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Abstract 8 
Accurate quantification of cumulative damage remains a significant challenge for seismic risk 9 
studies, particularly for regions affected by long-duration ground motions or earthquake 10 
aftershock sequences. Typically, seismic fragility studies rely on peak response quantities, 11 
such as displacement or drift, which fail to capture the accumulation of structural damage 12 
under cyclic loading. To overcome this limitation, this study presents a hysteretic energy-13 
based methodology for seismic fragility assessment of reinforced concrete (RC) frame 14 
buildings based on experimentally calibrated cyclic backbone and hysteretic energy capacity, 15 
Eh,cap, models. To this end, a database of reversed cyclic column tests was first compiled and 16 
filtered to obtain a representative subset of experiments for typical RC buildings, and was later 17 
used for model calibrations. Based on the proposed Eh,cap formulation, an energy-based 18 
damage index was developed to consistently quantify the progression of flexural damage in 19 
RC building structures. The models for the calibrated cyclic backbone parameters, Eh,cap, and 20 
the proposed damage index were then implemented in a three-dimensional numerical model, 21 
and time-history analyses were conducted to compare the effects of each structural assessment 22 
method. The results demonstrate that the proposed methodology improves the representation 23 
of cyclic behaviour, and the difference between the two approaches becomes critical, 24 
particularly at high levels of structural damage. 25 
 26 
Keywords: Energy-based structural assessment, nonlinear analysis, structural vulnerability, 27 
hysteretic energy capacity. 28 

1- INTRODUCTION 29 

Assessing seismic risk and potential losses for building portfolios is essential for developing effective risk 30 
mitigation strategies in earthquake-prone regions. A typical regional seismic risk assessment study combines 31 
three main components: a probabilistic seismic hazard model, an exposure dataset describing the building 32 
stock, and vulnerability functions that represent the relationship between ground-motion intensity and expected 33 
damage or losses. Various approaches have been proposed in the literature for deriving fragility or vulnerability 34 
functions with different levels of complexity [1, 2], and the choice of method generally depends on the 35 
availability of building data and the desired balance between computational efficiency and modelling accuracy. 36 

Numerical models used in such analyses can vary in their level of structural idealisation. Equivalent 37 
single-degree-of-freedom (SDOF) models [3, 4] are commonly employed due to their simplicity and 38 
computational efficiency, while two-dimensional multi-degree-of-freedom (MDOF) models [5, 6] provide 39 
improved representation of structural behaviour at moderate computational cost. Three-dimensional (3D) 40 
detailed MDOF models provide the most representative structural behaviour, though at a higher computational 41 
cost. However, advances in computational resources have enabled the increasing use of 3D MDOF models for 42 
regional-scale simulations [7, 8]. Furthermore, several frameworks have been developed to facilitate the 43 
systematic generation of large building portfolios of 3D models [9, 10]. 44 

Among these, 3D models adopt either fibre-based models or phenomenological hinge models at the 45 
element level. Fibre-based formulations [11, 12] represent material non-linearity through constitutive laws [13, 46 
14] and can capture axial force–bending moment interaction and biaxial bending effects directly. However, 47 
their high computational cost and difficulty in representing cyclic deterioration mechanisms limit their 48 
practicality in large-scale simulations. On the other hand, phenomenological hinge models [15–18] offer a 49 
computationally efficient alternative by representing inelastic behaviour through moment-rotation 50 
relationships assigned at plastic hinge locations. 51 
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Apart from modelling, structural damage is typically assessed using displacement-based engineering 52 
demand parameters (EDPs), such as the peak storey drift (PSD). While these measures are practical, they 53 
overlook cumulative damage effects that could be significant, especially during long-duration ground motions 54 
or earthquake sequences. On the other hand, the assessment of building structures, particularly those designed 55 
in accordance with modern seismic design codes, should not rely solely on displacement-based criteria. Due to 56 
their high ductility, such structures can withstand large displacements without collapsing. Additionally, the 57 
drift-based damage state thresholds used to generate fragility models are often questionable for these structures. 58 
As an alternative to displacement-based EDPs, energy-based damage indices offer a better representation of 59 
cyclic damage. However, none of these definitions included the hysteretic energy capacity, Eh,cap, of structural 60 
elements, a physically meaningful metric for assessing the level of flexural damage, in these formulations. 61 
Nevertheless, accurately quantifying Eh,cap is difficult due to the complex interaction between loading history 62 
and material behaviour [19]. 63 

To address these issues, this study first introduces empirical models calibrated for the four-segment 64 
cyclic backbone curve parameters of ductile RC beam-column elements, using filtered experimental data that 65 
represent the properties of typical RC building structures. Subsequently, an empirical model for estimating the 66 
Eh,cap of flexure-dominated RC beam–column elements is proposed. Based on this, a novel Eh,cap-based damage 67 
index is developed. Moreover, the cyclic degradation parameters of the HystereticSM material model in 68 
OpenSees [20], which is used to model the four-segment backbone for this study, are examined to facilitate 69 
consistent tracking of hysteretic behaviour under cyclic loading. Later, the proposed models are tested in an 70 
example application that compares the analysis results attained using displacement-based and energy-based  71 
procedures. 72 

2- MODEL CALIBRATIONS 73 

2-1- SELECTION OF EXPERIMENTAL DATA 74 

The experimental dataset used for model calibration was derived from the recently refined version of the ACI 75 
369 Rectangular Column Database [21]. The updated database contains 234 reversed-cyclic pushover tests of 76 
rectangular RC columns. In addition, 10 experiments from the literature [22, 23] were included, bringing the 77 
total to 244 tests. The database provides force-displacement histories, geometric properties, material 78 
characteristics, and failure modes for each specimen. Because the full dataset includes a wide range of 79 
mechanical properties and failure mechanisms that are not always representative of typical ductile RC frame 80 
columns, a two-stage filtering process was applied. First, only specimens exhibiting flexure-dominated damage 81 
behaviour were retained, while those governed by shear or combined flexure–shear failure modes were 82 
excluded. Second, an additional filtering was performed based on the experimental mechanical properties. 83 
Specifically, specimens were required to satisfy limits on axial load ratio (ν ≤ 0.7), concrete compressive 84 
strength (fc < 80 MPa), steel yield strength of longitudinal and transverse reinforcements (fyl and fyt < 600 MPa), 85 
longitudinal reinforcement ratio (ρl ≤ 0.04), and shear span length to effective depth ratio (Ls/d ≥ 2). After 86 
applying these criteria and removing some low-quality tests, 97 experiments remained. To expand the dataset, 87 
18 additional experiments that met these criteria but were excluded from the original ACI database due to lack 88 
of access to original studies were included, resulting in a final dataset of 115 tests for model calibration. 89 

2-2- CALIBRATIONS FOR CYCLIC BACKBONE CURVE PARAMETERS 90 

After compiling the experimental dataset, this section presents predictive equations for six model parameters 91 
that define the four-segment cyclic backbone curve as illustrated in Figure 1. These parameters include: 92 
 93 
• The ratio of the secant stiffness at the yield point to the gross section stiffness, EIy/EIg, to determine the 94 

yield rotation, θy = MyLs/(3EIy), where Ls is the shear span length, which can be assumed as the half-length 95 
of structural elements. 96 

• The plastic rotation before the capping point, θpl. 97 
• The post-capping plastic rotation between the capping and ultimate point, θpc. 98 
• The post-ultimate rotation between the ultimate and the zero-moment point, θpu. 99 
• The moment ratio representing strain hardening, Mcap/My. 100 
• The moment ratio representing strain softening, Mult/Mcap. 101 



   
 

3 
 

 102 
Figure 1- The parameters defining the cyclic backbone curve. 103 

The calibration process starts with analysing how model parameters relate to key predictor variables. 104 
The form of each equation was identified through an iterative process. Initially, an equation was selected based 105 
on observed trends, then refined by retaining only predictor variables that are statistically significant at the 106 
95% confidence level, as determined by the standard F-test. Non-linear least-squares regression was used to 107 
calibrate the coefficients in the multiplicative form, consistent with previous research [15, 16]. The calibration 108 
was based on the natural logarithms of the parameters, assuming a lognormal distribution. Ultimately, the 109 
equations provide median estimates of the parameters, with prediction uncertainty quantified by the logarithmic 110 
standard deviation, σLN. The calibrated equations for the cyclic backbone parameters are given in Equations 1 111 
to 6, where ν is the axial load ratio, Ls/d is the shear span length to effective depth ratio, fc’ and fyl are concrete 112 
compressive strength and steel yield strength of longitudinal steel reinforcements, ρl is the longitudinal 113 
reinforcement ratio, and ρt is the transverse reinforcement ratio. 114 
 115 
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 127 
For the yielding moment, the equation proposed by Panagiotakos and Fardis [16] showed good 128 

agreement with experimental values; therefore, this formula was used in this study. The four-point cyclic 129 
backbone curve is modelled using the HystereticSM material model in OpenSees, which supports multipoint 130 
backbone definitions. An additional calibration study was conducted to optimise the cyclic degradation 131 
parameters of HystereticSM, minimising the difference between experimental data and numerical results. 132 
Ultimately, the parameter sets (pinchx=1.0, pinchy=1.0, damage1=0, damage2=0.2 and beta=0.4)  and 133 
(pinchx=0.5, pinchy=0.5, damage1=0, damage2=0.7, beta=0.2) are recommended for columns and beams 134 
respectively. 135 
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2-3- EMPIRICAL MODEL FOR THE HYSTERETIC ENERGY CAPACITY OF RC BEAM-COLUMN 136 
ELEMENTS 137 

Following the development of predictive equations for the cyclic backbone parameters, this sub-section 138 
presents the empirical model given in Equation 7 for the Eh,cap of RC beam–column sections. This formula is 139 
expressed in terms of three key parameters: the yield moment, My, the total plastic rotation capacity, θpl,total = 140 
θpl + θpc, and the λ parameter. Here, λ is defined as the ratio of the Eh,cap to the product of My and θpl,total, and the 141 
empirical equation in Equation 8 is thus proposed as: 142 
 143 
𝐸3,05+ = 𝑀6 × 𝜃+,,7875, × 𝜆                    (7) 144 
 145 
𝜆 = 52 × 0.41$.$#9.$%:$.#.!&; × 0.34% × 0.21<'/3, 𝜎&* = 0.30                 (8) 146 
 147 

where st is the transverse reinforcement spacing within the confinement zone, and h is the section 148 
depth. Figure 2 compares the observed values of λ and Eh,cap with predictions from both the proposed equations 149 
and those in the literature. The comparison shows that the predictions of λ and Eh,cap from the proposed 150 
equations align well with experimental results. Additionally, two formulations proposed by Haselton et al. [15] 151 
(one based on λ and the other on γ, following their notation) are used to compare the predicted Eh,cap values. As 152 
illustrated in the figure on the right, the first formula overestimates Eh,cap, and both of them exhibit greater 153 
dispersion than the proposed equation, likely due to differences in the experimental datasets used for model 154 
calibration. 155 

 156 
Figure 2- Comparison of observed values of λ and Eh,cap with predicted values from the proposed 157 

and literature equations. 158 

3- HYSTERETIC ENERGY-BASED DAMAGE INDEX 159 

Once the empirical equation for the Eh,cap is calibrated, both local (at hinge level) and global (at structure level) 160 
energy-based damage indices can be defined for a particular 3D RC frame structure. For structural members 161 
experiencing uni-directional bending (e.g., beams), the damage index (DI) for plastic hinge i is given by 162 
Equation 9, as the ratio of the total hysteretic energy dissipated during cyclic loading to the corresponding Eh,cap 163 
where the dissipated hysteretic energy represents the enclosed area under the moment–rotation hysteresis loops, 164 
with the moment and rotation quantities obtainable via the “eleResponse” method or element recorders in 165 
OpenSees. An additional criterion is used here: if the rotation demand during cyclic loading exceeds θult, the 166 
limit rotation value in the cyclic backbone curve, the DI is assigned a value of 1, which represents the loss of 167 
that specific member’s load-carrying capacity. This criterion ensures physical consistency with the member’s 168 
cyclic backbone behaviour. The DI is also capped at 1 to prevent artificially inflating the structure-level DI in 169 
Equation 11. 170 

For column hinges subjected to bi-directional bending, simultaneous damage in two perpendicular 171 
directions has a combined effect on the overall damage of the hinge. Therefore, the interaction between these 172 
two directions should be considered. Additionally, note that the cyclic backbone behaviour for each column-173 
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hinge direction is assumed to be independent under loading, a common approach in the literature when 174 
modelling column hinges with the concentrated plasticity approach. This assumption does not fully capture the 175 
real physical behaviour, because damage in one direction of loading can also affect the response in the other 176 
direction due to the shared material state. 177 

Following this modelling assumption, DI values are initially calculated for the two orthogonal loading 178 
directions at each column hinge independently using Equation 9. Afterwards, the overall DI of the column 179 
hinge is determined using the square root of the sum of squares (SRSS) method as in Equation 10, where DIi,x 180 
and DIi,y denote the damage values in the two principal axes of bending of the member, denoted x and y, to 181 
indirectly consider the interaction of the two directions. This assumption was also verified using experimental 182 
data from biaxially loaded column tests in Rodrigues et al. [22], based on the DI definition adopted herein. 183 
Similar to beams, the DI of column hinges is capped at 1. 184 
 185 

𝐷𝐼1=>?@>AB07,> = 9
1, 𝜃> > 𝜃1,7

𝑚𝑖𝑛 >1, ∑!+,-
!+,$()

? , 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒                  (9) 186 

 187 

𝐷𝐼D>?@>AB07,> = 𝑚𝑖𝑛 >1,G𝐷𝐼>,EF +𝐷𝐼>,6F ?                 (10) 188 

 189 
Once the local damage indices are determined using Equations 9 and 10, the DI for storey j can be 190 

determined as the energy-weighted average of the damage indices within that storey, as given with Equation 191 
11. In this formula, DIji represents the damage index at hinge i of storey j, Eji is the total hysteretic energy 192 
dissipated by that hinge during cyclic loading, m denotes the total number of hinges within that storey 193 
(including both beam and column hinges) and Ej,total is the total hysteretic energy dissipated at storey j during 194 
cyclic loading. 195 
 196 
𝐷𝐼G =

∑ H".-!.-
/
-01
!.,'2'(&

	 	                   (11) 197 

 198 
To account for the influence of the failure mechanism on the overall damage state of the structure, 199 

Equation 11 is applied separately to the column and beam hinges within each storey j, yielding DIj,col and 200 
DIj,beam, respectively. A mechanism index ηj is then defined as in Equation 12, where ηj ranges between 0 and 201 
1. A value of ηj ≈ 0 indicates a beam-sway mechanism where damage is concentrated in beam hinges, which 202 
is the desired behaviour under seismic loading. Conversely, ηj ≈ 1 indicates a column-sway mechanism 203 
associated with soft-storey behaviour, which is significantly more detrimental to structural safety. The overall 204 
DI of the structure is then defined as in Equation 13, which penalises storeys exhibiting column-sway behaviour 205 
through the mechanism-weighted term (1 + ηj), which is bounded between 1.0 and 2.0 by definition. A pure 206 
beam-sway mechanism leaves the storey DI unchanged, while a pure column-sway mechanism doubles its 207 
contribution to the overall DI. This amplification reflects the greater damage caused by column-sway 208 
mechanisms, which are associated with soft-storey behaviour and a significantly higher risk of collapse than 209 
beam-sway mechanisms, where damage is more uniformly distributed across the structure. 210 
 211 
𝜂I =

JK3,456
JK3,456:JK3,789:

                   (12) 212 

 213 
DILMNOPM = maxODII(1 + 𝜂I)R                  (13) 214 
 215 

To establish the DI thresholds for different damage states, experiments from the filtered experimental 216 
dataset, which contain displacement values associated with specific damage observations, are used. This subset 217 
includes data on concrete crushing (41 experiments), significant concrete cover spalling (30 tests), longitudinal 218 
bar buckling (32 experiments), longitudinal bar fracture (8 experiments), and loss of axial load capacity (6 219 
experiments). For these cases, collapse is defined as occurring either through longitudinal bar fracture or loss 220 
of axial load capacity. Since some experiments reported bar fracture while some noted axial failure alone, both 221 
are considered equivalent, resulting in 13 total collapse observations within the subset. 222 

For each experiment, the hysteretic energy dissipated up to the displacement corresponding to a 223 
specific damage level was computed and normalised by the total hysteretic energy dissipated up to the collapse 224 
case, Eh,cap. This procedure allowed the derivation of DI values for each physical damage state, and the resulting 225 
DI distributions are illustrated in Figure 3, ranging from concrete crushing (DS1) to collapse (DS4). Based on 226 
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the statistical metrics of these distributions and the capping procedure applied in Equations 9 and 10, the 227 
proposed global DI thresholds are given in Table 1. 228 
 229 

Table 1- Proposed ranges of the global energy-based damage index of four flexural damage states. 230 
Damage State Description of damage Median 16th–84th percentiles Proposed thresholds 
Slight (DS1) Concrete crushing 0.05 0.03–0.10 0.01–0.10 
Moderate (DS2) Significant concrete spalling 0.19 0.09–0.34 0.10–0.40 
Extensive (DS3) Longitudinal bar buckling 0.68 0.43–0.87 0.40–0.70 

Collapse (DS4) Longitudinal bar fracture & 
loss of axial load capacity 1.00 0.92–1.00 ≥ 0.70 

 231 

 232 
Figure 3- Calculated DI values corresponding to each defined damage state level in the experimental subset. 233 

4- EXAMPLE APPLICATION 234 

A four-storey RC frame building model was generated using the Simulated Design framework [10] for an 235 
example application, with structural properties summarised in Table 2. The storey height was set as 3 m, and 236 
bay widths were taken as 5 m in the X-direction and 4 m in the Y-direction. The structural system includes a 237 
two-way solid slab 15 cm thick. A seismic design load coefficient β = 0.1 was used to specify the lateral seismic 238 
load. The building was designed using C25 concrete and S420 reinforcing steel. 239 

Additionally, all columns were assumed to have square cross-sections, and beams were modelled as 240 
emergent-type beams. The seismic design procedure followed the properties in the tr_0018_dch design class, 241 
which is one of the design classes [9] recently integrated into the framework for Turkish RC frame buildings. 242 
This class follows the provisions of the 1998 Turkish Seismic Design Code and TS500 RC design standard, by 243 
ensuring high-ductility requirements and employing the strong-column/weak-beam philosophy. 244 

Table 2- General structural properties of the example RC frame building model. 245 
Number of storey: 4 Design class: tr_0018_dch 
Storey height: 3m Beta: 0.1 
Number of bays in X direction: 4 Concrete grade: C25 
Number of bays in Y direction: 4 Steel grade: S420 
Bay width in X direction: 5 m Column section: square 
Bay width in Y direction: 4 m Beam section: emergent 
Slab type: two-way solid slab Slab thickness: 15 cm 
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After obtaining the design outputs, these parameters were used to generate the 3D non-linear model 246 
of the prototype structure using the concentrated plasticity approach in SimDesign. All beam-column elements 247 
were modelled with the forcebeamcolumn element in OpenSees, along with the ConcentratedPlasticity beam 248 
integration command, which assigns one plastic-rotation integration point at the ends of the element and three 249 
elastic-curvature integration points along its length [24]. For the plastic hinge properties, the equations 250 
calibrated in Section 2 were utilised. Meanwhile, beam-column joints were modelled as rigid, as joint failure 251 
is not anticipated in this building because of the design constraints specified in the aforementioned design 252 
codes. Infill walls at the perimeter of the building were modelled with low-quality infill properties, accounting 253 
for the effects of openings of infills, following the modelling procedure in the study of Hak et al. [25]. After 254 
creating the building model, modal analysis was performed, and the first mode vibration period of the structure 255 
was calculated to be approximately 0.38 s. 256 

Later on, a probabilistic seismic hazard analysis (PSHA) was performed using the OpenQuake Engine 257 
[25] for a specific site in Istanbul, with a time-averaged shear-wave velocity in the uppermost 30 meters (Vs30) 258 
of 350 m/s. The ground-motion model for filtered incremental velocity at 0.38s period, FIV3(0.38), proposed 259 
by Aristeidou et al. [26] was employed. Seismic hazard disaggregation was also carried out for eight seismic-260 
hazard levels, from an 80% probability of exceedance (POE) in 50 years to 0.5% POE in 50 years, and target 261 
spectrums that account for all significant causal earthquake scenarios for the study location for each hazard 262 
level were established for record selection, following the generalised conditional intensity measure approach 263 
[27]. In this process, FIV3(0.38s) was used as the conditioning IM, while FIV3(0.3), FIV3(0.5), FIV3(0.8) and 264 
Sa,avg2(0.38) were used as the conditioned IMs. The correlation models from Aristeidou et al. [29] were 265 
employed, and the record selection process was carried out using the Djura ground-motion record selector [30]. 266 

After establishing the ground-motion set, a multiple-stripe analysis (MSA) was performed on the 267 
building model, and Figure 4 compares the resulting PSD and Eh,cap-based DI values. This comparison reveals 268 
several noteworthy trends. First, the scatter between PSD and DI increases progressively with intensity level, 269 
which is to be expected: at higher intensities, damage accumulates more extensively, and this accumulation is 270 
not fully captured by PSD alone. Second, several collapse cases identified through the DI definition are 271 
associated with PSD values as low as 4–5%, a level of drift that would not typically be regarded as indicative 272 
of collapse in a ductile structure when assessed through drift-based method. Third, among the noncollapse 273 
cases identified by the DI definition, a given PSD value (e.g., 4%) can correspond to moderate or extensive 274 
damage states, showing that PSD does not properly capture the structure's condition. Taken together, these 275 
observations carry direct implications for fragility assessment: Eh,cap-based DI would likely produce a fragility 276 
curve with a different median and/or dispersion than one derived from a PSD-based evaluation, and could yield 277 
meaningfully better estimates of structural damage. 278 

 279 
Figure 4- Comparison of PSD and Eh,cap-based DI values from MSA. 280 
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5- CONCLUSION 281 

This study presented a hysteretic energy-based methodology for seismic fragility assessment of RC frame 282 
buildings, with a focus on accurately representing cumulative damage under cyclic loading. The following 283 
conclusions can be drawn: 284 
 285 
• Predictive equations for the six parameters defining the four-segment cyclic backbone curve of ductile RC 286 

beam–column elements were calibrated against a filtered experimental dataset of 115 reversed-cyclic 287 
column tests. These equations provide median estimates of the backbone parameters along with associated 288 
prediction uncertainties. 289 

• An empirical model for the hysteretic energy capacity, Eh,cap, of flexure-dominated RC beam–column 290 
elements was also proposed and calibrated using the same experimental dataset, demonstrating good 291 
agreement with experimental observations. 292 

• Building on these models, a novel energy-based damage index (DI) was developed, which relies on the 293 
assumption of concentrated plasticity and incorporates Eh,cap as a physically meaningful normalisation 294 
metric. 295 

• The proposed DI accounts for uni-directional bending in beams and biaxial bending interaction in columns 296 
through an SRSS combination, and penalises column-sway mechanisms at the structure level through a 297 
mechanism-weighted formulation. This provides a more consistent representation of flexural damage 298 
progression than conventional displacement-based measures. 299 

• A multiple-stripe analysis performed on an example four-storey ductile RC frame building showed that 300 
the scatter between PSD and the proposed DI increases progressively with intensity level, reflecting 301 
cumulative damage that PSD alone cannot capture. Several cases classified as collapse according to the 302 
DI definition were associated with PSD values as low as 4–5%, drift levels that conventional displacement-303 
based methods would not typically identify as collapse; conversely, several noncollapse cases exhibited 304 
moderate-to-extensive damage at a given PSD value, indicating that displacement alone does not uniquely 305 
characterise the structure's damage state. 306 

Overall, these findings indicate that a damage definition based on the proposed Eh,cap-based DI would 307 
likely yield fragility curves with a different median and/or dispersion than those obtained from a conventional 308 
PSD-based assessments, and can produce meaningfully better estimates of structural damage. This underscores 309 
the value of the proposed methodology for improving vulnerability assessment in scenarios where cumulative 310 
damage effects are critical. 311 
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