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Motivation

• Seismic fragility studies typically quantify damage through displacement-based engineering demand 

parameters (EDPs) such as peak storey drift and peak roof displacement.

• These measures cannot capture the cumulative damage caused by repeated inelastic cycles and may bias 

the fragility estimates.

• Cumulative energy-based measures offer an alternative for characterising structural damage under cyclic 

loading; however, none has explicitly considered the hysteretic energy capacity (Eh,cap).

• This study proposes a hysteretic energy capacity-based damage assessment procedure for ductile RC 

frame buildings that explicitly accounts for cumulative damage, based on a concentrated plasticity 

modelling framework.
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Why not just use drift?
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Methodology

1. The parameters for the cyclic response envelope of ductile rectangular RC beam-column elements.

2. The hysteretic energy capacity, Eh,cap, of RC elements, which is used as a reference to quantify the level of 

flexural damage.

3. Damage index (DI) based on Eh,cap.
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Experimental database
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Revised ACI 369 Rectangular Column Database (Avgin et al. 2025)

Filtering criteria

Axial load ratio, ν ≤ 0.7

Concrete strength, f′c < 80 MPa

Long. bar yield, fyl < 600 MPa

Transv. bar yield, fyt < 600 MPa

Long. reinf. ratio, ρl ≤ 0.04

Shear span ratio, Ls/d ≥ 2
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Methodology: cyclic backbone parameters
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𝐸𝐼𝑦

𝐸𝐼𝑔
 =  0.08 × 1.2510𝜈  × 1.2𝐿𝑠/𝑑  where 0.2 ≤

𝐸𝐼𝑦

𝐸𝐼𝑔
 ≤  0.8

𝜃𝑝𝑙  =  0.009 × 0.250.01𝑓′𝑐  × 0.23𝜈 × 2.17100𝜌𝑙

𝜃𝑝𝑐  =  0.01 × 0.07𝜈 × 1.78100𝜌𝑡  × 1.180.01𝑓𝑦𝑙

𝜃𝑝𝑢  =  0.0023 × 1.960.1𝑓′𝑐  × 2.74100𝜌𝑙  where 𝜃𝑝𝑢  ≤  4𝜃𝑝𝑐 ,

𝑀𝑐𝑎𝑝

𝑀𝑦
 =  1.08𝜈 × 1.3810𝜌𝑙  × 1.140.1𝐿𝑠/𝑑

𝑀𝑢𝑙𝑡

𝑀𝑐𝑎𝑝
 =  0.910.01𝑓′𝑐  × 0.800.1𝐿𝑠/𝑑
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Methodology: hysteretic energy capacity
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Hasanoğlu & O’Reilly (2026). Calibration of cyclic backbone parameters and hysteretic energy capacity of ductile RC members. (Under review). 

𝐸ℎ,𝑐𝑎𝑝  =  𝑀𝑦  × 𝜃𝑝𝑙,𝑡𝑜𝑡𝑎𝑙  × 𝜆

𝜆 =
𝐸ℎ,𝑐𝑎𝑝

𝑀𝑦  𝜃𝑝𝑙,𝑡𝑜𝑡𝑎𝑙

𝜆 =  52 × 0.410.01(𝑓𝑐 + 0.1𝑓𝑦𝑙) × 0.34𝜈 × 0.21𝑠𝑡/ℎ
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Methodology: Eh,cap-based damage index
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Storey-level DI:

Structure-level DI:

Section-level DI:

𝐷𝐼𝑠𝑡𝑟𝑢𝑐𝑡  =  max𝑗  𝐷𝐼𝑗

𝐷𝐼𝑗  =
∑𝑖=1

𝑚 𝐷𝐼𝑗𝑖 𝐸ℎ,𝑐𝑎𝑝,𝑗𝑖

∑𝑖=1
𝑚 𝐸ℎ,𝑐𝑎𝑝,𝑗𝑖

𝐷𝐼𝑢𝑛𝑖−𝑑𝑖𝑟𝑒𝑐𝑡,𝑖  = 𝐷𝐼𝑏𝑖−𝑑𝑖𝑟𝑒𝑐𝑡,𝑖  =  min (1, √(𝐷𝐼𝑖,𝑥
2  +  𝐷𝐼𝑖,𝑦

2 ) )

1, if |𝜃𝑖|  >  𝜃𝑢𝑙𝑡,𝑖

min (1,
∑ 𝐸ℎ,𝑖

𝐸ℎ,𝑐𝑎𝑝
 ), otherwise
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Methodology: Eh,cap-based damage index
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Example Application
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Example Application
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Conclusions

• Drift-based EDPs cannot distinguish structures that reach the same peak demand through very different 

numbers of inelastic cycles, which can bias fragility estimates at higher damage levels.

• The proposed Eh,cap-based damage index links dissipated hysteretic energy directly to an element’s energy 

capacity, giving a physically consistent measure of cumulative flexural damage.

• Since it explicitly tracks accumulated damage, the method can be used directly to develop state-dependent 

fragility models.

• The proposed model for Eh,cap  provides a suitable basis for energy-based design procedures.
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Thank you

Questions?
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      E I y    E I g   =   0 . 08   ×     1 . 25  10 𝜈   ×     1 . 2   L s / d   where   0 . 2   ≤       E I y    E I g   ≤   0 . 8


   𝜃  p l   =   0 . 009   ×     0 . 25  0 . 01   f ′ c   ×     0 . 23 𝜈   ×     2 . 17  100  𝜌 l


   𝜃  p c   =   0 . 01   ×     0 . 07 𝜈   ×     1 . 78  100  𝜌 t   ×     1 . 18  0 . 01  f  y l


   𝜃  p u   =   0 . 0023   ×     1 . 96  0 . 1   f ′ c   ×     2 . 74  100  𝜌 l   where    𝜃  p u   ≤   4  𝜃  p c ,


     M  c a p   M y   =     1 . 08 𝜈   ×     1 . 38  10  𝜌 l   ×     1 . 14  0 . 1  L s / d


     M  u l t   M  c a p   =     0 . 91  0 . 01   f ′ c   ×     0 . 80  0 . 1  L s / d


   E  h , c a p   =    M y   ×    𝜃  p l , t o t a l   ×   𝜆


  𝜆   =      E  h , c a p   M y    𝜃  p l , t o t a l


  𝜆   =   52   ×     0 . 41  0 . 01 (  f c   +   0 . 1  f  y l )   ×     0 . 34 𝜈   ×     0 . 21   s t / h


    D I  s t r u c t   =     max j     D I j


    D I j   =      ∑  i = 1 m   D I  j i    E  h , c a p , j i   ∑  i = 1 m  E  h , c a p , j i


    D I  u n i − d i r e c t , i   =


    D I  b i − d i r e c t , i   =   min   ( 1 ,   √ (   D I  i , x 2   +     D I  i , y 2 )   )


  1 ,   if   |  𝜃 i |   >    𝜃  u l t , i


  min   ( 1 ,     ∑    E  h , i   E  h , c a p   ) ,   otherwise

