	
94.61

	
7.42




	
[36]

	
Tanaka. No.1

	
1.24

	
3.51

	
14.88

	
84.1

	
7.58




	
Tanaka. No.5

	
0.85

	
2.39

	
10.15

	
57.34

	
4.84




	
Tanaka. No.7

	
0.97

	
2.75

	
11.67

	
65.94

	
3.3




	
[37]

	
Ohno. L3

	
0.57

	
1.6

	
6.77

	
38.23

	
2.9




	
[38]

	
Atalay. No.1S1

	
0.78

	
2.19

	
9.3

	
52.56

	
3.41




	
Atalay. No.2S1

	
0.51

	
1.44

	
6.09

	
34.4

	
2.38




	
Atalay. No.4S1

	
0.54

	
1.52

	
6.43

	
36.31

	
2.57




	
Atalay. No.5S1

	
0.81

	
2.27

	
9.64

	
54.47

	
3.57




	
Atalay. No.6S1

	
0.52

	
1.48

	
6.26

	
35.36

	
2.45




	
Atalay. No.9

	
0.75

	
2.12

	
8.96

	
50.65

	
3.28




	
Atalay. No.10

	
0.51

	
1.44

	
6.09

	
34.4

	
2.42




	
[39]

	
Azizinamini. NC-2

	
1.02

	
2.87

	
12.18

	
68.81

	
4.02




	
Azizinamini. NC-4

	
0.86

	
2.43

	
10.32

	
58.29

	
2.05




	
[40]

	
Wehbe. A1

	
0.48

	
1.36

	
5.75

	
32.49

	
1.84




	
Wehbe. A2

	
0.48

	
1.36

	
5.75

	
32.49

	
1.84




	
Wehbe. B1

	
0.54

	
1.52

	
6.43

	
36.31

	
2.15




	
Wehbe. B2

	
0.54

	
1.52

	
6.43

	
36.31

	
2.15




	
[41]

	
Lynn. 2CLH18

	
0.3

	
0.84

	
3.55

	
20.07

	
0.94




	
Lynn. 2CMH18

	
0.3

	
0.84

	
3.55

	
20.07

	
1.1




	
[42]

	
Saatcioglu. BG-1

	
0.65

	
1.84

	
7.78

	
43.96

	
3.07




	
Saatcioglu. BG-2

	
1.19

	
3.35

	
14.21

	
80.27

	
4.5




	
Saatcioglu. BG-3

	
1.19

	
3.35

	
14.21

	
80.27

	
4.5




	
Saatcioglu. BG-4

	
0.79

	
2.23

	
9.47

	
53.52

	
3.7




	
Saatcioglu. BG-5

	
1.47

	
4.15

	
17.59

	
99.39

	
5.28




	
Saatcioglu. BG-8

	
0.95

	
2.67

	
11.33

	
64.03

	
3.41




	
[43]

	
Mo. C1–1

	
1.19

	
3.35

	
14.21

	
80.27

	
3.95




	
Mo. C1–2

	
1.13

	
3.19

	
13.53

	
76.45

	
3.78




	
Mo. C1–3

	
1.13

	
3.19

	
13.53

	
76.45

	
3.78




	
[44]

	
Takemura. Test1

	
0.45

	
1.28

	
5.41

	
30.58

	
1.28




	
Takemura. Test2

	
0.45

	
1.28

	
5.41

	
30.58

	
1.28











 





Table 2. Calculation results of correlation coefficient and p-value.
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Structural Parameters

	
Slight Damage

	
Moderate Damage

	
Severe Damage

	
Extreme Damage




	
r

	
p-Value

	
r

	
p-Value

	
r

	
p-Value

	
r

	
p-Value






	
I1

	
−0.532

	
0.000

	
−0.529

	
0.000

	
−0.614

	
0.000

	
−0.699

	
0.000




	
I2

	
−0.376

	
0.015

	
−0.267

	
0.091

	
−0.222

	
0.162

	
−0.300

	
0.056




	
I3

	
−0.034

	
0.834

	
−0.102

	
0.524

	
−0.120

	
0.455

	
−0.088

	
0.584




	
I4

	
0.135

	
0.400

	
0.131

	
0.414

	
0.119

	
0.457

	
0.065

	
0.689




	
I5

	
0.032

	
0.844

	
−0.077

	
0.632

	
−0.130

	
0.418

	
−0.128

	
0.423




	
I6

	
0.131

	
0.414

	
0.111

	
0.489

	
0.107

	
0.507

	
0.057

	
0.722
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