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1. Introduction

During the last decade, performance
with the goal of optimally designing structures under different hazards [1]. In the context of performance
(PBSD)
variable extent also structural properties, as well as response and capacity modelling [
probabilistically
oriented implementations of PBSD do not model uncertai
[4].
parameters, assuming that uncer
including partial load and resistance 
combination of these factors
levels through such procedures has been recently shown to be illusory [
to propose an explicitly probabilistic yet affordable, gradient

* Corresponding author. Tel.: +39
E

-7058 © 2017 The Authors. Published by Elsevier Ltd.
review under responsibility of

An equivalent linear procedure for probabilistic displacement

aDepartment of Structural and Geotechnical

Abstract

Starting from an already existing
structures, in which per
multiple limit states
variables (beams and column 
imit states. General geometric, as well as capacity design constraints are duly accounted for. The procedure is applied to a 15

frame building and validation is conducted against results in terms of drift profiles and 
analysis with records select
targets in terms of desired risk levels

2017 The Authors. Published by Elsevier 
-review under responsibility of

Keywords: Equivalent linear analysis; Secant stiffness; Capacity design; Mean annual rate; SAC/FEMA

Introduction

During the last decade, performance
with the goal of optimally designing structures under different hazards [1]. In the context of performance
(PBSD) procedures
variable extent also structural properties, as well as response and capacity modelling [
probabilistically, e.g. with an acceptable value of the mean annual frequ
oriented implementations of PBSD do not model uncertai

At an even lower leve
parameters, assuming that uncer
including partial load and resistance 
combination of these factors
levels through such procedures has been recently shown to be illusory [
to propose an explicitly probabilistic yet affordable, gradient

* Corresponding author. Tel.: +39
E-mail address: francesco.petrini@uniroma1.it

Available online at 

© 2017 The Authors. Published by Elsevier Ltd.
responsibility of the organizing committee of EURODYN 2017

X International Conference on Structural Dynamics, EURODYN 2017

An equivalent linear procedure for probabilistic displacement

Paolo 
Department of Structural and Geotechnical

Starting from an already existing
structures, in which performance objectives are formulated in terms of maximum accepted mean annua
multiple limit states, some improvements are presented
variables (beams and column cross

General geometric, as well as capacity design constraints are duly accounted for. The procedure is applied to a 15
frame building and validation is conducted against results in terms of drift profiles and 
analysis with records selected to match conditional spectra. Results show that the method is suitable for 
targets in terms of desired risk levels

The Authors. Published by Elsevier 
review under responsibility of

Equivalent linear analysis; Secant stiffness; Capacity design; Mean annual rate; SAC/FEMA

During the last decade, performance
with the goal of optimally designing structures under different hazards [1]. In the context of performance

procedures, it has been extensively recognized [2] that, du
variable extent also structural properties, as well as response and capacity modelling [

e.g. with an acceptable value of the mean annual frequ
oriented implementations of PBSD do not model uncertai

At an even lower level, design codes prescribe deter
parameters, assuming that uncer
including partial load and resistance 
combination of these factors, starting from a probabilistically
levels through such procedures has been recently shown to be illusory [
to propose an explicitly probabilistic yet affordable, gradient

* Corresponding author. Tel.: +39-3331909346
francesco.petrini@uniroma1.it

Available online at 

ScienceDirect

Procedia Engineering

© 2017 The Authors. Published by Elsevier Ltd.
the organizing committee of EURODYN 2017

X International Conference on Structural Dynamics, EURODYN 2017

An equivalent linear procedure for probabilistic displacement
of RC structures under earthquake

Paolo Franchin
Department of Structural and Geotechnical

Starting from an already existing gradient-based method for the performance
formance objectives are formulated in terms of maximum accepted mean annua

some improvements are presented
cross-sections and reinforcement) leading to the attainment or non

General geometric, as well as capacity design constraints are duly accounted for. The procedure is applied to a 15
frame building and validation is conducted against results in terms of drift profiles and 

ed to match conditional spectra. Results show that the method is suitable for 
targets in terms of desired risk levels. 

The Authors. Published by Elsevier Ltd.
review under responsibility of the organizing committee of EURODYN 2017

Equivalent linear analysis; Secant stiffness; Capacity design; Mean annual rate; SAC/FEMA

During the last decade, performance-based design (PBD) received 
with the goal of optimally designing structures under different hazards [1]. In the context of performance

t has been extensively recognized [2] that, du
variable extent also structural properties, as well as response and capacity modelling [

e.g. with an acceptable value of the mean annual frequ
oriented implementations of PBSD do not model uncertai

l, design codes prescribe deter
parameters, assuming that uncertainties on capacity and on response at a given seismic intensity are covered by “design factors”, 
including partial load and resistance factors [

, starting from a probabilistically
levels through such procedures has been recently shown to be illusory [
to propose an explicitly probabilistic yet affordable, gradient

3331909346
francesco.petrini@uniroma1.it   

Available online at www.sciencedirect.com

ScienceDirect

Procedia Engineering 00 (201

© 2017 The Authors. Published by Elsevier Ltd.
the organizing committee of EURODYN 2017

X International Conference on Structural Dynamics, EURODYN 2017

An equivalent linear procedure for probabilistic displacement
of RC structures under earthquake
Franchina, Fabrizio Mollaioli

Department of Structural and Geotechnical Engineering, 

based method for the performance
formance objectives are formulated in terms of maximum accepted mean annua

some improvements are presented. The method allows for the computation of the values of selected independent design 
sections and reinforcement) leading to the attainment or non

General geometric, as well as capacity design constraints are duly accounted for. The procedure is applied to a 15
frame building and validation is conducted against results in terms of drift profiles and 

ed to match conditional spectra. Results show that the method is suitable for 

nizing committee of EURODYN 2017

Equivalent linear analysis; Secant stiffness; Capacity design; Mean annual rate; SAC/FEMA

based design (PBD) received 
with the goal of optimally designing structures under different hazards [1]. In the context of performance

t has been extensively recognized [2] that, du
variable extent also structural properties, as well as response and capacity modelling [

e.g. with an acceptable value of the mean annual frequ
oriented implementations of PBSD do not model uncertai

l, design codes prescribe deter
tainties on capacity and on response at a given seismic intensity are covered by “design factors”, 

factors [5], the desired risk level be
, starting from a probabilistically

levels through such procedures has been recently shown to be illusory [
to propose an explicitly probabilistic yet affordable, gradient

www.sciencedirect.com

ScienceDirect

17) 000–000 

the organizing committee of EURODYN 2017.

X International Conference on Structural Dynamics, EURODYN 2017

An equivalent linear procedure for probabilistic displacement
of RC structures under earthquake

Fabrizio Mollaioli
Engineering, Sapienza University of 

based method for the performance
formance objectives are formulated in terms of maximum accepted mean annua

The method allows for the computation of the values of selected independent design 
sections and reinforcement) leading to the attainment or non

General geometric, as well as capacity design constraints are duly accounted for. The procedure is applied to a 15
frame building and validation is conducted against results in terms of drift profiles and 

ed to match conditional spectra. Results show that the method is suitable for 

nizing committee of EURODYN 2017

Equivalent linear analysis; Secant stiffness; Capacity design; Mean annual rate; SAC/FEMA

based design (PBD) received significant attention from both researchers and practitioners 
with the goal of optimally designing structures under different hazards [1]. In the context of performance

t has been extensively recognized [2] that, due to the large uncertainty affecting input motion and to a 
variable extent also structural properties, as well as response and capacity modelling [

e.g. with an acceptable value of the mean annual frequ
oriented implementations of PBSD do not model uncertainty explicitly, neither they ex

l, design codes prescribe deterministic seismi
tainties on capacity and on response at a given seismic intensity are covered by “design factors”, 

the desired risk level be
, starting from a probabilistically-based uniform hazard spectrum

levels through such procedures has been recently shown to be illusory [
to propose an explicitly probabilistic yet affordable, gradient-based method for the 

www.sciencedirect.com

X International Conference on Structural Dynamics, EURODYN 2017

An equivalent linear procedure for probabilistic displacement
of RC structures under earthquake

Fabrizio Mollaiolia, Francesco Petrini
University of Roma, 

based method for the performance-based seismic design (PBSD)
formance objectives are formulated in terms of maximum accepted mean annua

The method allows for the computation of the values of selected independent design 
sections and reinforcement) leading to the attainment or non

General geometric, as well as capacity design constraints are duly accounted for. The procedure is applied to a 15
frame building and validation is conducted against results in terms of drift profiles and MAF

ed to match conditional spectra. Results show that the method is suitable for 

nizing committee of EURODYN 2017. 

Equivalent linear analysis; Secant stiffness; Capacity design; Mean annual rate; SAC/FEMA

significant attention from both researchers and practitioners 
with the goal of optimally designing structures under different hazards [1]. In the context of performance

e to the large uncertainty affecting input motion and to a 
variable extent also structural properties, as well as response and capacity modelling [

e.g. with an acceptable value of the mean annual frequency (MAF) of exceedance.
nty explicitly, neither they ex

ministic seismic design with “characteristic” values of capacity 
tainties on capacity and on response at a given seismic intensity are covered by “design factors”, 

the desired risk level being implicitly attained in the design process by the 
based uniform hazard spectrum

levels through such procedures has been recently shown to be illusory [6]. With the above in mind, Franchin and Pinto 
based method for the PBSD

  www.elsevier.com/locate/procedia

X International Conference on Structural Dynamics, EURODYN 2017

An equivalent linear procedure for probabilistic displacement
of RC structures under earthquake

Francesco Petrini
, via Eudossiana 18

based seismic design (PBSD)
formance objectives are formulated in terms of maximum accepted mean annual frequency (MAF) of exceedance

The method allows for the computation of the values of selected independent design 
sections and reinforcement) leading to the attainment or non-exceedance of pre

General geometric, as well as capacity design constraints are duly accounted for. The procedure is applied to a 15
MAF of exceedance, obtain

ed to match conditional spectra. Results show that the method is suitable for PBSD

significant attention from both researchers and practitioners 
with the goal of optimally designing structures under different hazards [1]. In the context of performance

e to the large uncertainty affecting input motion and to a 
variable extent also structural properties, as well as response and capacity modelling [3], performance should be evaluated 

ency (MAF) of exceedance.
nty explicitly, neither they express the results in probability terms, e.g

c design with “characteristic” values of capacity 
tainties on capacity and on response at a given seismic intensity are covered by “design factors”, 

ing implicitly attained in the design process by the 
based uniform hazard spectrum.

th the above in mind, Franchin and Pinto 
PBSD of framed RC structures. 

www.elsevier.com/locate/procedia

X International Conference on Structural Dynamics, EURODYN 2017

An equivalent linear procedure for probabilistic displacement-based design 

Francesco Petrinia* 
via Eudossiana 18, Rome 00184, 

based seismic design (PBSD) of reinforced concret
l frequency (MAF) of exceedance

The method allows for the computation of the values of selected independent design 
exceedance of pre-defined 

General geometric, as well as capacity design constraints are duly accounted for. The procedure is applied to a 15
of exceedance, obtained by multiple stri

PBSD of RC structures with explicit 

significant attention from both researchers and practitioners 
with the goal of optimally designing structures under different hazards [1]. In the context of performance-based seismic design 

e to the large uncertainty affecting input motion and to a 
performance should be evaluated 

ency (MAF) of exceedance. On the other hand, practice
press the results in probability terms, e.g

c design with “characteristic” values of capacity 
tainties on capacity and on response at a given seismic intensity are covered by “design factors”, 

ing implicitly attained in the design process by the 
The attainment of desired risk 

th the above in mind, Franchin and Pinto 
of framed RC structures. 

www.elsevier.com/locate/procedia

based design 

, Italy  

of reinforced concrete 
l frequency (MAF) of exceedance

The method allows for the computation of the values of selected independent design 
defined MAFs for multiple 

General geometric, as well as capacity design constraints are duly accounted for. The procedure is applied to a 15-storey plane 
ed by multiple stri

of RC structures with explicit 

significant attention from both researchers and practitioners 
based seismic design 

e to the large uncertainty affecting input motion and to a 
performance should be evaluated 

On the other hand, practice
press the results in probability terms, e.g

c design with “characteristic” values of capacity 
tainties on capacity and on response at a given seismic intensity are covered by “design factors”, 

ing implicitly attained in the design process by the 
The attainment of desired risk 

th the above in mind, Franchin and Pinto [7] set out 
of framed RC structures. The method is 

based design 

e (RC) 
l frequency (MAF) of exceedance for 

The method allows for the computation of the values of selected independent design 
for multiple 
storey plane 

ed by multiple stripe 
of RC structures with explicit 

significant attention from both researchers and practitioners 
based seismic design 

e to the large uncertainty affecting input motion and to a 
performance should be evaluated 

On the other hand, practice-
press the results in probability terms, e.g. 

c design with “characteristic” values of capacity 
tainties on capacity and on response at a given seismic intensity are covered by “design factors”, 

ing implicitly attained in the design process by the 
The attainment of desired risk 

set out 
The method is 

1877-
Peer-

An equivalent linear procedure for probabilistic displacement

Abstract

Starting from an already existing
structures, in which per
multiple limit states
variables (beams and column 
limit states.
frame building and validation is conducted against results in terms of drift profiles and 
analysis with records select
targets in terms of desired risk levels

© 201
Peer-

Keywords:

1. Introduction

During the last decade, performance
with the goal of optimally designing structures under different hazards [1]. In the context of performance
(PBSD)
variable extent also structural properties, as well as response and capacity modelling [
probabilistically
oriented implementations of PBSD do not model uncertai
[4].
parameters, assuming that uncer
including partial load and resistance 
combination of these factors
levels through such procedures has been recently shown to be illusory [
to propose an explicitly probabilistic yet affordable, gradient

* Corresponding author. Tel.: +39
E

-7058 © 2017 The Authors. Published by Elsevier Ltd.
review under responsibility of

An equivalent linear procedure for probabilistic displacement

aDepartment of Structural and Geotechnical

Abstract

Starting from an already existing
structures, in which per
multiple limit states
variables (beams and column 
imit states. General geometric, as well as capacity design constraints are duly accounted for. The procedure is applied to a 15

frame building and validation is conducted against results in terms of drift profiles and 
analysis with records select
targets in terms of desired risk levels

2017 The Authors. Published by Elsevier 
-review under responsibility of

Keywords: Equivalent linear analysis; Secant stiffness; Capacity design; Mean annual rate; SAC/FEMA

Introduction

During the last decade, performance
with the goal of optimally designing structures under different hazards [1]. In the context of performance
(PBSD) procedures
variable extent also structural properties, as well as response and capacity modelling [
probabilistically, e.g. with an acceptable value of the mean annual frequ
oriented implementations of PBSD do not model uncertai

At an even lower leve
parameters, assuming that uncer
including partial load and resistance 
combination of these factors
levels through such procedures has been recently shown to be illusory [
to propose an explicitly probabilistic yet affordable, gradient

* Corresponding author. Tel.: +39
E-mail address: francesco.petrini@uniroma1.it

Available online at 

© 2017 The Authors. Published by Elsevier Ltd.
responsibility of the organizing committee of EURODYN 2017

X International Conference on Structural Dynamics, EURODYN 2017

An equivalent linear procedure for probabilistic displacement

Paolo 
Department of Structural and Geotechnical

Starting from an already existing
structures, in which performance objectives are formulated in terms of maximum accepted mean annua
multiple limit states, some improvements are presented
variables (beams and column cross

General geometric, as well as capacity design constraints are duly accounted for. The procedure is applied to a 15
frame building and validation is conducted against results in terms of drift profiles and 
analysis with records selected to match conditional spectra. Results show that the method is suitable for 
targets in terms of desired risk levels

The Authors. Published by Elsevier 
review under responsibility of

Equivalent linear analysis; Secant stiffness; Capacity design; Mean annual rate; SAC/FEMA

During the last decade, performance
with the goal of optimally designing structures under different hazards [1]. In the context of performance

procedures, it has been extensively recognized [2] that, du
variable extent also structural properties, as well as response and capacity modelling [

e.g. with an acceptable value of the mean annual frequ
oriented implementations of PBSD do not model uncertai

At an even lower level, design codes prescribe deter
parameters, assuming that uncer
including partial load and resistance 
combination of these factors, starting from a probabilistically
levels through such procedures has been recently shown to be illusory [
to propose an explicitly probabilistic yet affordable, gradient

* Corresponding author. Tel.: +39-3331909346
francesco.petrini@uniroma1.it

Available online at 

ScienceDirect

Procedia Engineering

© 2017 The Authors. Published by Elsevier Ltd.
the organizing committee of EURODYN 2017

X International Conference on Structural Dynamics, EURODYN 2017

An equivalent linear procedure for probabilistic displacement
of RC structures under earthquake

Paolo Franchin
Department of Structural and Geotechnical

Starting from an already existing gradient-based method for the performance
formance objectives are formulated in terms of maximum accepted mean annua

some improvements are presented
cross-sections and reinforcement) leading to the attainment or non

General geometric, as well as capacity design constraints are duly accounted for. The procedure is applied to a 15
frame building and validation is conducted against results in terms of drift profiles and 

ed to match conditional spectra. Results show that the method is suitable for 
targets in terms of desired risk levels. 

The Authors. Published by Elsevier Ltd.
review under responsibility of the organizing committee of EURODYN 2017

Equivalent linear analysis; Secant stiffness; Capacity design; Mean annual rate; SAC/FEMA

During the last decade, performance-based design (PBD) received 
with the goal of optimally designing structures under different hazards [1]. In the context of performance

t has been extensively recognized [2] that, du
variable extent also structural properties, as well as response and capacity modelling [

e.g. with an acceptable value of the mean annual frequ
oriented implementations of PBSD do not model uncertai

l, design codes prescribe deter
parameters, assuming that uncertainties on capacity and on response at a given seismic intensity are covered by “design factors”, 
including partial load and resistance factors [

, starting from a probabilistically
levels through such procedures has been recently shown to be illusory [
to propose an explicitly probabilistic yet affordable, gradient

3331909346
francesco.petrini@uniroma1.it   

Available online at www.sciencedirect.com

ScienceDirect

Procedia Engineering 00 (201

© 2017 The Authors. Published by Elsevier Ltd.
the organizing committee of EURODYN 2017

X International Conference on Structural Dynamics, EURODYN 2017

An equivalent linear procedure for probabilistic displacement
of RC structures under earthquake
Franchina, Fabrizio Mollaioli

Department of Structural and Geotechnical Engineering, 

based method for the performance
formance objectives are formulated in terms of maximum accepted mean annua

some improvements are presented. The method allows for the computation of the values of selected independent design 
sections and reinforcement) leading to the attainment or non

General geometric, as well as capacity design constraints are duly accounted for. The procedure is applied to a 15
frame building and validation is conducted against results in terms of drift profiles and 

ed to match conditional spectra. Results show that the method is suitable for 

nizing committee of EURODYN 2017

Equivalent linear analysis; Secant stiffness; Capacity design; Mean annual rate; SAC/FEMA

based design (PBD) received 
with the goal of optimally designing structures under different hazards [1]. In the context of performance

t has been extensively recognized [2] that, du
variable extent also structural properties, as well as response and capacity modelling [

e.g. with an acceptable value of the mean annual frequ
oriented implementations of PBSD do not model uncertai

l, design codes prescribe deter
tainties on capacity and on response at a given seismic intensity are covered by “design factors”, 

factors [5], the desired risk level be
, starting from a probabilistically

levels through such procedures has been recently shown to be illusory [
to propose an explicitly probabilistic yet affordable, gradient

www.sciencedirect.com

ScienceDirect

17) 000–000 

the organizing committee of EURODYN 2017.

X International Conference on Structural Dynamics, EURODYN 2017

An equivalent linear procedure for probabilistic displacement
of RC structures under earthquake

Fabrizio Mollaioli
Engineering, Sapienza University of 

based method for the performance
formance objectives are formulated in terms of maximum accepted mean annua

The method allows for the computation of the values of selected independent design 
sections and reinforcement) leading to the attainment or non

General geometric, as well as capacity design constraints are duly accounted for. The procedure is applied to a 15
frame building and validation is conducted against results in terms of drift profiles and 

ed to match conditional spectra. Results show that the method is suitable for 

nizing committee of EURODYN 2017

Equivalent linear analysis; Secant stiffness; Capacity design; Mean annual rate; SAC/FEMA

based design (PBD) received significant attention from both researchers and practitioners 
with the goal of optimally designing structures under different hazards [1]. In the context of performance

t has been extensively recognized [2] that, due to the large uncertainty affecting input motion and to a 
variable extent also structural properties, as well as response and capacity modelling [

e.g. with an acceptable value of the mean annual frequ
oriented implementations of PBSD do not model uncertainty explicitly, neither they ex

l, design codes prescribe deterministic seismi
tainties on capacity and on response at a given seismic intensity are covered by “design factors”, 

the desired risk level be
, starting from a probabilistically-based uniform hazard spectrum

levels through such procedures has been recently shown to be illusory [
to propose an explicitly probabilistic yet affordable, gradient-based method for the 

www.sciencedirect.com

X International Conference on Structural Dynamics, EURODYN 2017

An equivalent linear procedure for probabilistic displacement
of RC structures under earthquake

Fabrizio Mollaiolia, Francesco Petrini
University of Roma, 

based method for the performance-based seismic design (PBSD)
formance objectives are formulated in terms of maximum accepted mean annua

The method allows for the computation of the values of selected independent design 
sections and reinforcement) leading to the attainment or non

General geometric, as well as capacity design constraints are duly accounted for. The procedure is applied to a 15
frame building and validation is conducted against results in terms of drift profiles and MAF

ed to match conditional spectra. Results show that the method is suitable for 

nizing committee of EURODYN 2017. 

Equivalent linear analysis; Secant stiffness; Capacity design; Mean annual rate; SAC/FEMA

significant attention from both researchers and practitioners 
with the goal of optimally designing structures under different hazards [1]. In the context of performance

e to the large uncertainty affecting input motion and to a 
variable extent also structural properties, as well as response and capacity modelling [

e.g. with an acceptable value of the mean annual frequency (MAF) of exceedance.
nty explicitly, neither they ex

ministic seismic design with “characteristic” values of capacity 
tainties on capacity and on response at a given seismic intensity are covered by “design factors”, 

the desired risk level being implicitly attained in the design process by the 
based uniform hazard spectrum

levels through such procedures has been recently shown to be illusory [6]. With the above in mind, Franchin and Pinto 
based method for the PBSD

  www.elsevier.com/locate/procedia

X International Conference on Structural Dynamics, EURODYN 2017

An equivalent linear procedure for probabilistic displacement
of RC structures under earthquake

Francesco Petrini
, via Eudossiana 18

based seismic design (PBSD)
formance objectives are formulated in terms of maximum accepted mean annual frequency (MAF) of exceedance

The method allows for the computation of the values of selected independent design 
sections and reinforcement) leading to the attainment or non-exceedance of pre

General geometric, as well as capacity design constraints are duly accounted for. The procedure is applied to a 15
MAF of exceedance, obtain

ed to match conditional spectra. Results show that the method is suitable for PBSD

significant attention from both researchers and practitioners 
with the goal of optimally designing structures under different hazards [1]. In the context of performance

e to the large uncertainty affecting input motion and to a 
variable extent also structural properties, as well as response and capacity modelling [3], performance should be evaluated 

ency (MAF) of exceedance.
nty explicitly, neither they express the results in probability terms, e.g

c design with “characteristic” values of capacity 
tainties on capacity and on response at a given seismic intensity are covered by “design factors”, 

ing implicitly attained in the design process by the 
based uniform hazard spectrum.

th the above in mind, Franchin and Pinto 
PBSD of framed RC structures. 

www.elsevier.com/locate/procedia

X International Conference on Structural Dynamics, EURODYN 2017

An equivalent linear procedure for probabilistic displacement-based design 

Francesco Petrinia* 
via Eudossiana 18, Rome 00184, 

based seismic design (PBSD) of reinforced concret
l frequency (MAF) of exceedance

The method allows for the computation of the values of selected independent design 
exceedance of pre-defined 

General geometric, as well as capacity design constraints are duly accounted for. The procedure is applied to a 15
of exceedance, obtained by multiple stri

PBSD of RC structures with explicit 

significant attention from both researchers and practitioners 
with the goal of optimally designing structures under different hazards [1]. In the context of performance-based seismic design 

e to the large uncertainty affecting input motion and to a 
performance should be evaluated 

ency (MAF) of exceedance. On the other hand, practice
press the results in probability terms, e.g

c design with “characteristic” values of capacity 
tainties on capacity and on response at a given seismic intensity are covered by “design factors”, 

ing implicitly attained in the design process by the 
The attainment of desired risk 

th the above in mind, Franchin and Pinto 
of framed RC structures. 

www.elsevier.com/locate/procedia

based design 

, Italy  

of reinforced concrete 
l frequency (MAF) of exceedance

The method allows for the computation of the values of selected independent design 
defined MAFs for multiple 

General geometric, as well as capacity design constraints are duly accounted for. The procedure is applied to a 15-storey plane 
ed by multiple stri

of RC structures with explicit 

significant attention from both researchers and practitioners 
based seismic design 

e to the large uncertainty affecting input motion and to a 
performance should be evaluated 

On the other hand, practice
press the results in probability terms, e.g

c design with “characteristic” values of capacity 
tainties on capacity and on response at a given seismic intensity are covered by “design factors”, 

ing implicitly attained in the design process by the 
The attainment of desired risk 

th the above in mind, Franchin and Pinto [7] set out 
of framed RC structures. The method is 

based design 

e (RC) 
l frequency (MAF) of exceedance for 

The method allows for the computation of the values of selected independent design 
for multiple 
storey plane 

ed by multiple stripe 
of RC structures with explicit 

significant attention from both researchers and practitioners 
based seismic design 

e to the large uncertainty affecting input motion and to a 
performance should be evaluated 

On the other hand, practice-
press the results in probability terms, e.g. 

c design with “characteristic” values of capacity 
tainties on capacity and on response at a given seismic intensity are covered by “design factors”, 

ing implicitly attained in the design process by the 
The attainment of desired risk 

set out 
The method is 

2 Franchin, Mollaioli and Petrini / Procedia Engineering 00 (2017) 000–000

based on the SAC-FEMA closed form equations for seismic assessment of structures [8]. A gradient-based (constrained) 
optimization technique is used for obtaining the values assumed by structural design variables leading to some multiple objective 
(pre-defined) risk levels for the structure, each one associated to specific limit states. The optimization (design) process, is based 
on a set of structural analyses conducted with equivalent linear models, and ends when one of the objective risk levels is matched 
while the risks associated with other LSs are less or equal to their respective goals. The reason for selecting the SAC-FEMA 
closed-form is that the underlying reasonable assumptions, regarding both the hazard representation and the probabilistic 
characterization of demand and capacity, result in a simple analytical and practice-oriented form, for the evaluation of the seismic 
risk with explicit representation of uncertainties, but still maintaining of the common “capacity versus demand” standards 
language. The initial method formulation was based on a number of assumptions, mainly borrowed by the original SAC-FEMA 
analytical architecture. The method has been shown to be sufficiently efficient and reliable in characterizing the peak response 
parameters (EDPs, e.g. peak interstorey drift over height) for performance evaluation, but not to provide the same accuracy in 
evaluating response at higher scales of detail (e.g. position of the peak interstorey drift along the building height, especially in 
case of collapse-related limit states). Reasons for this reduced accuracy for some response quantities have been identified e.g. in 
the assumption of linear interpolation of the seismic hazard curve in the log-log space, as well as in the use of a single, global and 
damage-independent stiffness reduction factor in the equivalent linear proxy of the original structure in the response analysis. In 
this paper significant enhancement of the capabilities of the original method is reached by removing these limitations. 
Assessment via Inelastic response history analyses (IRHAs) of a 15-storey RC frame designed with the improved procedure 
shows that the latter is suitable for detailed PBSD of RC frame structures with an explicit performance targets in terms of desired 
risk levels, as well as for the direct control of the collapse mechanism. 

2. Methodology 

The method originally proposed in [7] allows designing a structure to meet pre-defined performance objectives, defined in 
terms of maximum allowed MAF for a number nLS of limit states (LSs), i.e. λLS,l< λ*LS,l for l = 1, 2, …, nLS, where λLS,l is the 
MAF value for the l-th LS and a star denotes its target maximum.  
The method provides the design configuration as the solution of the following constrained minimization problem:  

( )2find min subjected to 0λ = + ≤d c d Ad b%

   (1) 

where d is a vector of design variables (limited, in the initial proposal, to member cross-sections’ sizes), λ%  is the “distance” 
from the risk threshold for the governing LS, i.e. the LS that, in each optimization step, is the closest to its corresponding 
threshold (which may even vary during the optimization): 

( )*
, ,max 1 1,2,...,l LS l LS l LSl nλ λ λ= − =

%

    (2)

and c is a set of constraints on d, representing, e.g., maximum column cross-section reduction with the height (tapering), etc. The 
square operator on λ% makes the objective function non-negative with a minimum equal to zero, corresponding to the solution, 
where λLS = λ*

LS for the governing LS, and λLS < λ*
LS for the remaining nLS-1.  

While constrained optimization is in general a computationally intensive task, in this case efficiency is achieved by resorting 
to an equivalent linear modelling of the structure to be designed and employing modal response spectrum analysis (RSA) to 
derive response. The well-known SAC-FEMA formula by Cornell et al. [8] for the evaluation of the MAF of a LS (used in the 
original method), is here replaced by the close-form MAF expression as modified by Vamvatsikos (2014) [9]: 
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φ
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+ +

   ; 2 2
2

1
1 2 /D

q
k bβ

=

+

  (4) 

where D̂  and Ĉ  are the median demand and LS capacity respectively, while βD and βC are the total demand and capacity 
dispersions, k0, k1 and k2 are the second-order hazard interpolation parameters. Equation (3) rests on the assumptions that: a) 
demand and capacity are lognormally distributed, b) the median demand increases with the IM following the power law D̂ =axb, 
and c) λIM (x) can be approximated by a quadratic equation in the log-log space.  

http://crossmark.crossref.org/dialog/?doi=10.1016/j.proeng.2017.09.522&domain=pdf
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based on the SAC-FEMA closed form equations for seismic assessment of structures [8]. A gradient-based (constrained) 
optimization technique is used for obtaining the values assumed by structural design variables leading to some multiple objective 
(pre-defined) risk levels for the structure, each one associated to specific limit states. The optimization (design) process, is based 
on a set of structural analyses conducted with equivalent linear models, and ends when one of the objective risk levels is matched 
while the risks associated with other LSs are less or equal to their respective goals. The reason for selecting the SAC-FEMA 
closed-form is that the underlying reasonable assumptions, regarding both the hazard representation and the probabilistic 
characterization of demand and capacity, result in a simple analytical and practice-oriented form, for the evaluation of the seismic 
risk with explicit representation of uncertainties, but still maintaining of the common “capacity versus demand” standards 
language. The initial method formulation was based on a number of assumptions, mainly borrowed by the original SAC-FEMA 
analytical architecture. The method has been shown to be sufficiently efficient and reliable in characterizing the peak response 
parameters (EDPs, e.g. peak interstorey drift over height) for performance evaluation, but not to provide the same accuracy in 
evaluating response at higher scales of detail (e.g. position of the peak interstorey drift along the building height, especially in 
case of collapse-related limit states). Reasons for this reduced accuracy for some response quantities have been identified e.g. in 
the assumption of linear interpolation of the seismic hazard curve in the log-log space, as well as in the use of a single, global and 
damage-independent stiffness reduction factor in the equivalent linear proxy of the original structure in the response analysis. In 
this paper significant enhancement of the capabilities of the original method is reached by removing these limitations. 
Assessment via Inelastic response history analyses (IRHAs) of a 15-storey RC frame designed with the improved procedure 
shows that the latter is suitable for detailed PBSD of RC frame structures with an explicit performance targets in terms of desired 
risk levels, as well as for the direct control of the collapse mechanism. 

2. Methodology 

The method originally proposed in [7] allows designing a structure to meet pre-defined performance objectives, defined in 
terms of maximum allowed MAF for a number nLS of limit states (LSs), i.e. λLS,l< λ*LS,l for l = 1, 2, …, nLS, where λLS,l is the 
MAF value for the l-th LS and a star denotes its target maximum.  
The method provides the design configuration as the solution of the following constrained minimization problem:  

( )2find min subjected to 0λ = + ≤d c d Ad b%

   (1) 

where d is a vector of design variables (limited, in the initial proposal, to member cross-sections’ sizes), λ%  is the “distance” 
from the risk threshold for the governing LS, i.e. the LS that, in each optimization step, is the closest to its corresponding 
threshold (which may even vary during the optimization): 
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and c is a set of constraints on d, representing, e.g., maximum column cross-section reduction with the height (tapering), etc. The 
square operator on λ% makes the objective function non-negative with a minimum equal to zero, corresponding to the solution, 
where λLS = λ*

LS for the governing LS, and λLS < λ*
LS for the remaining nLS-1.  

While constrained optimization is in general a computationally intensive task, in this case efficiency is achieved by resorting 
to an equivalent linear modelling of the structure to be designed and employing modal response spectrum analysis (RSA) to 
derive response. The well-known SAC-FEMA formula by Cornell et al. [8] for the evaluation of the MAF of a LS (used in the 
original method), is here replaced by the close-form MAF expression as modified by Vamvatsikos (2014) [9]: 
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where D̂  and Ĉ  are the median demand and LS capacity respectively, while βD and βC are the total demand and capacity 
dispersions, k0, k1 and k2 are the second-order hazard interpolation parameters. Equation (3) rests on the assumptions that: a) 
demand and capacity are lognormally distributed, b) the median demand increases with the IM following the power law D̂ =axb, 
and c) λIM (x) can be approximated by a quadratic equation in the log-log space.  
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Under these assumptions, it is then possible to derive analytical gradients of the closed-form of the LS risk, with respect to the 
design variables d. This, in turn, makes it feasible to solve the optimization problem by means of efficient gradient-based 
approaches. The gradient of 2

λ%  with respect to d is obtained, at each iteration i, through the chain-rule of differentiation, from 
the gradient ∇d λ[i]

LS,l of the governing LS. Thanks to Eq. (3), and under the assumptions that the variation of βD and βC in the 
design space is negligible, the gradient ∇d λ

[i]
LS,l of the governing LS is given by: 
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Terms in Eq. (5) can be evaluated analytically, relying on the Eq. (3).  

2.1. Damage-induced stiffness reduction for equivalent linear analysis with Capacity Design constraints 

Since the design method relies on linear equivalent representation of structural response, the equivalent linear-elastic 
procedure proposed in [10] for framed structures is adopted in order to consider the influence of the damage-induced stiffness 
reduction to the structural performances. On this basis, for each member, a flexural stiffness reduction factor (RF), with values 
between 1.0 (no stiffness reduction) and infinity (complete loss of stiffness), is evaluated as inversely proportional to the bending 
moment ratio (RM) of the sum of seismic moments (ME) at the member ends to the sum of the corresponding residual capacity 
moments (MRC), i.e. the bending moment capacity reduced by non-seismic (gravity) effects. The definition of correct RFs must 
take into account the strength ratios between connected elements, i.e. of flexural strength between columns and beams at each 
joint. The latter is called column-to-beam capacity ratio (CBCR), following [10], and is used in the present paper to enforce 
capacity design requirements. The CBCR at a structural joint is defined as: 
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where MR,up and MR,bot are the resisting bending moment or capacities of the upper and bottom column, and MR,right and MR,left are 
the capacities of the right and left beams, respectively. Günay and Sucuoglu ([10]) present the method for the purpose of 
assessment, and potential plastic hinge zones are not predetermined. For this reason, as a first step, depending on CBCRs being 
larger/equal to 1.2 or lower/equal to 0.8, respectively, the ends of beams or columns framing into a joint are classified as 
potential yielding regions. For joints with CBCR between 0.8 and 1.2, both columns and beams ends are treated as potential 
yielding regions. Then, based on the number of potential yielding ends (zero, one, two), RM is determined for each member: 
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In order to prevent brittle behaviours, capacity design constraints are enforced during optimization by constraining the CBCR: 
then Eq. (7a) is used for columns, (7b) for ground floor columns and (7c) for beams. Initial cracking is taken into account by an 
initial reduction factor (IRF) applied to the gross uncracked bending stiffness of the elements, assumed equal to 0.6 for the 
columns and 0.4 for the beams. Structural response analysis is carried out in two steps: i) response is first evaluated under non-
seismic (static analysis) and seismic (modal response spectrum analysis) loads with initial stiffness (IRFs); the resulting seismic 
and non-seismic external moments are then used to evaluate the actual response-dependent RFs; ii) a second analysis is carried 
out to evaluate the response of the structure having the stiffness additionally reduced by the RFs calculated at the previous step. 
In order to avoid the difficulty of evaluating an equivalent global damping as a function of non-uniform inelastic deformation, in 
the second analysis seismic action at each mode is taken equal to the spectral displacement at the period of the cracked-but-
undamaged structure evaluated in step i, i.e. with the same damping, while the deformed shape for each mode is the shape 
obtained for the damaged structure. Neglecting the increase damping leads to response overestimation, while neglecting the 
stiffness increase leads to response underestimation. 

3. Applicative example 

The improved method is applied to a 15-storey RC building frame shown in Figure 1 (left) located in the city of L’Aquila 
(Italy). In addition to self-weight, a vertical uniformly distributed load of 34.5 kN/m is applied to the beams. The main response 
parameter for the global performance evaluation is the peak interstorey drift θmax. The constrained optimization is solved in 
Matlab© by means of the “fmincon” function. The purpose-made code evaluates also the response of 2D frame models. Two 
design LSs are considered: Light Damage (LD), corresponding to a median θmax,LD = 0.004, and Collapse Prevention (CP), 
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corresponding to a median θmax,CP = 0.015. Dispersions (adopted in evaluating Eq.(3)) are: LD (βD=0.3, βC= 0); CP (βD =0.3, βC= 
0.5) The two corresponding target MAFs are arbitrarily set to λ*

LD = 1/(100 years) and λ*
CP = 1/(2500 years).  

A total of 67 DVs are defined, including the in-plane dimensions (cross-sections heights “t”) of the columns (columns 
tapering is allowed every five floors and differentiation between external and internal column alignments is allowed, for a total of 
6 DVs) and beams (all the beams are assumed to have the same cross-section height, for a total of 1 DV), as well as the 
reinforcement ratios ρs of all beams (top reinforcement) and columns, for a total of 60 variables (different ρs at each floor, ρs of 
beams converging to the same joint forced to be the same; plus global symmetry of the building,). For all columns, top and 
bottom reinforcements are the same, while for all beams the bottom reinforcement is assumed to be equal to half the top 
reinforcement. The DVs are shown in Table 1, where the allowed maximum and minimum values are also reported. Out-of-plane 
cross section dimensions are constant for all members and equal to 0.5, 0.4 and 0.3 m for the columns (internal and external) of 
the first ten floors, of the last five floors, and for all floor beams respectively. The following design constrains are implemented: 
• Columns tapering limited to 15%, e.g., |t,ext,1 – t,ext,2|/t,ext,1 <= 0.15; 
• Reinforcement ratio variation limited to ±30% for columns in adjacent floors, e.g., |ρs,1 – ρs,2|/ρs,1 <= 0.30, and to ±15% if cross 

section size is also changing, e.g., , |ρs,5 – ρs,6|/ρs,5 <= 0.15; 
• Reinforcement ratio variation limited to ±30% for same beams typologies (central, lateral-internal, lateral-external), belonging 

to adjacent floors, e.g., |ρ31 – ρ34|/ρ31 <= 0.30; 
• Reinforcement ratio variation for central beam limited to ±30% of corresponding lateral beams at the same floor, e.g., |ρ31– 

ρ32|/ ρ31 <= 0.30; 
• Capacity-design rules implemented as CBCR >= 1.5. 

Table 1. Design variables and their min and max values (“t” indicates the cross-section in-plane dimension). 

DV No of DVs Description Min [m or %] Max [m or %] 

t,ext,1 1 t external columns first 5 floors 0.70 m 1.4 m 

t,ext,2 1 t external columns 6th  to 10th   floor 0.60 1.2 

t,ext,3 1 t external columns 11th  to 15th   floor 0.50 1.0 

t,int,1 1 t internal columns first 5 floors 0.75 1.5 

t,int,2 1 t internal columns 6th  to 10th   floor 0.65 1.3 

t,int,3 1 t internal columns 11th  to 15th   floor 0.55 1.1 

t,beams 1 t beams, all elements 0.60 1.2 

ρs,1:15 15 reinf ratios external columns 1st  to 15th  floor 0.8% 3% 

ρs,16:30 15 reinf ratios internal columns 1st  to 15th  floor 0.8 3 

ρs,31:60 30 top reinf ratios beams 1st  to 15th  floor 0.15 3 

Figure 1 shows the final design configuration, obtained with about 40 iterations, with final MAFs: λLD = 0.003 < λ*
LD = 0.010 

and λCP = 4.001×10-4 within tolerance of the target λ*
CP = 4×10-4. Thus, for this building, CP is the governing LS. The 

corresponding “cracked” structure has modal periods: T1-5 = 2.09 s; 0.69 s; 0.39 s; 0.26 s and 0.19 s.  

4. Validation and discussion 

Validation through IRHA is carried out in OpenSees [11]. A plane frame model is set up with one beamWithHinges element 
per member, with hinge length at each end equal to 10% of L. Hinges are assigned a modified Ibarra-Medina-Krawinkler (IMK) 
constitutive law ([12]) for flexure and uncoupled elastic axial force-deformation law. Parameters for the IMK model are set in 
order to have an elastic perfectly plastic behaviour (an almost negligible hardening slope equal to 0.001 of the elastic stiffness is 
employed for numerical stability), with cracked-but-undamaged flexural stiffness, and strength from the final iteration of design. 
Cyclic degradation is not included and viscous damping ratio is set equal to 1% (Rayleigh on first and second mode). The MAFs 
for both limit states are estimated via multiple stripe analysis (MSA) [13], with NS × NR = 10 × 20 = 200 ground motions 
(L’Aquila site, Italy). With reference to a generic limit state (LD or CP), the MAF is estimated as the convolution integral in Eq. 
(8), approximated herein based on an assumption of lognormality for the demand conditional on the IM. 
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where p(•) is the the fragility function, μ(n)
ln(θmax) and σ(n)

ln(θmax) are the mean and standard deviation of the logarithm of the 
demand, for the n-th stripe, respectively, obtained from the NR response samples evaluated by IRHA. The MAF estimates with 
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Under these assumptions, it is then possible to derive analytical gradients of the closed-form of the LS risk, with respect to the 
design variables d. This, in turn, makes it feasible to solve the optimization problem by means of efficient gradient-based 
approaches. The gradient of 2

λ%  with respect to d is obtained, at each iteration i, through the chain-rule of differentiation, from 
the gradient ∇d λ[i]

LS,l of the governing LS. Thanks to Eq. (3), and under the assumptions that the variation of βD and βC in the 
design space is negligible, the gradient ∇d λ

[i]
LS,l of the governing LS is given by: 
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Terms in Eq. (5) can be evaluated analytically, relying on the Eq. (3).  

2.1. Damage-induced stiffness reduction for equivalent linear analysis with Capacity Design constraints 

Since the design method relies on linear equivalent representation of structural response, the equivalent linear-elastic 
procedure proposed in [10] for framed structures is adopted in order to consider the influence of the damage-induced stiffness 
reduction to the structural performances. On this basis, for each member, a flexural stiffness reduction factor (RF), with values 
between 1.0 (no stiffness reduction) and infinity (complete loss of stiffness), is evaluated as inversely proportional to the bending 
moment ratio (RM) of the sum of seismic moments (ME) at the member ends to the sum of the corresponding residual capacity 
moments (MRC), i.e. the bending moment capacity reduced by non-seismic (gravity) effects. The definition of correct RFs must 
take into account the strength ratios between connected elements, i.e. of flexural strength between columns and beams at each 
joint. The latter is called column-to-beam capacity ratio (CBCR), following [10], and is used in the present paper to enforce 
capacity design requirements. The CBCR at a structural joint is defined as: 

, ,

, ,

R up R bot

R right R left

M M
CBCR

M M
+

=

+

     (6)

where MR,up and MR,bot are the resisting bending moment or capacities of the upper and bottom column, and MR,right and MR,left are 
the capacities of the right and left beams, respectively. Günay and Sucuoglu ([10]) present the method for the purpose of 
assessment, and potential plastic hinge zones are not predetermined. For this reason, as a first step, depending on CBCRs being 
larger/equal to 1.2 or lower/equal to 0.8, respectively, the ends of beams or columns framing into a joint are classified as 
potential yielding regions. For joints with CBCR between 0.8 and 1.2, both columns and beams ends are treated as potential 
yielding regions. Then, based on the number of potential yielding ends (zero, one, two), RM is determined for each member: 
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In order to prevent brittle behaviours, capacity design constraints are enforced during optimization by constraining the CBCR: 
then Eq. (7a) is used for columns, (7b) for ground floor columns and (7c) for beams. Initial cracking is taken into account by an 
initial reduction factor (IRF) applied to the gross uncracked bending stiffness of the elements, assumed equal to 0.6 for the 
columns and 0.4 for the beams. Structural response analysis is carried out in two steps: i) response is first evaluated under non-
seismic (static analysis) and seismic (modal response spectrum analysis) loads with initial stiffness (IRFs); the resulting seismic 
and non-seismic external moments are then used to evaluate the actual response-dependent RFs; ii) a second analysis is carried 
out to evaluate the response of the structure having the stiffness additionally reduced by the RFs calculated at the previous step. 
In order to avoid the difficulty of evaluating an equivalent global damping as a function of non-uniform inelastic deformation, in 
the second analysis seismic action at each mode is taken equal to the spectral displacement at the period of the cracked-but-
undamaged structure evaluated in step i, i.e. with the same damping, while the deformed shape for each mode is the shape 
obtained for the damaged structure. Neglecting the increase damping leads to response overestimation, while neglecting the 
stiffness increase leads to response underestimation. 

3. Applicative example 

The improved method is applied to a 15-storey RC building frame shown in Figure 1 (left) located in the city of L’Aquila 
(Italy). In addition to self-weight, a vertical uniformly distributed load of 34.5 kN/m is applied to the beams. The main response 
parameter for the global performance evaluation is the peak interstorey drift θmax. The constrained optimization is solved in 
Matlab© by means of the “fmincon” function. The purpose-made code evaluates also the response of 2D frame models. Two 
design LSs are considered: Light Damage (LD), corresponding to a median θmax,LD = 0.004, and Collapse Prevention (CP), 
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corresponding to a median θmax,CP = 0.015. Dispersions (adopted in evaluating Eq.(3)) are: LD (βD=0.3, βC= 0); CP (βD =0.3, βC= 
0.5) The two corresponding target MAFs are arbitrarily set to λ*

LD = 1/(100 years) and λ*
CP = 1/(2500 years).  

A total of 67 DVs are defined, including the in-plane dimensions (cross-sections heights “t”) of the columns (columns 
tapering is allowed every five floors and differentiation between external and internal column alignments is allowed, for a total of 
6 DVs) and beams (all the beams are assumed to have the same cross-section height, for a total of 1 DV), as well as the 
reinforcement ratios ρs of all beams (top reinforcement) and columns, for a total of 60 variables (different ρs at each floor, ρs of 
beams converging to the same joint forced to be the same; plus global symmetry of the building,). For all columns, top and 
bottom reinforcements are the same, while for all beams the bottom reinforcement is assumed to be equal to half the top 
reinforcement. The DVs are shown in Table 1, where the allowed maximum and minimum values are also reported. Out-of-plane 
cross section dimensions are constant for all members and equal to 0.5, 0.4 and 0.3 m for the columns (internal and external) of 
the first ten floors, of the last five floors, and for all floor beams respectively. The following design constrains are implemented: 
• Columns tapering limited to 15%, e.g., |t,ext,1 – t,ext,2|/t,ext,1 <= 0.15; 
• Reinforcement ratio variation limited to ±30% for columns in adjacent floors, e.g., |ρs,1 – ρs,2|/ρs,1 <= 0.30, and to ±15% if cross 

section size is also changing, e.g., , |ρs,5 – ρs,6|/ρs,5 <= 0.15; 
• Reinforcement ratio variation limited to ±30% for same beams typologies (central, lateral-internal, lateral-external), belonging 

to adjacent floors, e.g., |ρ31 – ρ34|/ρ31 <= 0.30; 
• Reinforcement ratio variation for central beam limited to ±30% of corresponding lateral beams at the same floor, e.g., |ρ31– 

ρ32|/ ρ31 <= 0.30; 
• Capacity-design rules implemented as CBCR >= 1.5. 

Table 1. Design variables and their min and max values (“t” indicates the cross-section in-plane dimension). 

DV No of DVs Description Min [m or %] Max [m or %] 

t,ext,1 1 t external columns first 5 floors 0.70 m 1.4 m 

t,ext,2 1 t external columns 6th  to 10th   floor 0.60 1.2 

t,ext,3 1 t external columns 11th  to 15th   floor 0.50 1.0 

t,int,1 1 t internal columns first 5 floors 0.75 1.5 

t,int,2 1 t internal columns 6th  to 10th   floor 0.65 1.3 

t,int,3 1 t internal columns 11th  to 15th   floor 0.55 1.1 

t,beams 1 t beams, all elements 0.60 1.2 

ρs,1:15 15 reinf ratios external columns 1st  to 15th  floor 0.8% 3% 

ρs,16:30 15 reinf ratios internal columns 1st  to 15th  floor 0.8 3 

ρs,31:60 30 top reinf ratios beams 1st  to 15th  floor 0.15 3 

Figure 1 shows the final design configuration, obtained with about 40 iterations, with final MAFs: λLD = 0.003 < λ*
LD = 0.010 

and λCP = 4.001×10-4 within tolerance of the target λ*
CP = 4×10-4. Thus, for this building, CP is the governing LS. The 

corresponding “cracked” structure has modal periods: T1-5 = 2.09 s; 0.69 s; 0.39 s; 0.26 s and 0.19 s.  

4. Validation and discussion 

Validation through IRHA is carried out in OpenSees [11]. A plane frame model is set up with one beamWithHinges element 
per member, with hinge length at each end equal to 10% of L. Hinges are assigned a modified Ibarra-Medina-Krawinkler (IMK) 
constitutive law ([12]) for flexure and uncoupled elastic axial force-deformation law. Parameters for the IMK model are set in 
order to have an elastic perfectly plastic behaviour (an almost negligible hardening slope equal to 0.001 of the elastic stiffness is 
employed for numerical stability), with cracked-but-undamaged flexural stiffness, and strength from the final iteration of design. 
Cyclic degradation is not included and viscous damping ratio is set equal to 1% (Rayleigh on first and second mode). The MAFs 
for both limit states are estimated via multiple stripe analysis (MSA) [13], with NS × NR = 10 × 20 = 200 ground motions 
(L’Aquila site, Italy). With reference to a generic limit state (LD or CP), the MAF is estimated as the convolution integral in Eq. 
(8), approximated herein based on an assumption of lognormality for the demand conditional on the IM. 
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where p(•) is the the fragility function, μ(n)
ln(θmax) and σ(n)

ln(θmax) are the mean and standard deviation of the logarithm of the 
demand, for the n-th stripe, respectively, obtained from the NR response samples evaluated by IRHA. The MAF estimates with 
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Table 3. Final design configurations for different hazard interpolation techniques. 

Parameter description 1st order hazard fitting 2nd order hazard fitting 

t,ext,1 t external columns first 5 floors 0.73 0.74 m 

t,ext,2 t external columns 6th  to 10th   floor 0.65 0.71 m 

t,ext,3 t external columns 11th  to 15th   floor 0.60 0.62 m 

t,int,1 t internal columns first 5 floors 0.78 0.78 m 

t,int,2 t internal columns 6th  to 10th   floor 0.65 0.78 m 

t,int,3 t internal columns 11th  to 15th   floor 0.56 0.69 m 

t,beams t beams, all elements 0.87 0.69 m 

ρs,1:15 reinf ratios external columns 1st  to 15th  floor 
Min=1.14% 

Max= 2.7% 

Min=0.8% 

Max=1.2% 

ρs,16:30 reinf ratios internal columns 1st  to 15th  floor 
Min=1.7% 

Max=2.9% 

Min=1.0% 

Max=1.5% 

ρs,31:60 top reinf ratios beams 1st  to 15th  floor 
Min=0.4% 

Max=2.0% 

Min=0.4% 

Max=0.6% 

T1 - T5 First five natural periods 1.71 s 

0.58 s 

0.34 s 

0.23 s 

0.17 s 

2.09 s 

0.69 s 

0.39 s 

0.26 s 

0.19 s 

Mtot Total weight 334 [ton] 293 [ton] (-14%) 

5. Conclusions 

A method for the probabilistic PBSD of RC frames is presented. The method allows for the direct control of the resulting seismic 
risk for multiple LSs, while easily enforcing both construction (tapering, symmetry, minimum and maximum reinforcement, 
geometric conditions in general) and capacity design constrains. The method is based on the computation of the gradient with 
respect to the design variables of the modified SAC-FEMA equation for MAF evaluation. The implementation in the method of 
available equivalent linear models for seismic analysis of damaged structures allows for the correct consideration of gradual 
stiffness degradation at increasing seismic intensities and for the implementation of nodal strength constrains for the capacity 
design requirements. The implementation of 2nd order fitting techniques of the hazard curve allows for the correct estimation of 
the MAF for known critical cases when the curvature of the hazard function and/or the dispersion of the capacity is large.  
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Table 3. Final design configurations for different hazard interpolation techniques. 

Parameter description 1st order hazard fitting 2nd order hazard fitting 

t,ext,1 t external columns first 5 floors 0.73 0.74 m 

t,ext,2 t external columns 6th  to 10th   floor 0.65 0.71 m 

t,ext,3 t external columns 11th  to 15th   floor 0.60 0.62 m 

t,int,1 t internal columns first 5 floors 0.78 0.78 m 

t,int,2 t internal columns 6th  to 10th   floor 0.65 0.78 m 

t,int,3 t internal columns 11th  to 15th   floor 0.56 0.69 m 

t,beams t beams, all elements 0.87 0.69 m 

ρs,1:15 reinf ratios external columns 1st  to 15th  floor 
Min=1.14% 

Max= 2.7% 

Min=0.8% 

Max=1.2% 

ρs,16:30 reinf ratios internal columns 1st  to 15th  floor 
Min=1.7% 

Max=2.9% 

Min=1.0% 

Max=1.5% 

ρs,31:60 top reinf ratios beams 1st  to 15th  floor 
Min=0.4% 

Max=2.0% 

Min=0.4% 

Max=0.6% 

T1 - T5 First five natural periods 1.71 s 

0.58 s 

0.34 s 

0.23 s 

0.17 s 

2.09 s 

0.69 s 

0.39 s 

0.26 s 

0.19 s 

Mtot Total weight 334 [ton] 293 [ton] (-14%) 

5. Conclusions 

A method for the probabilistic PBSD of RC frames is presented. The method allows for the direct control of the resulting seismic 
risk for multiple LSs, while easily enforcing both construction (tapering, symmetry, minimum and maximum reinforcement, 
geometric conditions in general) and capacity design constrains. The method is based on the computation of the gradient with 
respect to the design variables of the modified SAC-FEMA equation for MAF evaluation. The implementation in the method of 
available equivalent linear models for seismic analysis of damaged structures allows for the correct consideration of gradual 
stiffness degradation at increasing seismic intensities and for the implementation of nodal strength constrains for the capacity 
design requirements. The implementation of 2nd order fitting techniques of the hazard curve allows for the correct estimation of 
the MAF for known critical cases when the curvature of the hazard function and/or the dispersion of the capacity is large.  
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