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Abstract: Evaluating the residual performance of post-earthquake damaged buildings is crucial for making informed 8 

post-earthquake decisions. However, existing evaluation methods often struggle to capture the actual damage 9 

distribution, potentially leading to unreasonable results. In this study, a residual performance evaluation methodology 10 

for damaged RC frames based on the fiber beam-column model is proposed. The main feature is its ability to capture 11 

the actual distribution of seismic damage at both the structural and component levels. In the proposed methodology, 12 

the damage index of components within the structure is first quantified based on visual inspection. Then, the spatial 13 

distribution of damage to concrete and reinforcement steel within the components is quantified. Finally, using the 14 

quantified structural damage distribution, stress-strian curve for the damaged materials and a numerical model for the 15 

overall damaged structure are developed, which are then used for subsequent nonlinear dynamic/static analysis to 16 

assess the residual performance. The reliability of the proposed methodology is verified through its application to both 17 

a pseudo-static test and a shaking table test. The verification results show that the proposed methodolody accurately 18 

simulates the stiffness degradation of the test frames, and the quantified damage distribution effectively maps the 19 

actual damage phenomena, providing an explanation for the degradation mechanisms at the material level. Finally, the 20 

methodology is applied in a case study of a four-story RC frame building damaged in the Luding earthquake. The 21 

evaluation outcomes obtained in this study align with the expert assessments, while also accurately predicting the 22 

building's collapse safety under aftershocks. 23 
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1 Introduction 25 

Recent earthquake reports indicate that the requirement for the ductile design of buildings is effective in 26 

preventing their collapse, significantly reducing economic losses and casualties (Wang et al. 2023; Yu et al. 2017). 27 

Whereas, ductile buildings tend to be damaged after experiencing an earthquake, leading to a deterioration of their 28 

capacities (Lu ret al 2012; Wu et al. 2009; Xu et al. 2020). Following an earthquake event, stakeholders are primarily 29 

concerned with several key issues: whether a damaged building is safe to re-occupy, how to develop reasonable and 30 

effective repair or strengthening measures, and the ability of these buildings to maintain safe operation during 31 

aftershocks. The residual performance of a damaged building underpins the resolution of the above issues. If the 32 

damaged building meets expected performance criteria, stakeholders tend to favor minimal or no strengthening. Thus, 33 

a reasonable methodology for assessing the residual performance of damaged buildings is essential. 34 

Early research evaluated the residual performance of damaged structures via the nonlinear time-history analyses 35 

considering the mainshock-aftershock sequence (Burton et al. 2017; FEMA P695 2009; Shokrabadi et al 2018). 36 

Bazzurro et al. (2004) evaluated the residual performance of mainshock damaged structures using pushover analysis 37 

and incremental dynamic analysis (IDA). Jeon et al. (2015) , Ruiz et al. (2015), and Li et al. (2007) established fragility 38 

curves through simulations of main-aftershock sequences to evaluate the residual performance of damaged structures. 39 

Hosseinpour and Abdelnaby (2017) investigated the fragility curves of structures with varying degrees of damage 40 

from the mainshock. Zhang and Burton (2018) proposed a machine learning framework to estimate the residual 41 

performance of earthquake damaged structures. Wang et al. (2023) employed machine learning and time history 42 

analysis to predict the seismic performance of damaged columns under aftershock. In those studies, the damage caused 43 

to structures by the mainshock was evaluated via the time history analysis rather than the visual inspection. As is 44 

known, the sensor quality and spatial density of the strong-motion network have a neglected influence on the results 45 

of time history analysis (Liao et al. 2022). Consequently, the damage distribution caused by the mainshock to structures 46 

(at both the component level and the structural level) obtained from time history analysis may not be consistent with 47 

that inspected in the field. Zhang and Burton (2019) reported that the actual damage distribution could significantly 48 

affect the residual performance of damaged buildings. Therefore, it is vital to consider their actual damage distribution 49 

in the evaluation of the residual performance of the damaged RC frames. 50 

When considering the actual damage distribution of damaged structures, the lumped plasticity model is the most 51 
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widely used model (FEMA 308 1998; Ludovico et al. 2013). In this method, the evaluator first assigns different 52 

damage indices to components based on their actual damage phenomena, and determines their stiffness and strength 53 

degradation accordingly. For example, the JBDPA guideline (2015) established a framework for assessing the residual 54 

performance of damaged structures. Chiu et al. (2017) proposed a methodology for deriving the reliability function of 55 

mainshock damaged RC pier under specific damage states based on this framework. Hao et al. (2020) addressed the 56 

limitations of the JBDPA guidelines by introducing a detailed evaluation methodology for the residual performance. 57 

Konstantinos et al. (2016 and 2020) quantified the residual performance of damaged structures by applying the 58 

thresholds of eigenperiod elongation. Domaneschi (2021) and Marasco (2021a) et al. investigated the detailed 59 

procedures for on-site inspection and proposed methods for evaluating the vulnerability indices of existing damaged 60 

buildings. Marder et al. (2020) studied the reduction in stiffness caused by plastic hinge damage induced by an 61 

earthquake. However, while the lumped plasticity-based assessment method can consider the actual damage 62 

distribution at the structural level, it cannot capture the material damage distribution at the component level. Existing 63 

studies have proven that, for post-earthquake damaged RC structures, the material-level damage also exhibits an 64 

uneven distribution. In the assessment of the residual performance of damaged structures, accurately quantifying the 65 

material damage distribution at the component level not only helps to fully understand the performance degradation 66 

mechanisms of the structure, but also facilitates a more accurate prediction of the structure's residual seismic capacity.  67 

Recently, to quantify the material damage distribution of damaged components, some damage distribution models 68 

based on fiber beam-column elements have been proposed, such as Li et al. (2023), Li et al. (2024) and Ma et al. (2021, 69 

2022 and 2023) have developed a damage distribution model using the fiber damage index of the fiber beam-column 70 

elements. Currently, the reliability of damage distribution models at the component level has been preliminarily 71 

validated. However, at the structural level, studies that can simultaneously consider the actual damage distribution at 72 

both the structural and component levels are still insufficient, and related case studies have not yet been reported. As 73 

a result, the applicability of the damage distribution model to real damaged RC structures remains to be fully validated. 74 

In this paper, a methodology for evaluating the residual performance of damaged RC frames, considering the 75 

damage distribution at both the component level and the structural level is proposed. Subsequently, three case study 76 

analyses were conducted to discuss the reliability and advantages of the proposed method. The organization of the 77 

study is as follows. Section 2 presents the evaluation framework. Compared to existing research, this methodology is 78 
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novel in that it enables the identification of the damage distribution of damaged structures through visual inspection. 79 

In Section 3, the proposed methodology is applied to assess the residual load-displacement responses of damaged RC 80 

frames from two tests. Then, the predicted results are compared with the contrast models. Section 4 conducts a case 81 

study. The residual performance of a real damaged building is evaluated through both static and dynamic analyses.  82 

2 Methodology for evaluating the residual performance of damaged RC frames 83 

2.1 Framework 84 

Fig. 1 shows the framework for evaluating the residual performance of damaged RC frames, which involve three 85 

steps. Step 1 of the evaluation methodology is to quantify the damage distribution at the structural and component 86 

levels. To obtain the actual damage distribution at the structural level, a visual inspection of the damaged building is 87 

required first, to identify the actual damage phenomena of each component and assess the degree of damage (i.e., the 88 

Damage Index, DI). Then, the mapping relationship between the component's DI and the material damage degrees at 89 

different locations on the fiber section (i.e., damage distribution) is established, with detailed steps outlined in Section 90 

2.2. Here, the material damage degree is described using damage strain, defined as the maximum strain the material 91 

has experienced under seismic loading. 92 

Step 2 aims to construct a numerical model of the damaged structure for subsequent residual performance analysis. 93 

In this step, a fiber beam-column model is employed to simulate the material damage distribution. In the fiber beam-94 

column model, the cross-section is discretized into different fibers, with each fiber's behavior represented by the 95 

material stress-strain relationship. To accurately characterize the fiber behavior, the stress-strain relationship of the 96 

damaged material at each fiber location is first determined based on the stress-strain relationship of the intact material 97 

and the damage strain output from Step 1. Then, based on the damage distribution at the structural level obtained in 98 

Step 1, numerical modeling is performed for the damaged components at different locations, ultimately constructing 99 

the numerical model of the entire damaged structure. 100 

Step 3 illustrates the application of the numerical model in the post-earthquake residual performance assessment. 101 

This paper considers both nonlinear static and dynamic analysis methods. Application Scenario 1: A nonlinear static 102 

analysis is performed on the model to obtain the load-bearing capacity curve of the damaged structure, which is then 103 

combined with the aftershock demand curve to evaluate its aftershock safety. Application Scenario 2: Nonlinear 104 

dynamic analysis is applied to predict the structural response of the damaged structure under aftershock loading and 105 
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to determine the aftershock intensity that could potentially lead to structural collapse. These analytical results provide 106 

theoretical support for determining whether retrofitting the damaged buildings is necessary. 107 

 108 

Fig. 1 Methodology for the residual performance evaluation of post-earthquake damaged RC frames 109 

2.2 Quantification of damage distribution 110 

Visual inspection is the primary step for post-earthquake assessment. In RC frames, beams and columns are the 111 

main focus for visual inspection. In this paper, damage phenomena of damaged frame components collected by visual 112 

inspection are used to assess the damage degree. By considering the damage degree across all components, the damage 113 

distribution at the component level is then determined, as shown in Fig. 1. The relationship between damage 114 

phenomena and damage degree is shown in Table 1, with the damage index (DI) used as a quantitative measure. 115 

Previous authors have suggested a correspondence between damage degree and DI (Li et al. 2021).  116 

Table 1 Relationship between damage phenomena, damage degrees and damage index of RC components 117 

Damage degree Damage index(Li et al. 2021) Description of damage (JBDPA guideline 2015) 

DSⅠ (Slight) 0.00~0.10 Crack widths are less than 0.2 mm. 

DSⅡ (Light) 0.10~0.25 Crack widths in the range 0.2–1 mm. 

DSⅢ (Moderate) 0.25~0.40 Localized crushing of concrete cover. 
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DSⅣ (Severe) 0.40~0.65 Cover concrete spalling, exposing reinforcing bars. 

DSⅤ (collapse) 0.65~1.00 Core concrete crushing, buckling of reinforcing bars. 

Then, the damage distribution at the component level (i.e., the damage strain of the material) is quantified through 118 

the DI. This damage strain exhibits variations among components with different heights and section depths within the 119 

plastic hinge zone. It is necessary to determine the position of the material fibers using coordinates (X,Y). The damage 120 

strain in the concrete material at different fibers within the component is as follows: 121 
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Where, εd (X, Y) is the damage strain of the concrete fiber at the normalized coordinates(X, Y), defined as the maximum 124 

compressive strain of concrete in the earthquake, X=xj/1.5h, Y=2yi/h; xj is the distance from the j-th section in the 125 

plastic hinge zone to the closer end of the component; yi is the distance from the center of the i-th concrete fiber to the 126 

z-axis of the section; h is the section depth along the loading direction; c is the minimum distance between the surface 127 

of the concrete and the inner edge of the stirrup; h0= h-2c is the depth of core concrete, as shown in Fig. 2. Re(X) is 128 

the sensitivity coefficient of concrete damage related to X; εcc is the peak strains of intact and core concrete. The 129 

damage strain in the reinforcement steel within the component is as follows: 130 
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Where, εs,d (X, Y) is the damage strain of the reinforcement steel fiber at the coordinates(X, Y). Considering the 132 

influence of the slip effect of the reinforcement steel, Rs(X) is the sensitivity coefficient of reinforcement steel damage 133 

related to X, when X = 0.12, X = 0.38, X = 0.67, and X = 1, the values are 11.31, 10.14, 2.41 and 1.73, respectively. 134 

When X is between the two fitting points, Rs(X) is determined by linear interpolation. εy is the yield strain of the intact 135 

reinforcement steel. 136 

The damage distribution at the component level, obtained by calculating the plastic hinge zone's fiber damage 137 
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strains using equations (1-3), is illustrated in Fig. 1. Material damage is shown with gradient colors. The different 138 

damage degrees are marked with varying shades. Finally, repeat the above steps until the damage distribution of all 139 

components has been quantified. At this point, the damage distribution at the structural level can be obtained. In 140 

summary, the proposed methodology begins with visual inspection, through which the results (i.e., the actual damage 141 

phenomena) quantify the damage distribution of the RC frames. 142 

 143 
Fig. 2 Schematic showing material location and strain distribution 144 

2.3 Numerical model of damaged structure 145 

Damage to buildings often starts at the material level, gradually accumulating at the sections and components, 146 

eventually causing the entire structure to fail. To effectively simulate this process and evaluate the residual 147 

performance of damaged structures, researchers have proposed a fiber beam-column model. This model divides the 148 

section into multiple fibers, calculating the stress-strain curve for each fiber and integrating these to derive the response 149 

of a given section. These section responses are then integrated to obtain the response of both the component and 150 

structural. In other words, once the damage strain of the material and its damage stress-strain curve (section 2.3.1) are 151 

derived from the damage distribution, the residual performance of the damaged structures can be modeled by using 152 

the fiber beam-column model (section 2.3.2). 153 

2.3.1 Stress-strain curve of damaged materials 154 

The stress-strain curve of the damaged material at the coordinates (X, Y) can be determined based on its damage 155 

strain and the stress-strain curve of the intact material, as shown in Fig. 3. For concrete materials, if the damage strain 156 

εd (X, Y) is less than c or cc, the concrete material at that fiber can be considered intact. Otherwise, its strength is 157 

degraded. In this paper, the stress-strian curve of damaged concrete can be estimated using Equations (4) and (5): 158 
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Where, c,d (X, Y) and cc,d (X, Y) are the stress the damaged cover concrete and the core concrete at coordinates (X, 161 

Y). fc,d (X, Y) and fcc,d (X, Y) are the residual strength of the cover concrete and the core concrete corresponding to εd(X, 162 

Y), which are calculated using the Kent–Park model (Kent et al. 1971) and the Mander model (Mander et al. 1988), 163 

indicated as point A and B in Fig. 3a. c is the peak strain of the intact cover concrete, cu and ccu are the ultimate 164 

strain of the intact cover concrete and the core concrete. η = Ecc/(Ecc-Esec) is the shape coefficient; Ecc and Esec are the 165 

elastic modulus and secant modulus of the intact confined concrete, respectively. 166 

The stress-strain curve for damaged and undamaged reinforcement steel are simplified based on the buckling-167 

considering Dhakal model (Rajesh et al. 2002), as shown in Fig. 3b. The reinforcement steel will enter into the 168 

hardening stage if its damaged strain εs,d (X, Y) is greater than y. The key points on the stress-strain curve in Fig. 3b 169 

can be calculated using the following equations: 170 
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Where, fy,d (X, Y) is the residual strength corresponding to εs,d (X, Y). The strength of point C can be obtained by 174 

substituting the values of εs,d (X, Y) into the Dhakal model. εl and fl are the strain and strength at intermediate point. fy 175 

and bs are the yield strength and the strain hardening ratio of the intact reinforcement steel, respectively; and Es is the 176 

elastic modulus. D is the diameter of the reinforcement steel. Ls is the calculation length of the reinforcement. Notably, 177 

Ls typically defined as an integer multiple of the stirrup spacing and can be calculated using Equations (9) to (11). 178 
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Initially, assume the buckling mode n=1. Then, calculate the values of kt and kn using Equations (10) and (11), 179 

respectively. Next, compare kn with kt. If kn is less than kt, increment n by 1 (n=n+1) and recalculate kn until kn is 180 

greater than kt. Finally, substitute the value of n into Equation (9) to obtain Ls. 181 
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 (11) 184 

Where, n is the buckling mode, which is a positive integer. kt and kn are the actual stirrup stiffness and required stiffness 185 

for nth buckling mode; Et and At are the Young’s modulus and cross-sectional area of stirrup; nl is the number of 186 

stirrup legs along buckling direction; nb is the number of main bars prone to simultaneous buckling; ci is the coefficient 187 

that includes plasticity of stirrup, generally taken as 1. Pn is the axial compressive load corresponding to nth mode. 188 

 189 

Fig. 3 Stress-strain curve of undamaged and damaged materials 190 

2.3.2 Analytical principles of the fiber beam-column model 191 

The fiber beam-column model can be used to capture damage strain distributed along the section depth and the 192 

component height. Fig. 4 shows the principle for the evaluation of residual performance of damaged structures based 193 

on the fiber beam-column model, which includes three steps.  194 

First, sectional analysis is conducted based on the geometric information of the cross-section and the stress-strain 195 

curve of the damaged materials calculated by Eqs. (4) to (8). The purpose of this step is to obtain the moment-curvature 196 
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relationship of the damaged cross-section. As shown in Fig. 2, the damaged cross-section at height xj is divided into n 197 

fibers, with the material damage stress-strain curves of each fiber inputted. The initial deformation of the cross-section 198 

is assumed to be [xj]=[yxjzxj0(xj)]T; where yxjandzxjare the curvatures about the y-axis and z-axis, 199 

respectively; 0(xj) is the axial strain. The initial position matrix is given by [Hi]=[-zn  yn  1]; where z and y denote 200 

the distances from the neutral axis in the y-axis and z-axis directions for the i-th fiber on the cross-section. Based on 201 

the plane cross-section assumption, the strain εi and stress i at the i-th fiber can be derived, as shown in Fig. 4. Then 202 

the axial force for the cross-section can be obtained: 203 
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n

c i i
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  (12) 204 

Where, Nc is the axial force for the cross-section; Ai and i are the area and stress of the i-th fiber, respectively. 205 

According to the equilibrium conditions, Nc should be equal to its external force Nb, which is determined by the actual 206 

form of force on the unit. If Nc is not equal to Nb, the initial neutral axis height is given an increment [. Then Nc is 207 

calculated again until Nc is equal to Nb, and at this time the cross-section moment can be obtained: 208 

 ( ) [ ]T

i j i iq x N H     (13) 209 

Where, [qi(xj)] is the force matrix of the i-th fiber on the cross-section at height xj; [q(xj)]=[my(xj), mz(xj), n(xj)]T; where 210 

my(xj), mz(xj), and n(xj) are the moments around y-axis and z-axis and axial forces on the i-th fiber, respectively. The 211 

stiffness matrix of the section under the corresponding curvature is as follows. 212 
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Where, [Ks(xj)] is the stiffness matrix of the section at height xj; Ei is the elastic modulus of the i-th fiber. The flexibility 214 

matrix of the section is [fs(x)]=[Ks(x)]-1. 215 

Second, the results of the sectional analysis are used to represent the characteristics of segments of fiber beam-216 

column element. The entire element is divided into multiple segments. The stiffness matrix at both ends of the damaged 217 

element [F]=[My1, My2, Mz1, Mz2, N]T, can be obtained by integrating the moment-curvature relationship of each 218 

damaged section. According to the law of conservation of energy, the displacement at the ends of the damaged element, 219 

denoted as [D], can be calculated using Eqs. (12) to (13). 220 
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Where, L is the length of the element; [T(xj)] is a transfer matrix, obtained from the static equilibrium equation 223 

[q(xj)]=[T(xj)][F]. Therefore, the flexibility matrix of the damaged element is: 224 

        [ ] [ ][ ]
T

b j s j j
L

f T x f x T x dx   (17) 225 

The corresponding element stiffness matrix is [Kb]=[fb]-1. 226 

Finally, the element stiffness matrix is used to calculate the structural stiffness matrix, followed by nonlinear 227 

analysis to determine the residual performance of the damaged structure. This paper will build the aforementioned 228 

fiber beam-column model based on the OpenSees2.5.0. In OpenSees, the displacement-based element is used, and the 229 

second-order effects are considered through the P-Delta transformation command. 230 

 231 

Fig. 4 Algorithms for fiber beam-column model of mainshock damaged structure 232 

2.4 Application of the proposed methodology 233 

The proposed methodology has broad applicability in the field of post-earthquake assessments. By integrating 234 

with nonlinear analysis, it is capable of evaluating the residual performance and aftershock safety of the damaged 235 

structures with their actual damage distributions.  236 

2.4.1 Nonlinear static analysis 237 
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Nonlinear static analysis is commonly used approaches for post-earthquake assessments. However, existing 238 

research typically applies this approach to intact buildings, with limited focus on assessing the residual performance 239 

of the damaged structures. The methodology proposed in this study remedies this deficiency. The seismic performance 240 

index (SPI) proposed in the JBDPA guidelines is selected as the index for residual performance assessment. This index 241 

is defined as the ratio of structural collapse seismic intensity Sac to the demand seismic intensity Sar. According to the 242 

definition of the SPI, if its value is less than 1, it indicates that the damaged structure can no longer withstand the 243 

seismic forces for which it was originally designed. 244 

This methodology consists of four steps. Step 1: The numerical model of the damaged structure is established 245 

based on the procedures outlined in Sections 2.2 and 2.3. Step 2: Conduct a pushover analysis on the model to obtain 246 

its load-displacement curve; Step 3: Transform the load-displacement curve into an Sa-Sd curve (Fajfar et al. 2000), 247 

where Sa and Sd are spectral acceleration and displacement, respectively. Then plot it alongside the elastic demand 248 

curve for earthquakes, on the same Sa-Sd coordinates; Step 4: When the structure enters the elastic-plastic phase, the 249 

elastic demand curve for earthquakes is adjusted using the equivalent damping ratio heq (Gülkan et al. 1974). Then 250 

calculate the Sar based on the equivalent period TA, as shown in Fig. 1. The formula for calculating the SPI is as follows: 251 
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  0.05 1 1eqh u    (20) 254 

 2A dc acT S S  (21) 255 

Where, u is the ductility coefficient of the structure; Sdc is the spectral displacement corresponding to the collapse 256 

point of the structure;  is the reduction coefficient considering the damping effect of the nonlinear seismic response 257 

of the building, and 0.25 is usually taken for RC structures (Pan et al. 2020). Fh is the seismic response reduction 258 

coefficient. 259 

2.4.2 Nonlinear dynamic analysis 260 

Compared to nonlinear static analysis, nonlinear dynamic analysis can use actual seismic data to simulate the 261 
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dynamic response of structures. The foundation of nonlinear dynamic analysis is the dynamic time-history analysis 262 

equation: 263 

        gMu t Cu t Ku t Mu t    (22) 264 

Where, M, C, and K are the mass, damping, and stiffness of the structure, respectively; 𝑢̈(𝑡)  and 𝑢̇(𝑡)  are the 265 

acceleration and velocity of the structural roof displacement over time; 𝑢̈𝑔(𝑡) is the seismic acceleration.  266 

In this study, a nonlinear time-history analysis and IDA are conducted to determine the maximum structural 267 

response of the damaged structure under specific seismic actions. This helps in understanding how seismic intensity 268 

affects the structural response. By evaluating whether these responses exceed the collapse limit, researchers can assess 269 

the aftershock safety of the damaged structure. 270 

2.4.3 Collapse limit state of damaged structures 271 

In this methodology, collapse point is defined at the analysis step when the first component in the structure 272 

reaches its ultimate drift ratio, as shown in Fig. 5. The ultimate drift ratio u of the intact component is calculated 273 

according to ASCE 41-17 (2017). For the ultimate drift ratio u,d of the damaged component, a reduction factor 274 

d is here introduced, and u,d = du. d is taken to be 0.7 according to FEMA 306 (1998).This adjustment 275 

accounts for the fact that damage decreases the deformation capacity of components. 276 

 277 

Fig. 5 The collapse point of structure 278 

3 Model validation and comparison 279 

In this section, the accuracy of the proposed methodology is validated by comparing model results, including the 280 

damage distribution and load-displacement responses, with both pseudo-static and shaking table results (the tests of 281 

Lu et al. (2015) and Ji et al. (2023)). Additionally, a comparative analysis is performed with the results from contrast 282 
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models. In the following paper, existing methods (contrast models) for evaluating the residual performance of 283 

damaged structures are introduced first(in Section 3.1). Then, both the proposed methodology and contrast models are 284 

applied to two damaged RC frames to assess their residual performance (in Sections 3.2 and 3.3). 285 

3.1 Contrast models 286 

Existing method for evaluating the residual performance of damaged structures typically employ the lumped 287 

plasticity model. This method consists of two steps. The first step is to determine the damage degree (DI) of the 288 

component and the related reduction factors based on damage phenomena (shown in Table 2). The second step is to 289 

use the reduction factors to update the load-displacement relationship of damaged components, as shown in Fig. 6. It 290 

should be noted that the initial load-displacement relationship (black solid line in Fig. 6) is needed in advance when 291 

using this method. Two contrast models proposed by JBDPA guidelines and Chiu et al. (2021) are used in Sections 3.2 292 

and 3.3, and the following are referred to as the JBDPA model and Chiu's model respectively. The corresponding 293 

reduction factors are listed in Table 2. 294 

 295 

Fig. 6 Property degradation of damaged components 296 

Table 2 Reduction factor for RC components 297 

 Stiffness reduction factors K  Strength reduction factors Q 

 DSⅠ DSⅡ DSⅢ DSⅣ DSⅤ  DSⅠ DSⅡ DSⅢ DSⅣ DSⅤ 

JBDPA guideline 0.95 0.75 0.50 0.20 0.00  0.95 0.75 0.50 0.20 0.00 

Chiu et al. 1.00 0.60 0.35 0.15 0.00  1.00 1.00 1.00 0.75 0.00 

3.2 Pseudo-static test conducted by Lu 298 

3.2.1 Test profile 299 
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This research focuse on the investigation of the residual performance of RC frames damaged during the pseudo-300 

static test conducted by Lu (2015). The study focuse on a scaled model of a three-story, three-span RC frame, built at 301 

half the original size. Detailed dimensions and reinforcement information for the scaled model can be found in Fig. 7. 302 

The concrete strength for the beams and columns is 28.96 MPa, and the yield strength of reinforcement steel of 303 

different diameters can be found in Appendix Table 5. During the tests, vertical loads were applied to the four columns 304 

on the top floor, along with lateral horizontal loads applied at each layer of the structure. 305 

 306 

Fig. 7 Dimensions and reinforcement details of the frame designed by Lu et al.: (a) frame, (b) beams/columns 307 

3.2.2 Damage distribution 308 

After inspecting the damage phenomena of each individual component, the structural damage is quantified based 309 

on Table 1 and Eqs. (1) to (3). Taking the bottom middle column A as an example, the cover concrete had been crushed 310 

and the reinforcement steel were exposed at 15th loading cycles. At this stage, the column can be assessed to be 311 

severely damaged (DS IV) according to Table 1. It should be noted that the damage index is a range value. According 312 

to the proposed model, the upper limit of the damage index can be used to determine the lower limit of the residual 313 

capacity. Conversely, the lower limit of the damage index can be used to determine the upper limit of the residual 314 

capacity, as illustrated in Figure 8. Decision-makers can choose a specific damage index based on their risk appetite. 315 

Since this paper does not address specific risk appetite, the relatively representative median value of 0.55 has been 316 

chosen for characterization. Then, substituting the corresponding DI = 0.55 into Eqs. (1) to (3), the damaged strain of 317 

materials at an arbitrary location (namely, the component damage distribution) can be obtained.  318 
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 319 

Fig. 8 Schematic diagram of the residual capacity range. 320 

The boundaries at which calculated damage phenomena begin to occur are indicated by symbols in Fig. 9. As an 321 

example, for the cover concrete, spalling is considered to occur when the damage strain exceeds the spalling strain. 322 

Fig. 9 illustrates that the proposed methodology effectively captures the material failure phenomena of the components 323 

under different damage degrees. For example, the damage strain distribution in Fig. 9 shows significant spalling of 324 

the cover concrete at the bottom of the column and a small portion of the core concrete suffered crushing. In addition, 325 

by substituting the damage strain of the reinforcement into the reinforcement buckling model proposed by Dhakal 326 

(Rajesh et al. 2002), the buckling length and lateral buckling displacement of the reinforcement can be calculated, 327 

which are 210 mm and 12 mm, respectively, indicating that the reinforcement has experienced significant buckling. 328 

These simulation results are consistent with the actual damage phenomena observed at the 15th and 16th cycles in the 329 

test. 330 

By repeating the above steps, the damage of all components is quantified to obtain the structural damage 331 

distribution. As shown in Fig. 10, based on the damage phenomena recorded in the literature (Lu et al. 2015) under 332 

different loading cycles, the structural damage distribution is quantified into three stages. Damage distribution 1 333 

occurred after the 5th loading, where cracking of the cover concrete in the bottom columns was observed. According 334 

to Table 1, the columns on the first floor showed slight damage (DS Ⅱ). Damage distribution 2 occurred during the 335 

11th to 12th loadings, when the deformation of the column reached a drift ratio of 1/50, and evident cover concrete 336 

crushing was observed at the bottom of the column. The components exhibited varying degrees of damage, with the 337 

columns on the first floor classified as moderate damage (DS Ⅲ). Damage distribution 3 is observed during the 15th 338 

to 16th loading cycles, and the structural damage is the most serious, with most components experiencing moderate 339 

(DS Ⅲ) to severe damage (DS Ⅳ).  340 
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 341 

Fig. 9 Damage distribution of Column A in severe damage 342 

 343 

Fig. 10 Structural damage distribution in pseudo-static test 344 

3.2.3 Load-displacement responses 345 

With the known damage strains of the materials in each component (as shown in Fig. 9 and 10), the residual 346 

strength of the damaged materials can be calculated using Eqs. (4) to (8). This allows for the generation of stress-strain 347 

curves for the damaged materials, which serve as input conditions for establishing a numerical model of the damaged 348 

structure. The establishment of contrast models requires the restoring force model and corresponding reduction factors 349 

of each component. To make the contrast model more precise, the load-displacement relationship of the intact 350 

components were obtained from the hysteresis curves of the component tests (Lu et al. 2015). The reduction factors 351 

are determined according to the estimated damage index of each component and Table 2. After that, the load-352 

displacement relationship of damaged structures can be obtained based on the method in Section 3.1. 353 

The comparison between the model results and the test results is shown in Fig. 11 and Table 3. Notably, damage 354 

distribution 0 represents the intact state of the structure. It can be seen from Fig. 11 and Table 3 that all the models can 355 

provide precise results under damage distribution 0. While the peak strength estimated by the JBDPA model begins to 356 

be lower than the experimental results from damage distribution 1. This discrepancy is apparent especially under 357 
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damage distributions 3 and 4. For example, under damage distribution 3, the model predicts a peak strength of 70.69 358 

kN, which is much lower than the peak strength measured in tests of 136.32 kN. This indicate that the reduction factors 359 

of the components specified in the JBDPA guidelines are often much lower than their actual values. 360 

The Chiu's model and proposed model provide a more accurate prediction of the residual load-displacement 361 

responses. In the prediction of stiffness degradation of the damaged structure using the proposed model and Chiu's 362 

model, the average errors under differents damage distributions are 5.96% and 10.22%, respectively. Under damage 363 

distribution 1, the stiffness of the damaged structure decreases by approximately 7% compared to its intact state 364 

(distribution 0). According to Fig. 10, the damage degree of the components under damage distribution 1 is mostly 365 

light (DS Ⅱ). The quantification of the component damage distribution (using Eqs. (1) to (3)) showed that the damaged 366 

strain of cover concrete at bottom section reaches 0.004, greater than its cracking strain of 0.0001 but less than its 367 

crushing strain of 0.0044. This implies that the cover concrete in the plastic hinge zones has cracked but not spalled. 368 

While the reinforcement steel has not yielded (the damage strain is 0.0015), indicating that the stiffness degradation 369 

under damage distribution 1 is mainly caused by concrete cracking. This finding aligns with common understanding, 370 

confirming the rationality of the proposed method. 371 

Compared to the intact state (distribution 0), the structural stiffness under damage distribution 2 is reduced by 372 

approximately 38%. As shown in Fig. 10, the bottom column exhibits moderate damage (DS Ⅲ). The lateral buckling 373 

displacement of the reinforcement is calculated to be 4 mm, based on the damage strain of the reinforcement (Eqs. (1) 374 

to (3)) and the buckling model. This suggests that under damage distribution 2, the reinforcement may have started to 375 

undergo slight buckling, leading to further degradation of the stiffness of the damaged structure. In this case, the slight 376 

buckling of the reinforcement may not be visible to the naked eye, but it can be captured by the damage distribution 377 

model proposed in this paper. 378 

Under damage distribution 3, the bottom columns of the frame are considered to have severe damage (DS Ⅳ). 379 

The corresponding damage distribution quantified by the Eqs. (1) to (3) was previously shown in Fig. 9, where part 380 

of the core concrete is crushed and the reinforcement steel is buckled. The combined effects of reinforcement steel 381 

buckling and core concrete crushing lead to a severe degradation of the strength and stiffness of the damaged frame. 382 

Compared to the intact structure, the strength and stiffness degradation are approximately 15% and 63%, respectively. 383 

Compared with the contrast model, the proposed method in this paper explains the degradation mechanism of the 384 
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damaged frames from the perspective of the material damage and can be validated against the observed damage 385 

phenomena from the test or field, thereby enhancing the reliability of the model results. 386 

 387 

Fig. 11 Comparison of model results and pseudo-static tests result under different damage distributions 388 

Table 3 Characteristic points of model results of pseudo-static test 389 

Model Damage distribution Peak strength (kN)  Peak displacement (mm) Stiffness (N/m×106) 

Test 0 162.00 133 2.54 

1 162.00 133 2.36 

2 159.78 133 1.58 

3 136.32 158 0.93 

Proposed method 0 140.00 199 2.43 

1 139.33 199 1.88 

2 136.23 199 1.36 

3 131.99 199 1.06 

Chiu’s model 0 126.03 67 2.68 

1 125.79 76 2.64 

2 122.12 74 1.87 

3 112.48 156 0.96 

JBDPA model 0 126.03 53 2.68 

1 115.38 49 2.43 

2 100.74 49 2.26 
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3 70.69 48 1.67 

3.3 Shaking table test conducted by Ji 390 

3.3.1 Test profile 391 

Ji (2023) conducted a shaking table test on a three-story RC frame with plan dimensions of 4.7 m × 3 m and a 392 

story height of 2.3 m. Detailed dimensions and reinforcement information for the scaled model can be found in Fig. 393 

12. The concrete strength for both beams and columns is 37.2 MPa, with reinforcement steel of HRB400 and stirrups 394 

of HPB300. The yield strength of reinforcement steel of different diameters can be found in Appendix Table 5. The 395 

test loading was based on two seismic motions: JMA Kobe and Takatori. Each seismic condition involves 396 

unidirectional loading, and a total of five loading inputs were conducted. 397 

 398 

Fig. 12 Dimensions and reinforcement details of the frame designed by Ji et al.: (a) frame, (b) beams/columns 399 

3.3.2 Different distribution 400 
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After each loading, damage is inspected and quantified using Table 1 and Eqs. (1) to (3). Since the only publicly 401 

available data from the shaking table test are photos of the damage to Column No. 1, it is used as an example. After 402 

the first three seismic motions, the observed damage of Column No. 1 reveals that the maximum crack width is less 403 

than 0.2mm yet extremely close to it. The damage degree of this column is classified as slight damage (DS I). 404 

Nevertheless, the damage degree is close to that of light damage (DS II), the upper limit (DI=0.1) of the damage index 405 

range was selected to ensure accurate analysis of the residual performance of the damaged structure in this state. Then, 406 

the component damage distribution is quantified using DI and Eqs. (1) to (3) as shown in Fig. 13. This figure shows 407 

that, at slight damage, most of the concrete within the component is cracked, consistent with the observed damage. 408 

This confirms that the proposed model accurately captures concrete cracking behavior. Compared to pseudo-static 409 

tests, the parameters of the two structural models, such as cross-sectional dimensions, thickness of cover concrete, and 410 

DI of the components, are all different. However, the results of their damage distribution at the component level are 411 

consistent with the damage phenomena, indicating that the model can be applied to RC structures with different 412 

parameters. 413 

Repeat the above steps until the damage of all components is quantified, at which point the structural damage 414 

distribution is obtained. According to the loading times of the tests, the RC frame was categorized into five different 415 

damage distributions, and the quantitative results are shown in Fig. 14. Damage distributions 1 to 3 represent the 416 

damage states after the first to third seismic events, respectively. At this stage, most of the components exhibit light 417 

damage. Damage distribution 4, corresponding to the fourth seismic motion, shows that the maximum crack width in 418 

the components ranged from 0.2 to 1 mm, with the column assessed to have light damage. Damage distribution 5 419 

occurred after the final seismic event, with the maximum crack width exceeding 1 mm. According to Table 1, most of 420 

the components were assessed as having moderate damage. 421 

 422 

Fig. 13 Damage distribution of Column No.1 in slight damage 423 
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 424 

Fig. 14 Structural damage distribution in shaking table test 425 

3.3.3 Load-displacement responses 426 

Numerical model for the damaged structure was established according to the damage distribution (as shown in 427 

Figs. 12 and 13), using the methodology described in Sections 2.2 and 2.3. For the contrast models, the reduction 428 

factors of the components were determined based on the estimated damage index of each component and Table 2. It 429 

is worth noting that the load-displacement relationship of contrast models is derived from empirical formulas and 430 

finite element simulations of fiber components. By contrast, in the absence of experimental data to determine the load-431 

displacement relationship of the components, the methodology proposed in this paper based on the material damage 432 

stress-strain curve provides a more efficient way to evaluate the residual performance of damaged structure.  433 

Fig. 15 and Table 4 compares the model results with the test results. It shows that all models accurately predict 434 

the results for the different damage distributions. The proposed model, Chiu's model, and the JBDPA model predict 435 

stiffness with average errors of 5.67%, 6.41%, and 9.88%, respectively, under different damage distributions. Under 436 

damage distribution 1, the stiffness degradation of the damaged structure is approximately 16% compared with that 437 
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of the intact structure. As shown by the damage distribution of the structure (Fig. 14a), the components are mostly 438 

slightly damaged. The component damage distribution (Fig. 13) shows that the slight damage results in cracks in both 439 

the cover and core concrete of the plastic hinge zones. These influence the stiffness degradation of the damaged 440 

structure. 441 

Under damage distribution 5, most components are in a state of moderate damage (as shown in Fig. 14d). The 442 

component damage distribution corresponding to the damage degree was quantified using Eqs. (1) to (3). The 443 

quantification results indicate that with the increase in damage degree, a small portion of the cover concrete at the 444 

base of the column has spalled, and the reinforcement has reached its yield strength. The core concrete damage strain 445 

is 0.0066, which is lower than its crushing strain of 0.0132. Therefore, the core concrete has not been crushed in this 446 

state. In comparison to damage distribution 4, the stiffness degradation in damage distribution 5 is 6%. 447 

 448 

Fig. 15 Comparison of model results and shaking table test results under different damage distributions 449 

Table 4 Characteristic points of model results of shaking table test 450 

Model Damage distribution Peak strength (kN) Peak drift (%) Stiffness (N/m×106) 

Test 0 22.91 0.19 1.75 

1 45.99 0.62 1.47 

2 40.91 0.94 0.79 

3 26.17 1.00 0.65 
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4 43.27 1.62 0.47 

5 33.91 2.01 0.44 

Proposed method 0 53.79 1.55 1.62 

1 53.75 1.59 1.64 

2 50.51 1.78 0.73 

3 43.49 1.83 0.53 

4 41.70 1.90 0.48 

5 39.32 2.24 0.38 

Chiu’s model 0 76.87 1.07 1.83 

1 75.85 1.22 1.63 

2 65.16 1.86 0.69 

3 61.18 2.17 0.52 

4 54.46 2.29 0.41 

5 53.69 2.49 0.40 

JBDPA model 0 76.87 1.07 1.83 

1 71.05 1.12 1.72 

2 55.64 1.75 0.79 

3 44.28 1.24 0.65 

4 36.26 1.24 0.55 

5 32.83 1.03 0.55 

4 Model application 451 

In this section, the proposed methodology is applied to a school building damaged in the Luding earthquake. 452 

Information on the earthquake and damaged structure is introduced in the subsection 4.1. Then, the damage 453 

distribution of the structure is quantified and the damage phenomena obtained by the proposed method are compared 454 

to that observed from field in Section 4.2. Subsequently, the numerical model of the damaged frame considering its 455 

actual damage distribution is established and the residual performance is evaluated via nonlinear static and dynamic 456 

analysis in Section 4.3. 457 

4.1 Overview of earthquakes and damaged buildings 458 

On September 5, 2022, at 12:52 PM, a 6.8 magnitude mainshock occurred in Luding County, Sichuan Province. 459 

The epicenter was approximately 8 km from the center of Moxi Town. The peak ground acceleration recorded by the 460 

Moxi station was 450 cm/s². The largest aftershock recorded was of magnitude 4.8, with a peak ground acceleration 461 

of 171 cm/s². The spectral acceleration response corresponding to the mainshock and aftershock, as well as the 462 
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maximum considered earthquake (MCE, with a 2% probability of exceedance in 50 years) in the Moxi region, are 463 

shown in Fig. 16. 464 
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Fig. 16 Spectral acceleration response of the seismic 466 

The mainshock caused widespread damage to the buildings in Moxi Town. Notably, the school building of Moxi 467 

Middle School, a typical RC frame structure, suffered severe damage and was selected as a case study for this paper. 468 

This building features a 4-story RC frame structure with a longitudinal span of nine and a transverse single span, with 469 

an overall height of 13.3 m. The cross-sectional dimensions of the columns are 480 mm × 480 mm, and the beam 470 

cross-section measures 200 mm × 600 mm. Because there is a lack of design documentation and the site conditions 471 

are limited due to the earthquake, this section uses the school building as a prototype. It was designed the structure 472 

according to the Code for seismic design of buildings (2001). The prototype frame was located on a site with a seismic 473 

design intensity of 8 and a site classification of II. The concrete strength for the beams and columns is 22.58 MPa. 474 

The reinforcement details of the design structure and material properties are summarized in Appendix Fig. 23 and 475 

Table 5. Based on the field inspection results, the school building was designated with a red label (ATC-20 1995) after 476 

the mainshock, which means that the building is prohibited from use. 477 

4.2 Damage distribution 478 

During the visual inspection, professionals captured damage photographs of observable components at the 479 

earthquake site (Qu et al. 2023). A frame structure with the most severe damage is selected for analysis, characterized 480 

by the maximum axial load ratio on the first floor. Taking component A as an example, Fig. 17a shows the actual 481 

damage phenomena, where exposed stirrups and partially crushed core concrete are visible. Additionally, significant 482 

buckling of the reinforcement can also be observed. Based on its actual damage phenomena (Fig. 17a) and Table 1, it 483 

is determined that the component suffered severe damage (DS IV) after the earthquake. Therefore, its DI is assessed 484 
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to be 0.65. The damage distribution of the component after the earthquake is then calculated using Eqs. (1) to (3), as 485 

shown in Fig. 17b. Fig. 17b shows that the proposed methodology captured the spalling of the cover concrete and the 486 

crushing of the core concrete after the earthquake. The reinforcement steel lateral buckling displacement, calculated 487 

from the reinforcement damage strain (Eqs. (1) to (3)) and the buckling model, was 52 mm. This is greater than the 488 

thickness of the cover concrete, which is 30 mm. These results are consistent with the actual damage observations, 489 

confirming the accuracy of the methodology.  490 

By repeating the above steps, the damage of all components is quantified, and the damage distribution of the 491 

structure is obtained, as shown in Fig. 17c. It should be noted that due to severe damage on the first floor, an inspection 492 

of the upper floors could not be conducted for safety reasons. Furthermore, the visual inspection results indicate that 493 

the deformation and damage of the building were primarily concentrated on the first floor, which can be considered 494 

the failure layer. Therefore, a conservative estimate of the damage degree of the components on the upper floors is 495 

considered to be light. 496 

The damage strain of each component (Fig. 17c) serves as an input for the Eqs. (4) to (8), which computes the 497 

damage stress-strain curves for the materials. These stress-strain curves are then input into a fiber beam-column model 498 

to establish a numerical model of the damaged school building. 499 

 500 

Fig. 17 Earthuqake damage phenomena and damage distribution of structure 501 

4.3 Nonlinear analysis 502 

4.3.1 Static analysis 503 
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The numerical models of the intact and damaged structures were established. The SPI of the structure was then 504 

evaluated using the nonlinear static analysis methodology outlined in Section 2.4.1. The load-displacement curves are 505 

shown in Fig. 18. Fig. 18 shows that earthquake caused damage leads to a 16.2% reduction in structural stiffness and 506 

a 28.2% reduction in load-bearing capacity compared to the intact structure. Fig.s 19 and 20 compare the capacity 507 

curves of the intact and damaged structures with the demand curves for MCE. Point A represents the earthquake 508 

intensity that the structure can withstand at the collapse point (i.e., collapse capacity), while Point B indicates the 509 

demand earthquake intensity under the MCE action. From the calculation in Fig. 19, the SPIu of the intact structure is 510 

1.6. From Fig. 20, it can be calculated that the SPId of the damaged structure is 0.65. Compare Fig. 19 and Fig. 20, the 511 

collapse capacity of structure (point A) has decreased by 30%, and its ductility has been reduced by 25%. The reduction 512 

in ductility means that, under the same MCE conditions, the damaged structure must withstand higher forces and 513 

displacements. As shown in Fig. 19, the collapse capacity of intact structure exceeds the demand under MCE, 514 

suggesting that the intact structure is safe under MCE conditions. In contrast, Fig. 20 shows that the collapse capacity 515 

of the damaged structure is lower, while the earthquake intensity demand under MCE action increases. The collapse 516 

capacity of the damaged structure falls below the demand. This suggests that the damaged structure has a higher 517 

probability of collapse when subjected to aftershocks, necessitating repairs or usage restrictions. This analysis result 518 

is consistent with the expert evaluation (red label). 519 
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Fig. 18 Load-displacement curve of 

structure 

Fig. 19 Demand curve and SRC of 

intact structure 

Fig. 20 Demand curve and SRC of 

damaged structure 

4.3.2 Dynamic analysis 520 

For buildings damaged by the mainshock, subsequent events such as another mainshock or aftershocks can 521 

potentially lead to their final collapse. For example, during the double mainshock event in Turkey (Görüm et al. 2023), 522 

a large number of buildings collapsed during the second mainshock. In addition, some buildings collapsed during the 523 
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subsequent aftershocks. Therefore, in this section, the seismic performance of the established model is evaluated under 524 

two scenarios: experiencing a second mainshock and experiencing aftershocks. First, a nonlinear time-history analysis 525 

is performed on the damaged structure using the mainshock record, with the roof displacement and maximum story 526 

drift ratio time-history curves presented in Fig. 21. The maximum roof displacement reached 258 mm, and the 527 

maximum story drift ratio is 3.2%. The maximum story drift ratio occurs on the first floor, with the calculated ultimate 528 

drift ratio for the damaged columns on this floor being 1.1%. Fig. 21 shows that the maximum story drift ratio 529 

significantly exceeds the ultimate drift ratio, indicating that the damaged structure has reached a state of collapse. In 530 

other words, the damaged structure is no longer able to withstand another mainshock.  531 
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Fig. 21 Time-history curve of damaged structure under 

mainshock action 

Fig. 22 IDA curve of damaged structure under 

aftershock action 

Then, IDA is conducted based on aftershock record to further investigate the aftershock safety of the damaged 532 

structure. Fig. 22 shows the relationship between PGA and the maximum story drift ratio of the damaged structure. 533 

The recorded aftershock intensity was 0.17g, resulting in a maximum story drift ratio of 0.6%, which is smaller than 534 

the ultimate drift ratio (1.1%). This indicates that the residual performance of the damaged structure is still sufficient 535 

to withstand lower-intensity aftershocks, thus preventing the occurrence of structural collapse. When the aftershock 536 

intensity reaches 0.32g, the maximum story drift ratio exceeds the ultimate drift ratio. This means that the damaged 537 

structure may collapse at this point. Notably, according to the actual aftershock records provided by the Moxi station, 538 

the maximum aftershock experienced by the school building is 0.17g, which is less than 0.32g. Therefore, the building 539 

did not collapse during the actual aftershocks, which is consistent with the analysis results in this paper. The above 540 

results indicate that the damaged structure has a higher risk of collapse during aftershocks. In the absence of specific 541 

information about the aftershocks, it is safer to prohibit the continued use of the damaged structure. The analytical 542 
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results of the proposed methodology provide theoretical support for the visual inspection findings. It validates the 543 

effectiveness and applicability of the methodology proposed in this paper for simulating the response of damaged 544 

structures and evaluating their residual performance.  545 

4.4 Model Limitations 546 

The proposed methodology for evaluating the residual performance of damaged structures can provide theoretical 547 

support for post-earthquake safety decision-making. However, there are still some limitations that need to be discussed: 548 

(1) There might be a degree of subjectivity inherent in the current visual inspection process. In actual post-549 

earthquake assessments, it is common practice to mobilize engineers with different professional backgrounds, which 550 

may introduce a degree of subjectivity during visual inspections of structures. This subjectivity may further affect the 551 

evaluation of the structure's residual capacity. When using the proposed model, it is important to be aware of and 552 

reduce the potential impact of subjectivity during the visual inspection process. Deep learning algorithms (Feng et al. 553 

2024a, Wang et al. 2024) and multi-angle drone photography (Mandirola et al. 2022) may provide a potential solution. 554 

It enables automated damage identification that enhances the consistency of evaluation results and ensures 555 

comprehensive coverage of areas that are difficult for manual inspection. 556 

(2) The damage to structures during earthquake is varied (Marasco et al. 2017 and 2021b). For RC frames, 557 

common failure modes include flexural failure, shear failure, and flexural-shear transition failure. Different failure 558 

modes may lead to different damage distribution characteristics in RC components. The damage distribution model 559 

(Eqs. (1) to (3)) used in this paper is based on regression analysis on test data of flexural dominated RC columns. In 560 

other words, this methodology is applicable to RC frames where flexural behavior predominates. Although not directly 561 

applicable to other structure types, the proposed methodology can serve as a reference for quantifying damage 562 

distribution and evaluating residual performance in these structures. 563 

(3) The proposed methodology is applicable to buildings with well-established durability protection measures, 564 

as well as to some buildings that have been in use for a short period. For such buildings, material weakening is not a 565 

primary factor affecting structural performance. However, for buildings that have been in use for a long time or 566 

exposed to harsh conditions, environmental corrosion may accelerate the cause material weakening, which could 567 

further impact the structural performance (Feng et al. 2024b). It should be noted that this paper represents a preliminary 568 
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attempt to assess the distribution of material damage and the residual capacity of damaged structures under horizontal 569 

seismic forces. The following research will consider incorporating the impact of material weakening on structural 570 

performance into the analysis. 571 

5 Conclusions 572 

A methodology for evaluating residual performance of damaged structures considering their damage distributions 573 

is proposed. The rationality of the methodology is verified by two tests. Finally, the feasibility of the methodology is 574 

discussed through a case study, and the following conclusions are drawn: 575 

1) The proposed methodology accurately simulates the mechanical performance degradation of damaged RC 576 

frames. In the prediction of stiffness degradation for damaged structures in the experiments of pseudo-static and 577 

shaking table, the average errors in the proposed model, Chiu's model and the JBDPA model under different damage 578 

distributions were 5.81%, 8.31%, and 20.49%, respectively. 579 

2) The proposed methodology has advantages in explaining the performance degradation mechanism of damaged 580 

structures, as it considers the actual damage distribution. At the structural level, it can directly capture the true damage 581 

extent of components at different locations without the need for complex time-history analysis. At the component 582 

level, the quantified distribution of material damage strain can accurately map the actual damage phenomena of the 583 

component (such as concrete crushing and reinforcement steel buckling). This indicates that the degradation 584 

mechanism of the damaged numerical model is consistent with that in actual damaged components. 585 

3) Case study on a school building in Moxi Town shows that the building's SPId is 0.65 after the mainshock, 586 

indicating a higher risk of collapse during aftershocks. This analysis result is consistent with the expert evaluation (red 587 

label). Nonlinear dynamic analysis indicates that the damaged building can withstand aftershocks with intensities up 588 

to 0.32g. In reality, the building experienced 16 aftershocks of magnitude 3.0 or higher without collapse, with the 589 

maximum aftershock intensity being 0.17g, which is consistent with the assessment results in this study. 590 

4) The proposed methodology has great potential for post-earthquake residual performance evaluation of 591 

damaged structures. For instance, by inputting aftershock records into the damaged structure model and tracking the 592 

changes in material damage strain during aftershocks, evaluators can accurately predict the potential damage 593 

phenomena during aftershocks and numerically reconstruct the post-aftershock appearance of the structure. Moreover, 594 

since this method is primarily based on actual damage phenomena, its evaluation efficiency can be further improved 595 
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when combined with emerging computer vision and deep learning technologies. 596 

5) In this study, the damage index of structural components was mainly estimated based on the evaluator's 597 

professional experience. Future research should focus on developing deep learning methods for predicting component 598 

damage indices to reduce the subjective errors that may arise from manual evaluation. 599 
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Appendix  615 

Table 5 Material properties test results of concrete and reinforcement 616 

 fc 

(MPa)

c fcc 

(MPa) 

cc Grade Diameter 

(mm) 

fy
a 

(MPa) 

y fu
a 

(MPa) 

Fracture 

strain 

Lu et al. 28.96 0.0022 40.00 0.0058 HRB335 10 481 0.002 745 0.236 

     8 582 0.002 855 0.288 

https://data.earthquake.cn)/
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    HPB235 6 441 - 529 0.342 

     4 390 - 414 0.267 

Ji et al. 37.20 0.0024 42.07 0.0033 HRB400 16 363 0.002 541 0.253 

     14 456 0.002 653 0.180 

     12 445 0.002 671 0.180 

    HPB300 10 482 - 654 0.180 

     8 518 - 696 0.178 

     6 519 - 690 0.202 

Moxi 

building b 

22.58 0.0019 29.09 0.0049 HRB400 6~50 400 0.002 540 0.15 

    HPB300 6~14 300 - 420 0.15 

a fy and fu are the yield and ultimate strengths of the reinforcing bars, respectively. 617 

b The material properties of the Moxi building are taken with reference to the Code for design of concrete structures 618 

(GB 50010-2010). 619 

 620 

Fig. 23 Dimensions and reinforcement details of the frame designed by Moxi building: (a) plane, (b) research 621 

object, (c) beams/columns. 622 
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