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ABSTRACT  

In the recent years, risk-targeting has emerged as an innovative way of designing structures. The advantage of this 

approach compared to the one based on uniform-hazard spectra is that it enables direct control of the structural 

performance due to potential future earthquakes. Alternative methods have been proposed for applying risk-targeting 

in practice. Among these, one based on the use of risk-targeted behaviour factors (RTBFs) has been recently 

considered for the development of future versions of Eurocode 8. This study shows the results of the application of 

the RTBF approach for the definition of risk-targeted maps for Italy. 

  

1 INTRODUCTION 

The design of structures according to current 
seismic codes is based on the use of a uniform 
hazard spectrum (UHS) divided by a behaviour 
factor relevant to the structural system under 
study. This approach has been shown to result in 
inconsistent values of risk, which vary with the 
vibration period of the structure, and also for the 
same structure located in areas of different hazard 
(see e.g. Iervolino et al. 2017).  

As a result, research efforts focus now on the 
development of alternative techniques to control 
the seismic structural performance in the 
assessment and design stage (Fragiadakis and 
Papadrakakis 2008; Barbato and Tubaldi 2013; 
Gidaris and Taflanidis 2015; Castaldo et al. 2017; 
Altieri et al. 2018; Franchin et al. 2018). 
Simplified methods have been proposed, as well, 
based on the probabilistic framework outlined in 
Kennedy and Short (1994) and Cornell (1996), 
which led to the development of the SAC-FEMA 
framework (Cornell et al. 2002) for seismic design 
of steel moment resisting frames, enhanced by 
others (e.g. Lupoi et al. 2002; Vamvatsikos 2013). 
This framework introduces some simplifying 
assumptions to allow for a closed-form 
approximation of the mean annual frequency 
(MAF) of limit state exceedance. Based on the 
concepts and procedures developed by these 
methods, Fajfar and Dolšek (2012) introduced a 
practice-oriented approach for seismic risk 
assessment. This method employs pushover 
analysis instead of more time consuming dynamic 
analyses for response assessment and considers a 
default value of the dispersion to account for 

record-to-record variability effects. Moreover, 
Žižmond and Dolšek (2017) developed the 
concept of risk-targeted behaviour factors 
(RTBFs), as a means to control the risk of 
exceedance of different limit states by the structure 
during the design procedure. Vamvatsikos and 
Aschheim (2016) introduced the concept of yield 
frequency spectra, enabling the direct design of a 
structure subject to a set of performance 
objectives. Such spectra can be used to provide the 
risk-targeted yield strength of a system that 
satisfies an acceptable ductility response level. 

In the United States, following the work of 
Luco et al. (2007), the concept of risk-targeting has 
emerged. This aims to define ground motion maps 
adopting a “uniform risk” rather than a “uniform 
hazard” concept. With this approach, the seismic 
uniform-hazard ground motion maps are modified 
to obtain more consistent levels of the collapse 
probability across the country. While risk targeted 
design maps have been already implemented in 
American seismic design codes (see Luco et al., 
2015), they have not yet been introduced in 
practice in Europe (Douglas and Gkimprixis 
2018), where the implementation of probabilistic 
behaviour factor concepts in Eurocode 8 is still 
under consideration (Fajfar 2018). 

This article is based on a previous work of the 
authors (Gkimprixis et al. 2019), where different 
risk-targeting techniques are presented and 
compared. Herein, one of the techniques is 
summarised, namely the risk-targeted behaviour 
factor (RTBF) approach. This technique is based 
on the work of Kennedy and Short (1994) and 
Cornell (1996). Using a different hazard input than 



 

the one in the aforementioned work, the RTBF 
technique is applied to develop risk targeted 
design maps for Italy. 

2 THE RISK-TARGETED BEHAVIOUR 

FACTOR (RTBF) APPROACH 

In risk-targeting, the risk is defined as the MAF 

of limit state exceedance LS and can be estimated 

through the total probability theorem (e.g. 

Benjamin and Cornell 1970) as: 

( ) ( )LS a aP C S dH S =   (1) 

where the symbol “ d ” denotes the differentiation 

operator,  ( )aH S is the hazard curve, providing the 

MAF of exceeding aS , from PSHA (McGuire 

2008; Baker 2015), and ( )aP C S  corresponds to the 

conditional probability of exceeding the limit state 

under an earthquake with intensity aS .This 

probability is given by: 

( ) c
a a aP C S P S S = 

 
 (2) 

where c
aS  is the limit state capacity, i.e., the value 

of the spectral acceleration causing the exceedance 

of the limit state. It is noteworthy that this 

probability must account for the so called record-

to-record variability effects and the effect of the 

uncertainty in the structural capacity, as done in 

Cornell (1996).  

Kennedy and Short (1994) and Cornell (1996), 

developed a simple and practice-oriented approach 

for estimating the seismic risk of a structural 

system, which can be conveniently used for 

designing the system’s strength for a target 

reliability level. In particular, a closed-form 

expression of the MAF of failure of the system 

LS  can be obtained by introducing a series of 

simplifying assumptions. In the following, the 

limit state definition is based on a measure of the 

global ductility of the system,  . This entails 

defining explicitly a yield condition and an 

ultimate or “failure” condition, which can be 

kinematically related to each other. Different 

choices can be made when defining these 

conditions, which may require identifying an 

elasto-plastic single-degree-of-freedom (SDOF) 

system equivalent to the structure under 

investigation (Cornell 1996, Aschheim, 2002). 

Hereinafter, the condition of “failure” corresponds 

to the ductility demand d imposed by the 

earthquake exceeding the ductility capacity c . 

The corresponding MAF of limit state exceedance 

is denoted hereinafter as c , to highlight the fact 

that failure corresponds to exceedance of the 

ductility capacity.  

An important assumption concerns the seismic 

hazard, ( )aH S , which is represented by a linear 

equation in log-log space: 

( ) 1
0

k
a aH S k S

−
=   (3) 

The limit state capacity c
aS , can be expressed in 

terms of the following product (e.g. Cornell 1996): 

c c

c y
a aS q S =    (4) 

where y
aS  is the spectral acceleration inducing 

yielding of the system, 
c

q  is the ductility-

dependent contribution of the behaviour factor, 

denoting the factor by which a specific 

acceleration time history capable of causing 

incipient first yield must be scaled up to produce a 

ductility demand equal to the median capacity ˆc

and 
c

  is a lognormal random variable with unit 

mean and lognormal standard deviation 
c

  that 

captures the variability of the ductility capacity in 

spectral acceleration terms.  
y
aS and

c
q are also generally random variables, 

due to record-to-record variability effects. Cornell 

(1996) assumes that these two random variables 

follow a lognormal distribution, with median 

values equal to ˆ y
aS  and ˆ

c
q respectively, and 

lognormal standard deviation, or dispersion, y
aS



and
c

q
 . In the case of a deterministic SDOF 

system, if the pseudo-spectral acceleration is used 

as the IM, then the yield acceleration has zero 

dispersion, i.e., y
aS

 =0, because it is directly 

related to the yield displacement yu  through the 

relation 2y
a yS u=  . This is generally not true in 

the more general case of multiple-degrees-of-

freedom systems, due to the influence of higher 

modes of vibration (Luco and Cornell 2007). 

The product of lognormal random variables is 

also a lognormal random variable. Thus, the limit 

state capacity c
aS  follows a lognormal distribution 

with median ˆ ˆˆ
c

c y
a aS q S=    and lognormal standard 

deviation 2 2 2
y

cca
qS     = + + .  



 

Therefore, under the aforementioned 

assumptions, the MAF of limit state exceedance, 

can be expressed as (Kennedy and Short 1994, 

Cornell 1996): 

( ) ( ) ( ) ( )
2 2

1
1 110.5 0.5

0
ˆ ˆ ˆ

c

kk kkc y
c a aH S e k S q e

 


−   −
=  =     (5) 

This equation can be inverted to find the median 

value of ˆ y
aS  corresponding to a prefixed value of 

the MAF of failure. In order to exploit this 

formulation for design purposes, it is better to 

introduce the overstrength of the system sq , 

similarly to Žižmond and Dolšek (2017). This 

overstrength is defined as the ratio between the 

spectral acceleration at yield of the system and the 

design spectral acceleration d
aS (Kappos 1999): 

ˆ /y d
s a aq S S=  (6) 

Substituting Equation (6) into Equation (5) 

gives the following expression of the MAF of 

failure, where now the dependence on the design 

spectral acceleration is made explicit: 

( ) ( )d d
c a a hcS H S f =   (7) 

where ( )
2

11 1 0.5
ˆ

c

kk k
hc sf q q e




 − −
=   .  

A risk curve ( )d
c aS  can be built by plotting the 

values of c against the values of the design 

spectral acceleration d
aS . Figure 1a plots and 

compares the relation between the hazard curve 

( )d
aH S  and the risk curve ( )d

c aS . The hazard 

curve for d
aS  is obtained by linearizing the site 

hazard curve (more insight into the effect of the 

linearization is given in Gkimprixis et al. 2019, 

Section 3.1). If the hazard curve is linear, then so 

is the risk curve by virtue of Equation 7. Figure 1a 

also plots the yield curve ( )d
y aS  corresponding 

to the MAF of yielding for a system designed with 

a spectral acceleration d
aS . This can be obtained 

by setting ˆc =1, which also corresponds to ˆ
c

q =1 

in Equation.7: 

( ) ( )d d
y a a hyS H S f =   (8) 

where ( )
2

11 0.5 kk
hy sf q e

 −
=  .  

Again, if the hazard curve is linear, then so is 

the risk and yield curves by virtue of Equation (7) 

and Equation (8).  

The design pseudo-spectral acceleration 

corresponding to a target value of the MAF of 

collapse c  for a system with median ductility 

capacity ˆc , can be obtained from Equation (7) as: 

1
2

1

1/
0.50

ˆ 1

ˆ ˆ
c c

kc
kd a

a
s s c

S k
S e

q q q q



  

  
= =   

   
 (9) 

Using this equation one can obtain the uniform-

risk design spectrum for a site, by plotting the 

values of d
aS  against T for a given ductility 

capacity and MAF of collapse. In contrast to the 

inelastic spectrum in design codes, this spectrum 

provides a consistent level of the risk of failure for 

systems with different vibration periods. Figure 1b 

shows the uniform hazard spectrum (UHS), the 

corresponding uniform risk spectrum (URS) and 

the yield spectrum (YS), derived for the target 

MAF of exceedance of 1/2500, assuming sq =2 

and a ductility level of 4, for an example site (see 

following section). The values of these spectral 

ordinates for T=1s can be obtained by intersecting 

the hazard and risk curves with a horizontal line at 

target MAF of 1/2500 in Figure 1a. 

 

 
 Figure 1. (a) Risk, yield and hazard curves for a system 

with T=1s; (b) uniform hazard spectrum (UHS), uniform risk 

spectrum (URS) and yield spectrum (YS) for a MAF of 

exceedance of 1/2500 (after Gkimprixis et al. 2019). 

(a) 

(b) 



 

The seismic design input is usually expressed in 

regulations in terms of a UHS for a given reference 

MAF of its exceedance, ref , which does not 

necessarily coincide with the target MAF of limit 

state exceedance c . Let 
11/

0

k

ref
a

ref

k
S



 
=  
 
 

denote the 

spectral ordinate of the system with period T, 

obtained by inverting the hazard curve of aS  for 

the MAF of exceedance ref . After dividing ref
aS  

by d
aS  the risk-targeted behaviour factor (Žižmond 

and Dolšek 2017; Fajfar 2018) is then obtained: 

ˆ
c

IM

ref
sa

d
a

q qS
q

S






= =  (10) 

where 
1

2
1

1/

0.5
ˆ

IM

kc
ref ka

ref
ca

S
e

S






  
= =   

 
 is a factor 

accounting for the difference between the MAF of 

the seismic design input and the target MAF of 

collapse. It is useful to note that for a given ref
aS

this equation can provide d
aS  without the need to 

estimate the parameter 0k .  

To summarize, the spectral ordinate ref
aS  

corresponding to the elastic response spectrum and 

the MAF of exceedance ref , should be divided by 

q to design a system reaching the target 

performance, i.e., a MAF of collapse equal to c . 

This factor is equal to the product of three 

components: sq  accounting for the system’s 

overstrength, ˆ
c

q  for the system’s ductility 

capacity, and 
ˆ

IM

c
a

ref
a

S

S
 = for the difference in the 

MAF of exceedance of the input and of collapse. 

Figure 2 illustrates the relation between the 

spectral ordinates and the various components of q 

in the acceleration-displacement response 

spectrum plane. 

Figure 2. Relation between the spectral ordinates and the 

various components of q (after Gkimprixis et al. 2019).  

3 APPLICATION OF THE RTBF 

APPROACH FOR ITALY 

This section employs the RTBF technique to 

derive example risk-targeted maps for Italy. The 

hazard input for the PGA is provided by Gruppo di 

Lavoro MPS (2004) for a 10%-in-50-years 

probability of exceedance (see Figure 3), while 

data for other probabilities of exceedance are 

available in Meletti and Montaldo (2007).  

 
Figure 3. The Seismic Hazard Input for the PGA 

corresponding to a 10%-in-50-years probability of 

exceedance (after Gruppo di Lavoro MPS (2004). 

In addition, the spectral acceleration values for 

a period of 0.5s are obtained from Montaldo and 

Meletti (2007). The target risk level is set equal to 

2∙10-4 yrs-1, a value proposed in ASCE 7-16 

(2017), roughly corresponding to a 1% probability 

of exceedance in 50 years. The power law hazard 

model is fitted through two points (see Gkimprixis 

et al. 2019, paragraph 3.1). Based on the available 

data, the fitting points refer to a probability of 

exceedance in 50 years roughly equal to 2% and 

10%.  

Figure 4a and Figure 5a show the values of 
refPGA and ( )ref

aS T according to PSHA and a 

reference return period of 475 years, whereas the 

values of k1 corresponding to the slope of the fitted 

curve are plotted in Figure 4b an Figure 5b. A high 

variation of the slope of the hazard curve is 

observed. There are cases where the curve is quite 

steep with k1 > 5, while other locations have 

hazard curves with very low slopes, for instance 

lower than 1.4. 
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Figure 4. Seismic design maps for Italy in terms of PGA: (a) PGA at reference return period (475 years), (b) k1 for the 

power-law approximation, (c) risk-targeted design PGA and (d) risk-targeted behaviour factor. 

Figure 5. Seismic design maps for Italy in terms of Sa (T=0.5s): (a) Spectral acceleration for T=0.5s at reference return 

period (475 years), (b) k1 for the power-law approximation, (c) risk-targeted design PGA and (d) risk-targeted behaviour 

factor. 
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Figure 4c and Figure 5c show the risk-targeted 

values of the design acceleration, evaluated via 

Equation (10). For the case of the PGA,  = 0 and 

ˆ 1
c

q = , whereas for aS (T=0.5s), ˆ
c

q is assumed 

equal to 4 and  = 0.6, as per ASCE 7-16 (2017). 

In both cases the contribution of overstrength is 

considered as well, by assuming 2sq = . 

The values of the risk-targeted behaviour factor 

q are given in Figure 4d and Figure 5d. This factor 

is derived by the ratio of the reference design 

acceleration and the risk-targeted design 

acceleration. A value higher than one means that 

the reference design acceleration should be 

decreased in order to satisfy the risk acceptance 

criteria.  

In general, low values of q are obtained. Of 

course, this conclusion is sensitive to the 

assumptions made for the target risk level and the 

ductility and overstrength of the system. For the 

case of  Sa(T=0.5s), q is in general between 1.25 to 

2.15. For the PGA though, q is lower than one in 

most areas, which means that the reference PGA 

should be increased to achieve the target risk level.  

4 CONCLUSIONS 

It has been widely acknowledged that the 
philosophy of ‘uniform hazard’ for seismic design 
of structures leads to uncontrollable levels of risk. 
Thus, researchers currently focus on developing 
alternative techniques to achieve explicit control 
of the risk of failure. In this paper, the probabilistic 
framework developed by Kennedy and Short 
(1994) and Cornell (1996), leading to the 
definition of risk-targeted behaviour factors 
(RTBFs), is summarised and the presented 
analytical formulas are then used to derive risk-
targeted maps for Italy. 

Based on the assumptions made for the target 
risk level and the structural systems considered, it 
is found that the design PGA should be increased 
in most areas, compared to the uniform-hazard 
value corresponding to a return period TR=475 yrs. 
On the other hand, the values of the design spectral 
acceleration can be significantly lower than the 
ones corresponding to TR=475 yrs.  
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