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Abstract
The current design approach recommended by seismic codes is often based on the use of 
uniform-hazard response spectra, reduced to account for inelastic structural behaviour. This 
approach has some strong limitations that have been highlighted in many studies, including 
not allowing a direct control of the seismic risk and losses. This study aims at quantifying 
the levels of safety and the costs associated with this design approach, and to investigate 
alternative design approaches that have been developed in the last decades. In particular, 
a risk-targeting approach and a minimum-cost approach are considered. The first one, 
allowed by US codes, aims at designing structures with the same risk of collapse through-
out regions of different seismicity. The second one aims to minimize the sum of the initial 
construction cost and the cost of expected losses due to future earthquakes. The compari-
son of the three approaches is performed by considering, as an example structure, a four-
storey reinforced concrete frame building located in different areas in Europe, and by look-
ing at the implications in terms of achieved safety levels, initial costs, and future losses. 
The study’s results provide useful information on how the design criteria and the different 
hazard levels throughout Europe affect the cost and safety levels of seismic design.

Keywords Performance-based seismic design · Risk targeting · Uniform hazard · Life-
cycle cost analysis · Economic losses · Reinforced concrete

1 Introduction

Current seismic design regulations are often based on a uniform-hazard philosophy. 
This simplified design practice is essentially deterministic and employs a uniform-
hazard spectrum, with predefined exceedance frequency depending on the performance 
objectives, to define the seismic action. Although this approach is simple, well estab-
lished, and results in overall satisfactory performance (e.g. Jeong et al. 2012; Rivera and 
Petrini 2011; Panagiotakos and Fardis 2004; Mwafy 2001; Kappos 1997), it comes with 
the drawback of uncontrollable distribution of the risk levels in different locations (e.g. 
Collins et  al. 1996; Tubaldi et  al. 2012; Silva et  al. 2016; Iervolino et  al. 2017). This 
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means that, although the structures are designed using the same regulation, they are 
exposed to different risk levels.

Acknowledging this, modern design philosophies have introduced the use of fully 
probabilistic approaches in the design stage to account explicitly for the risk level of the 
designed structure. A first official attempt to control the seismic risk across regions of 
different seismicity at a national level was made in the US, with regulations (ASCE 7-16 
2017; FEMA P-750 2009) that proposed the use of risk-targeted ground motion maps. 
This risk-targeting methodology has been investigated and applied by many researchers 
(e.g. Douglas and Gkimprixis 2018; Silva et al. 2016; Tsang and Wenzel 2016; Douglas 
et  al. 2013; Luco et  al. 2007), while alternative techniques of risk targeting have also 
been proposed in the literature (Gkimprixis et al. 2019; Tsang et al. 2020).

Observations on the effects of past historical earthquakes have shown that, while life 
safety is usually ensured by compliance with design codes, the economic losses due 
to damage in structural and non-structural components can be large (e.g. Perrone et al. 
2019; Braga et  al. 2011). This is mainly because structures are designed to undergo 
significant inelastic behaviour under major earthquakes to dissipate seismic energy, and 
there is insufficient attention paid to the behaviour of non-structural components in the 
design stage. Moreover, the behaviour of building components such as masonry infills, 
interacting with the frame structural components, is usually disregarded in the design 
stage, and very often these elements experience damage even under moderate earth-
quakes, leading to significant losses (e.g. De Risi et al. 2019; De Luca et al. 2014; Ricci 
et al. 2011; Romão et al. 2013; Braga et al. 2011).

It is understandable that seismic design has to serve a double goal and provide not 
only safe, but also economic design solutions. The two objectives can be conflicting, 
because in order to reduce the risk of loss of life the construction costs generally need 
to increase. Thus, there should be a compromise between construction costs and tar-
get levels of safety. This has motivated intense research in the development of design 
techniques that consider the benefit from the future losses reduction when the seismic 
design level, and consequently the initial construction cost, is increased (Cardone et al. 
2019; Ordaz et al. 2017; Crowley et al. 2012; Padgett et al. 2010; Kappos and Dimitra-
kopoulos 2008; Lagaros 2007; Ellingwood and Wen 2005; Wen and Kang 2001).

The aim of this study is to quantify the levels of safety and the costs associated with 
the code design approach, and to investigate the effectiveness of the risk-targeted and 
minimum-cost design approaches, by considering a benchmark case study. This case 
study consists of a four-storey reinforced concrete (RC) frame building located in dif-
ferent regions in Europe, which exhibit a wide range of hazard levels. After review-
ing briefly the alternative design approaches, the RC structure is designed following 
the Eurocodes (ECs) for different values of the design peak ground acceleration (PGA). 
Using a nonlinear finite element model developed in Seismostruct (Seismosoft 2020), 
time-history analyses are carried out to evaluate the performance of the building and 
establish a link between the seismic fragility and the design PGA. The distribution of 
the collapse risk rates obtained across Europe considering the uniform hazard PGA as 
design input is then assessed. Risk targeting is subsequently applied, followed by an 
evaluation of the design PGA levels minimizing the total costs of the building across 
Europe. In the calculations, the initial construction costs, the future losses due to dam-
age of both structural and non-structural components of the building and additional 
losses are considered. Finally, some comparisons are made among the results of the dif-
ferent approaches.
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2  Review of design approaches

This section illustrates briefly the three design approaches considered in this study. Each 
approach provides a different value of the design seismic intensity at the site of interest, 
which is synthetically represented here by the design peak ground acceleration, PGAd.

2.1  Uniform‑hazard design

Modern seismic design codes generally follow a force-based approach in which the 
earthquake input is defined in terms of an acceleration response spectrum to be used in 
conjunction with simplified elastic analyses. The ductile behaviour of the structure is 
taken into account through the application of a reduction factor to transform the elas-
tic spectrum into an inelastic design spectrum. In EC8 (CEN 2004b), this spectrum is 
anchored to a PGA value obtained from the hazard curve of the structure’s site for a pre-
defined probability of exceedance (e.g. 10% in 50 years for the ‘no-collapse’ objective 
associated with the ‘ultimate limit state’), while the spectral shape is assumed to depend 
only on the local soil conditions. The application of this design framework establishes 
uniform hazard levels between different locations, meaning that the ‘uniform-hazard’ 
design PGA values, PGAUH

d
 , share the same exceedance probability at every location. 

It is noteworthy that this approach leads to non-uniform levels of risk for different loca-
tions, as discussed in e.g. Gkimprixis et al. (2019).

2.2  Risk‑targeted design

This method aims to design a structure that will be exposed to an acceptable and con-
trolled risk level, expressed as the mean annual frequency (MAF) of collapse, �

C
 . This 

depends on the design acceleration,PGA
d
 , through the following expression (Kennedy 

2011):

where H(IM) is the hazard curve, obtained from PSHA (Cornell 1968; McGuire 2008; 
Baker 2015), providing the MAF of exceeding the seismic intensity measure (IM) used for 
risk assessment, and P(C|IM) denotes the probability of collapse conditional on the IM 
level.

(1)�
C

(
PGA

d

)
= ∫ P(C|IM) ⋅ |dH(IM)|

Fragility curve Risk 

Hazard curve

Risk=target?

N

Y
Trial

Fig. 1  Risk-targeting design framework
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The solution of the risk-targeting problem requires an iterative approach (see Fig. 1) 
that eventually leads to the risk-targeted design peak ground acceleration, PGART

d
 , cor-

responding to the target risk level �
C
.

2.3  Minimum‑cost design

This approach aims to design a structure such that the total life-cycle cost is minimized. 
The costs of construction and seismic damage to structural and non-structural components 
are considered, while additional losses can be included. The methodology discussed herein 
is based mainly on the work of Wen and Kang (2001), while other articles have been con-
sidered as well (e.g. Kappos and Dimitrakopoulos 2008; Lagaros 2007; Ordaz et al. 2017; 
Crowley et  al. 2012; Padgett et  al. 2010). The variable to be minimized is the expected 
value of the life-cycle cost, E[LCC], over the time period t, which can be expressed as:

where C0 is the initial construction cost and E[FL] is the expected cost due to future losses. 
The latter stems from the sum of the losses incurred for repairing (or replacing) the dam-
aged structure and additional losses (e.g. from personal property damage, injuries or fatali-
ties, and loss of function of the building).

The expected cost due to the future losses over a time period t is calculated as:

where λ is a constant discount rate/year, which converts the future losses into present mon-
etary value. The expected value of the annual losses, E[AL] , is equal to:

where E[AL|IM] is the expected value of the losses given an IM level, usually referred to 
as vulnerability. The total vulnerability of the building derives from the sum of the vulner-
ability of each component at every storey, which is based on the fragility curves of the 
component for the various damage states and the costs associated with each damage state. 
If the collapse criterion is met at any storey, then it is assumed that the whole building has 
collapsed (‘global collapse’ case), and consequently it has to be replaced.

Following Ramirez et al. (2012), the collapse (C) and no-collapse (NC) cases are consid-
ered explicitly in the derivation of the vulnerability according to the following expression:

where the probability of collapse given the IM, P(C|IM) , is the fragility curve for the case 
of ‘global collapse’, and C

r
 is the associated cost.

The value of E[LCC] depends on the PGAd, which influences both the initial costs 
and the losses. An optimization technique can be employed to minimize E[LCC], as 
shown schematically in the flowchart of Fig.  2. Starting with a trial PGAd, the corre-
sponding fragility curves of each component (structural and non-structural) of every 
storey are calculated, together with their cost. Based on the fragility curves and the 
costs associated with the various damage states, the vulnerability curves of the building 
are derived using Eq.  (5), by assembling the vulnerability of the various components 

(2)E[LCC] = C0 + E[FL]

(3)E[FL] = E[AL] ⋅ (1 − e
−�⋅t)∕�

(4)E[AL] =

∞

∫
0

E[AL|IM] ⋅ dH(IM)

(5)E[AL|IM] = E[AL|NC, IM] ⋅ [1 − P(C|IM)] + C
r
⋅ P(C|IM)
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and taking into account the building collapse events. Then, E[LCC] is calculated from 
Eq. (2). This procedure is repeated for a range of trial PGAd levels and the minimum-
cost design acceleration, PGAMC

d
 , is obtained as the one that minimizes E[LCC].

3  Applications

A benchmark RC building is considered to evaluate and compare the design PGAs, risk 
levels, and losses corresponding to the application of the alternative design approaches 
illustrated in the previous section. The case study is representative of many structures 
built across Europe, and consists in a 4-storey 3-bay RC frame building, symmetrical in 
plan and elevation, with span length and column height respectively equal to 5 m and 
3 m (Fig. 3).

Construction cost, C0

Repair costs of component Fragility curves of each component 

Vulnerability curve of each component

Storey Vulnerability

i= 1

i= imax? i= i+1

Site hazard curve, H(IM)

N

Y

Y

N

For i=1:imax, imax=number of storeys

For various values of the trial design PGA

j= 1

j= jmax? j= j+1N

Y

Trial

Total losses: 

For every 
damage state
of each 
component

Sum of the 
vulnerability of all 
components of the 
storey

For j=1:j
max

, j
max

=number of components

For every damage 
state of each 
component

tmax: predefined maximum 
limit for the trials

Storey Losses:

= tmax?

Fig. 2  Flowchart of the developed minimum-cost design algorithm
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3.1  Seismic design according to Eurocodes

The building is designed following EC2 (CEN 2004a) and EC8 (CEN 2004b). Both the 
columns and the beams have the same section in all storeys. The concrete strength class is 
C25/30, corresponding to a characteristic compressive strength of 25 MPa, a mean com-
pressive strength of 33 MPa, a mean tensile strength of 2.6 MPa, and a modulus of elastic-
ity of 3.1 × 104 MPa. A B450C steel is assumed for the reinforcement, corresponding to a 
characteristic yield strength of 450 MPa, a mean strength of 517.5 MPa, and a modulus of 
elasticity of 2.0 × 105 MPa.

The self-weights of the concrete elements are derived assuming a specific weight of 
25  KN/m3. Regarding the permanent loads, 1  KN/m2 is assumed for the floor finishing 
weight and 7 KN/m3 for the weight of the masonry infills of the external frames. The influ-
ence of the structural elements dimensions and the presence of openings was considered 
in the calculation of the weight of the panel. An additional uniformly distributed load of 
0.4 KN/m2 is added to the floor loads to account for internal partitions, as per NTC-3.1.3 
(NTC 2018). The live load (Q) is taken equal to 2 KN/m2. The following load combinations 
are considered, according to EC8 (CEN 2004b) and EC0 (CEN 2002): 1.35·G + 1.50·Q 
(gravity loads only), G + 0.30·Q ± Ex ± 0.30·Ey, G + 0.30·Q ± 0.30·Ex ± Ey, where G, Q and 
E are the permanent, live and earthquake loads respectively and x and y refer to the two 
horizontal directions.

Rather than considering the design spectra defined by national codes, the Type 1 hori-
zontal design acceleration spectrum (EC8-1-3.2.2.2) is used for every location across 
Europe. The seismic design is carried out considering different design acceleration values, 
namely 0.0 g, 0.1 g, 0.3 g and 0.5 g, an importance class II, and a medium ductility class 
(EC8-1), corresponding to a behaviour factor q = 3.9 (EC8-1-5.2.2.2). Class B is assumed 
for the soil conditions and 5% for the damping ratio. It should be noted that the EC8 Type 1 
spectrum employed for the design is not strictly a uniform-hazard spectrum as its shape is 
constant for different locations (Tsang 2015).

Two performance objectives are considered: ‘no-collapse’ under the seismic design 
action, and ‘damage limitation’ for a more frequent seismic event. Starting with ‘the no-
collapse’ requirements, first an elastic analysis is performed, using the elastic response 
spectrum, modified by q. The contribution of the infills to the stiffness and strength of the 
frames is disregarded in the design stage, an approach usually followed in design practice. 
A modal response spectrum analysis is performed [EC8-1-4.3.3.1(2)P] to find the required 

(a) (b)
Planar view Elevation

Fig. 3  a Plan and elevation of the building, b 3D model of the building at the design stage
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reinforcement area for beams and columns. In the numerical model, a 50% reduction of 
the materials’ modulus of elasticity is considered to account for the effect of cracking 
[EC8-1-4.3.1(7)]. Rigid diaphragms are considered at floor levels and the contribution of 
the slab (15 mm thick) to the lateral stiffness is taken into account by assuming T-shaped 
beams (EC2-1.1-5.3.2.1). The accidental eccentricity (EC8-1-4.3.2) is considered equal 
to ± 0.05·Li, where i is the floor-dimension perpendicular to the direction of the seismic 
action.

Capacity design rules are applied to design the required reinforcement area for beams 
and columns. This is to ensure that in every joint the sum of the moments of resistance 
of the columns are at least 1.3 times higher than that of the beams of the joint (EC8-1-
5.2.3.3). Following EC8-1-4.4.2.2(2), an additional check is made to ensure that second-
order (P-δ) effects are not excessively high.

The ‘damage limitation’ criterion is satisfied by checking that the inter-storey drifts 
(ISDs) are less than 0.5% of the storey height (non-structural elements of brittle materials 
attached to the structure), in accordance with the criterion of paragraph EC8-1-4.4.3.2. To 
account for the reduced return period of the seismic action associated with this criterion, 
the design action is multiplied by a reduction factor of 0.5.

If the structure fails any of the above criteria, the sections are increased, otherwise the 
design procedure is complete. The results of this design procedure, in terms of RC mem-
ber dimensions and total reinforcement, are summarized in Table 1, and are comparable to 
those of similar research works (e.g. Fardis et al. 2012; Ulrich et al. 2014).

It is clarified that wind and snow loads are not considered in the design because they 
may vary significantly from location to location and, therefore, they could complicate 
interpretation of the effect of the seismic hazard on the structural design. Thus, the case of 
PGAd = 0.0 g refers to a design executed only under the gravity load combination. Further 
analyses have been carried out for the case-study building to confirm that the results are not 
significantly altered if the wind action is taken into account (for velocities up to 25 m/s).

3.2  Numerical models for nonlinear analyses

The finite element software Seismostruct (Seismosoft 2020) is used to perform the nonlin-
ear analyses. The inelastic plastic hinge force-based frame element type is used to describe 
the inelastic behaviour of beam and column elements. The plastic hinge properties are 
derived based on the cross-sections at the extremes of the elements, employing 150 fibres 
to discretize the section (Calabrese et al. 2010; Scott and Fenves 2006). The length of the 
plastic hinge (Lp) is calculated according to Paulay and Priestley (1992), based on the 

Table 1  Properties of the structural members based on the design level

PGAd (g) Dimensions of RC members 
(m × m)

Total area of reinforcement steel  (m3)

Longitudinal Transverse

Columns Beams Columns Beams Columns Beams

0.0 0.30 × 0.30 0.30 × 0.30 0.17 1.72 0.07 0.25
0.1 0.40 × 0.40 0.40 × 0.30 0.31 1.49 0.08 0.22
0.3 0.55 × 0.55 0.55 × 0.30 0.59 3.14 0.16 0.41
0.5 0.70 × 0.70 0.65 × 0.30 1.04 4.28 0.32 0.63
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element’s length as well as the yield strength and the diameter of the longitudinal reinforc-
ing steel. Beam–column joints are assumed to be rigid and their degradation is not explic-
itly taken into account, assuming that in newly-designed buildings these elements are not 
expected to be as critical as in existing buildings.

For the constitutive law of the RC members, the Mander et al. (1988) nonlinear con-
crete model and the Menegotto and Pinto (1973) steel model are used. While in the design 
approach the characteristic values were used, for the nonlinear analyses the mean values of 
Table 1 are used instead, as stated in EC8-1-4.3.3.4.1(4). A Rayleigh damping matrix with 
the tangent stiffness approach is employed to model the damping inherent to the structure 
and its contribution to the seismic energy dissipation (Chopra 1995). A 5% damping ratio 
is considered for the first two transitional modal periods (estimated via eigenvalue analy-
sis). Finally, the seismic excitation is applied only along the horizontal direction, while the 
permanent and live loads are considered with the combination G + 0.30·Q.

The frames of the perimeter of the building are infilled with masonry panels made of 
30 cm-thick hollow bricks. Following the RINTC project (RINTC Workgroup 2018), the 
following properties of the infill are considered: σ0 = 0 MPa (vertical stress), σm0 = 6 MPa 
(vertical compression strength), τm0 = 0.775  MPa (shear strength), fsr = 0.542  MPa (slide 
resistance in the joints), and Em = 4312 MPa (elastic modulus of the infills).

The diagonal strut approach (Decanini et  al. 2004) is followed to simulate the infills, 
using the above parameters to define the various failure mechanisms and the resulting con-
stitutive law of the struts representing the infill panels. In order to account for the open-
ings in the panels (doors or windows), the strut strength values are reduced by the factor 
proposed in Decanini et al. (2014). Generally, an opening of area 2.4 m2 is assumed, (e.g. 
height 1.2 m and width 2 m for windows) corresponding to a 60% strength reduction. More 
specifically, the reduction factor is equal to 0.44, 0.42, 0.40, and 0.38, for PGAd equal to 
0.0 g, 0.1 g, 0.3 g and 0.5 g, respectively. A further modification of the Decanini et  al. 
(2004) model is introduced, to achieve a better agreement between predicted and observed 
ISD corresponding to infill damage, by using the drift values provided in the RINTC pro-
ject. Recent researchers (Sassun et al. 2016; Hak et al. 2012) have investigated the relation 
between the drift capacity of an infill panel and the strain capacity of the equivalent strut. 

(a) (b)

Fig. 4  Summary of the modelling approach for the nonlinear analyses: a constitutive laws of the infills in 
terms of truss strength - storey drift, b numerical model in Seismostruct
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Using the analytical formulae of these works, the drift thresholds are used together with the 
geometry of the panel to obtain the strain values for the constitutive law of the strut. The 
constitutive laws of the struts and of the other materials are shown in Fig. 4, together with 
the numerical model of the case-study buildings.

It is noteworthy that increasing the PGAd levels leads to a decrease of the contribution/
impact of the infills. This is mainly because the columns section increases with PGAd and 
thus the ratio of the infilled area to the area of the columns reduces. This ratio is one of 
the main parameters that controls the infill-frame interaction. In Seismostruct (Seismosoft 
2020), the infills are modelled with inelastic truss elements, using a trilinear concrete 
model with no residual strength.

3.3  Modal and pushover analyses

Modal analyses have been carried out on the numerical models corresponding to the vari-
ous PGAd levels considered. In the case of bare frames, the contribution of the infills to the 
lateral strength is disregarded, while the mass is the same as in the infilled case. The funda-
mental vibration periods for the bare models are 0.73 s, 0.47 s, 0.29 s and 0.22 s, for PGAd 
equal to 0.0 g, 0.1 g, 0.3 g and 0.5 g, respectively. These periods are reduced to 0.36 s, 
0.32  s, 0.25  s and 0.20  s in the case of the infilled models. In general, the fundamental 
period of vibration reduces for increasing design acceleration levels, due to higher stiffness 
of the resisting components. Moreover, accounting for the stiffness of the infills results in a 
reduction of the fundamental period of vibration, as expected. This reduction is more sig-
nificant for the frames designed for lower PGA levels, due to the higher infill-frame stiff-
ness ratio, as discussed in the previous section.

Static pushover analyses are also performed and the resulting capacity curves, in terms 
of total base shear versus maximum (across the various storeys) ISD, are presented in 
Fig. 5. It can be observed that the strength and stiffness of the infilled models are signifi-
cantly higher than those of the corresponding bare models for low ISD levels. For high ISD 
levels, the infills are damaged and their contribution to the resistance reduces. The capac-
ity curves of the models with and without infills coincide at high ISD levels, where all the 
infill frames are extensively damaged. The contribution of the infills to the global strength 
and stiffness of the buildings is rather low, in line with other studies on masonry infilled 
frames (see e.g. RINTC Workgroup 2018). This is mainly due to the use of hollow bricks 
for the infills, and the effect of the openings, which significantly reduce the infill capac-
ity. It is noteworthy that the ISD levels at which the capacity curves of the infilled models 

Fig. 5  Effect of the PGAd and the 
presence of infills on the pusho-
ver curves of the system
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attain their peak values tend to increase with the PGAd levels. Moreover, the differences 
in terms of stiffness and strength between the infilled and bare frame models are more 
significant for low PGAd levels, which is consistent with the observation of the previous 
subsection that the stiffness and strength of the strut elements modelling the infills reduces 
for increasing PGAd. The ultimate ISD values of the capacity curves (3%) correspond to 
the failure of the RC members, as discussed below. Overall, the ductility capacity of the 
designed models is high, demonstrating the effectiveness of the employed capacity design 
criteria. Nonlinear geometric effects have been considered, but they are not significant for 
these buildings and the post-peak behaviour of the pushover curve is strongly affected by 
the constitutive law of the confined concrete.

3.4  Incremental dynamic analyses

Incremental dynamic analyses (IDAs) (Vamvatsikos and Cornell 2002) are performed to 
derive fragility curves for the various models considered. To capture the uncertainties 
inherent to record-to-record variability effects, 22 records selected from RESORCE (Akkar 
et  al. 2014) are considered. Since using a different set of records for each location of 
Europe would be too time-consuming, the considered records are not representative of any 
specific site, but have been selected based on generic criteria: epicentral distance between 
0 and 30 km, moment magnitude between 5 and 7, and focal depth less than or equal to 
30 km. It is noteworthy that the choice of the records selected to represent record-to-record 
variability effects may have an influence on the performance assessment, and other record 
sets, intensity measures, and nonlinear demand estimation methods may lead to different 
results. There is no perfect method for selecting the input ground motions for a Europe-
wide study.

Figure 6 shows the linear elastic pseudo-spectral acceleration and displacement response 
spectra (Chopra 1995) of the records scaled to a common PGA value of 0.1 g, for a damp-
ing ratio of 5%. In the same figure, the mean spectrum and the first modal periods of the 
designed structures are also plotted. It can be seen that increasing the design acceleration 
and/or accounting for the presence of infills, results in lower displacement demand and 
higher accelerations levels, due to the shortening of the building period.
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Fig. 6  Linear elastic response spectra (5% damping) of the 22 selected strong-motion records scaled to a 
common PGA of 0.1 g: a pseudo-spectral acceleration spectra, b displacement spectra
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IDAs are performed by scaling the records to 29 different PGA levels, between 0.015 g 
and 4 g. Whenever numerical convergence issues arise, the structure is assumed to have 
failed. Figure 7 shows the IDA curves obtained for each record, in terms of PGA values 
versus maximum ISDs and maximum absolute accelerations observed across the storeys. 
The 50th, 16th and 84th percentile IDA curves are also shown in the same figures. It can 
be observed that increasing the design acceleration results in decreased ISDs, and in higher 
absolute accelerations, since the structure becomes stiffer.

3.5  Fragility analyses

The results of the IDAs are used in this section to derive fragility curves for every com-
ponent of each storey. The fragility curves are assumed to have a lognormal distribution 
and maximum-likelihood estimation (Shinozuka et al. 2000) is used for the fitting of the 
IDA results. This approach, treating the IDA results as binary variables (corresponding to 
exceedance or not exceedance of the considered damage threshold), is particularly conveni-
ent for dealing with numerical convergence issues (e.g. Gehl et al. 2015).

All the components of the structure, have to be categorized in fragility groups (ATC 
2012a, b; Cardone et  al. 2019; O’Reilly and Sullivan 2018; Cardone and Perrone 2017; 
O’Reilly et al. 2018). The RC members (columns, beams and slabs) are regarded as struc-
tural components, while the rest are defined as non-structural components. For the struc-
tural components, six damage states are considered, which are controlled by the ISD. For 
simplicity, the same ISD thresholds are considered for the different structures rather than 
use other criteria. These thresholds are based on the limits provided by Ghobarah (2004) 
for moment-resisting frames (Ductile MRF) and these limits have been employed in many 
other research works on RC building fragility assessment (Gkimprixis et al. 2018; Man-
oukas and Athanatopoulou 2018; Martins et al. 2018; Ulrich et al. 2014; Lagaros 2007).

Based on the RINTC project, four damage states are defined for the damage of the infills 
explicitly, using ISD thresholds. In particular, the drift value at the peak strength of the 
panel is assumed equal to 0.334%. The cracking point is calculated at 80% of the peak 
strength, corresponding to a drift of 0.267%. Finally, it is considered that the infills reach 

(a) (b) (c) (d)

(e) (f) (g) (h)

Fig. 7  IDA curves in terms of maximum ISD (a–d) and maximum acceleration (e–h) for the models 
designed with: a, e 0.0 g, b, f 0.1 g, c, g 0.3 g, d, h 0.5 g
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the ultimate condition at a 50% drop of strength (Cardone and Perrone 2015), leading to a 
value of 1.439% for the drift threshold. The number and distribution of the internal parti-
tions is estimated based on their distributed load assumed at the design stage, and the three 
limit states of Cardone and Perrone (2015) for partitions with doors are used.

The fragility of the rest of the non-structural components is evaluated by subdividing 
them into drift-sensitive and acceleration-sensitive ones, following FEMA P-58 (ATC 
2012a, b). Table 2 summarizes the components considered in the study together with the 
assumptions made for the damage state definition.

Based on the results of the IDA and the damage state definition of Table  2, fragility 
curves are generated by considering explicitly the structural (S), non-structural drift-sen-
sitive (N/D) and non-structural acceleration-sensitive (N/A) components at each storey 
(76 different fragility curves for each model). While the fragility of each components of 

Table 2  Damage states for the various components of the buildings

Type Elements Limit state thresholds Damage levels (%)

S Columns 0.10%, 0.20%, 0.40%, 1.00%, 
1.80%, 3.00%

0.5, 5, 20, 45, 80, 100

Beams ″ ″
RC slab ″ ″

N/D Flooring ″ ″
Infills, plaster, windows 0.27%, 0.33%, 0.78%, 1.44% 34, 37, 68, 100
Insulation, waterproofing ″ ″
Encasement, skirting ″ ″
Aluminium/iron works ″ ″
Electrical system ″ ″
Partitions, paint, doors 0.08%, 0.20%, 0.50% 53, 82, 100

N/A Flue, drainage system 1.20 g, 2.40 g 14, 100
Hydraulic system 0.55 g, 1.10 g 11, 100
Gas system ″ ″
HVAC 1.50 g 100
Elevator 0.39 g 100

PGA d [g] median [g] β

0.0 1.02 0.76

0.1 1.57 0.78

0.3 2.17 0.78

0.5 2.63 0.65

0 1 2 3 4
PGA [g]

0

0.2

0.4

0.6

0.8

1

PGA
d
=0.0g

PGA
d
=0.1g

PGA
d
=0.3g

PGA
d
=0.5g

Fig. 8  Fragility curves for the limit state of ‘global collapse’
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every storey is considered separately, the case of collapse is defined ‘globally’. This means 
that when the 3% ISD limit is exceeded in any storey, then the whole building is assumed 
to collapse, and consequently both structural and non-structural components have to be 
replaced.

Due to space limitations, only the results for the ‘global collapse’ condition for the four 
analysed models are presented in Fig. 8. It can be observed that by increasing the PGAd, 
the median value of the lognormal fragility increases roughly linearly.

3.6  Risk analyses

In this subsection, the collapse risk levels corresponding to the uniform hazard design 
approach are evaluated across Europe. Then, the risk-targeting design approach is imple-
mented to evaluate the design accelerations that will lead to a tolerable risk level. Finally, 
a comparison is made between the risk-targeted PGA levels and the uniform-hazard PGAs 
across Europe.

3.6.1  Risk levels associated with code‑based design

The hazard curves for the different locations are based on the PGA values that correspond 
to 1%-, 2%-, 5%,- 10%-, 39%- and 50%-in-50-years exceedance probabilities according 
to the 2013 European Seismic Hazard Model (ESHM13, Giardini et  al. 2013; Woessner 
et al. 2015). The second-order polynomial function in log-space proposed by Vamvatsikos 
(2013) is used to extrapolate the hazard data to a wider range of PGA. Figure 9 presents the 
PGA values for site class A that correspond to a 10%-in-50-years exceedance probability 
(MAF of exceedance 2.1 × 10−3). As the seismic designs were undertaken using the EC8 
spectrum for site class B, the PGAs for site class A from the ESHM13 hazard curves were 

0.00-0.05
0.05-0.10
0.10-0.15
0.15-0.20
0.20-0.25
0.25-0.30
0.30-0.35
0.35-0.40
0.40-0.45
0.45-0.50
0.50-0.55
0.55-0.60
0.60-0.65
0.65-0.66

PGA [g]

Fig. 9  Design PGA values (site class A) with the uniform-hazard approach
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multiplied by the soil factor 1.2, expressing the ratio between PGAs on site classes B and 
A in EC8.

Using the values of Fig. 9 as the design acceleration, PGAUH

d
 , a risk analysis is then per-

formed to assess the levels of collapse risk obtained if the RC building is designed with the 
uniform-hazard (UH) approach. In future studies the design for each country could be done 
individually using the national design code. The parameters of the global-collapse fragil-
ity curves for a given PGAUH

d
 value are obtained by interpolating the fragility parameter 

results of Fig. 8. The annual collapse risk is obtained by convolution of the fragility and the 
hazard curves at each location, using Eq. (1).

Figure  10 illustrates the obtained values of the collapse risk across Europe. In gen-
eral, the probability of collapse is significantly lower than the probability of exceedance 
of the design hazard level (2.1 × 10−3), due to the various safety margins (e.g. safety fac-
tors, capacity design, minimum member size and detailing requirements) considered in the 
design. In areas of high seismicity, such as Italy and Greece, the values of the risk are gen-
erally between  10−5 and  10−4. This figure confirms the findings of other studies (e.g. Mar-
tins et al. 2018; Silva et al. 2016; Luco et al. 2007) that applying the UH approach leads to 
inconsistent risk levels.

3.6.2  Comparisons with risk‑targeting results

One of the key aspects of any risk-targeting framework is the choice of an acceptable col-
lapse risk. Different values for this have been suggested in the regulations (Fajfar 2018) 
while other criteria (e.g. societal risk) have been proposed too (Tsang et al. 2020). First, 
following the recommendations of ASCE 7-16 (2017), the risk targeting design approach 
of paragraph 2.2 is applied considering a target annual collapse risk of 2 × 10−4. Figure 11a 
presents the values of PGART

d
 that lead to a uniform distribution of risk across Europe. 

These values are lower, except in the areas of highest hazard where they are the same or 
slightly higher, than those corresponding to the uniform-hazard approach, since the tar-
geted risk value is higher than the actual risk levels obtained by designing with PGAUH

d
 for 
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Fig. 10  Annual collapse risk for the case-study building, designed with the uniform-hazard approach
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almost all locations (Fig. 10). It is noteworthy that the obtained results may change signifi-
cantly by considering different risk targets and structural systems. For instance, adopting 
the lower risk target of 5 × 10−5 (following Silva et al. 2016) the PGART

d
 values are signifi-

cantly increased (Fig. 11b).

3.7  Initial construction costs

This subsection investigates the effect of the seismic design on the total construction costs. 
First, the cost of the structural members, i.e. columns, beams and slabs, is estimated based 
on the dimensions resulting from the application of the code design procedure (Table 1). 

(a)

(b)
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Fig. 11  Design PGA values (site class A) with the risk-targeting approach using annual collapse risk targets 
of a 2 × 10−4, and b 5 × 10−5
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Following Manoukas and Athanatopoulou (2018), the costs per unit weight of concrete and 
steel are assumed equal to 150 €/m3 and 875 €/t, respectively. These costs include materi-
als, labour cost and social security expenses. The costs of non-structural components are 
based on data collected using personal contacts with engineers, construction price indices, 
as well as expert judgement, while they can be taken as a percentage of the replacement 
cost (Martins et  al. 2016; Manoukas and Athanatopoulou 2018). Following FEMA P-58 
(ATC 2012a, b), the cost of the foundations is not included in the analysis.

Table 3 reports the cost per  m2 (of the total area) of the building components for each 
PGAd level considered. In addition, these costs are expressed as a percentage of the total 
construction cost (of each PGAd level) in the same table. Similar to other research works 
(Taghavi and Miranda 2003; Porter 2016) the structural elements are found to contribute 
to only 17–23% of the total cost, depending on the design level. The total construction 
cost of the structural and the non-structural components is found to be equal to 655,840 €, 
656,778 €, 675,161 € and 693,205 € for PGAd equal to 0.0 g, 0.1 g, 0.3 g and 0.5 g, respec-
tively. With the total area of the building being equal to 900 m2, this gives a range of the 
total cost between 729 €/m2 and 770 €/m2, which is similar to the values considered in 
other studies (Manoukas and Athanatopoulou 2018; Kappos and Dimitrakopoulos 2008; 
Lagaros 2007). An idea of the cost of seismic design is obtained by normalizing the costs 
for different PGAd levels by the cost for PGAd = 0.0 g. This gives a relative difference of 
0.1%, 2.9% and 5.7% for the models designed for 0.1 g, 0.3 g and 0.5 g, respectively, when 
compared to the total cost of the non-seismically-designed one (i.e. PGAd = 0.0 g).

Table 3  Construction costs of the structural and non-structural components of the four models

Components €/m2 % of total construction cost of each model

PGAd = 0.0 g PGAd = 0.1 g PGAd = 0.3 g PGAd = 0.5 g

RC slab 100 13.72 13.70 13.33 12.98
Flooring 90 12.35 12.33 12.00 11.68
Aluminium and iron works 81 11.12 11.10 10.80 10.52
Encasement, skirting 77 10.50 10.48 10.20 9.93
Plaster, paint 67 9.16 9.14 8.89 8.66
Hydraulic system 52 7.16 7.15 6.96 6.78
Electrical system 45 6.18 6.17 6.00 5.84
Windows, doors 44 6.05 6.04 5.88 5.72
Infills (PGAd = 0.0 g/0.1 g/0.3 

g/0.5 g)
39/36/32/29 5.39 5.00 4.32 3.82

Heating system 38 5.19 5.18 5.04 4.91
Elevator 23 3.21 3.21 3.12 3.04
Col. and beams 

(0.0 g/0.1 g/0.3 g/0.5 g)
23/27/51/74 3.14 3.66 6.82 9.64

Partitions 18 2.41 2.41 2.34 2.28
Insulation, waterproofing 14 1.85 1.85 1.80 1.75
Flue, drainage system 9 1.24 1.23 1.20 1.17
Gas system 6 0.86 0.86 0.84 0.82
Doors 4 0.48 0.48 0.47 0.46
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The obtained values show that the cost of seismic design is not significant, compared to 
the total construction cost. Similar conclusions were made in the past by other researchers. 
Almost 5 decades ago, Whitman et al. (1975) investigated the change of initial cost for dif-
ferent seismic design levels. For low-rise RC buildings, it was found that the cost of seis-
mic design was less than 5%. In NEHRP (2013), a construction cost increase of up to 3% 
with respect to the design for wind loads only was reported for six buildings in Memphis, 
Tennessee. In Porter (2016) a 50% upgrade from the life-safety minimum of the US codes 
increased the construction cost by only 1%.

Fig. 12  Contribution of each component to the initial construction cost

93-94
94-95
95-96
96-97
97-98
98-99

C0 [% of max]

99-100

Fig. 13  Normalized initial construction costs when designing with the UH approach
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Figure 12 presents a disaggregation of the total costs into the various components, clas-
sified as structural (S), non-structural drift-sensitive (N/D), and non-structural accelera-
tion-sensitive (N/A). It is evident that the majority of the cost is attributed to the non-struc-
tural drift-sensitive components (for the case study and the considered assumptions), while 
the cost of the acceleration-sensitive components is comparable to the cost of the structural 
elements.

Figure 13 presents the initial construction cost across Europe, when the building of the 
case study is designed using the PGAUH

d
 values for the 475-years return period. The values 

are normalized to the initial cost at the site with the highest hazard (i.e. 707,609 €), and the 
difference at the site with lowest hazard is below 7%. This normalization is made because 
possible differences in construction costs across Europe are disregarded in this article.

3.8  Future losses

According to Eq. (4), the losses due to future earthquakes are a function of the vulnerability 
of the structural and non-structural components (probability of exceeding a given amount 
of loss conditional on the PGA level) and the hazard of the location. Thus, the fragility 
curves of each component are transformed into vulnerability curves with Eq. (5), using the 
cost data of the previous sections and the damage percentages of Table 2, while, alterna-
tively, specific repair interventions can be costed (Martins et al. 2016). The replacement 
cost is considered herein equal to the initial construction cost. The resulting vulnerability 
curves (normalized to the construction cost of each model) are presented in Fig. 14a–d, 
together with the contribution of the S, N/D, and N/A components. Generally, the N/D 
components contribute most to the total vulnerability, while S and N/A have almost the 
same impact.

In Fig. 14e–h, the vulnerability is disaggregated into the two contributions of the non-
collapse (NC) and collapse (C) cases, according to Eq. (5). For low seismic intensities, the 
losses are dominated by the NC scenario, while at high intensities the losses are mainly 
dominated by the collapse scenario. As expected, by increasing the design acceleration the 
contribution of the C cases to the total vulnerability decreases. For instance, for PGA = 2 g, 

(a) (b) (c) (d)

(e) (f) (g) (h)

PGAd= 0.0g PGAd= 0.1g PGAd= 0.3g PGAd= 0.5g

PGAd= 0.0g PGAd= 0.1g PGAd= 0.3g PGAd= 0.5g

Fig. 14  Disaggregation of the vulnerability curves of the models into: a–d S, N/D and N/A components, 
e–h C and NC cases
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the percentage of the total losses that is attributed to the collapse cases is equal to 88%, 
75%, 59% and 48% when the structure is designed with a PGAd equal to 0.0 g, 0.1 g, 0.3 g 
and 0.5 g, respectively. Also, it is interesting to observe that the PGA level at which the 
C and NC cases contribute equally to the total losses increases for increasing PGAd (i.e. 
PGA equal to 0.6 g, 1.1 g, 1.5 g and 2.1 g for PGAd equal to 0.0 g, 0.1 g, 0.3 g and 0.5 g, 
respectively).

The expected annual losses (EAL) for the structure built considering different PGAd at a 
particular location can be obtained via convolution of the hazard curve for the site and the 
vulnerability curves. Figure 15a shows the EAL obtained for Patras (21.75° E, 38.24° N), 
a Greek city of high seismicity. The EAL are normalized by dividing them by the EAL 
for PGAd = 0.0 g, i.e., 4850 €. A disaggregation of the losses at different levels of ground 
motion intensities, indicated that 90% of the total EAL losses derive from PGA levels 
lower than 0.4 g, 0.4 g, 0.5 g and 0.7 g for the models designed with PGAd equal to 0.0 g, 
0.1 g, 0.3 g and 0.5 g, respectively. It can be observed that while the losses due to the drift 
sensitive components damage are decreased when increasing the PGAd level, that is not 
the case for the acceleration sensitive components (see also Fig. 14a–d). This is reason-
able, since the structure becomes stiffer and thus undergoes higher absolute accelerations 
(and lower displacements), as already observed in the response spectra of Fig. 6. The loss 
disaggregation of Fig. 15b highlights the importance of considering the NC case in the loss 
assessment process, since the contribution of the collapse scenario which is less frequent is 
only a small percentage of the total losses.

Additional losses can also be considered when estimating future losses, usually from 
the following contributions (Lagaros 2007): loss of contents (unit contents cost  ·  floor 
area  · mean damage index); rental loss (rental rate · gross leasable area · loss of function), 
which refers to the loss of rental income to the owner until functionality is restored; income 
loss (rental rate · gross leasable area · down time), which refers to buildings that are used 
for commercial reasons; cost of minor injuries, cost of serious injuries, and cost of human 
fatalities (cost per person · floor area · occupancy rate · expected rate).

It is noted that usually the losses are categorized as direct and indirect, but the terms can 
have different meanings within various projects [see e.g. the difference between Kappos 
and Dimitrakopoulos (2008) and Kircher et al. (2006)]. Also, different stakeholders (e.g. 
engineers, homeowners, insurance companies) may focus on different types of losses (e.g. 

(a) (b)

Fig. 15  Expected annual losses for Patras: a contribution of S, N/D and N/A components, and b contribu-
tion of C and NC cases
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contents loss considered or studied separately). To avoid confusion, two extreme cases are 
studied herein: losses due to repair/replacement costs and additional losses.

The previous vulnerability analysis is repeated considering the repair/replacement costs 
and the additional losses in the minimum-cost design. Similarly to Lagaros (2007), 250 €/
m2 is assumed for the loss of contents, while the rates for the calculation of the rental and 
income losses are 7 €/m2/month and 2000 €/m2/year, respectively. For the minor injury, 
serious injury and fatality cost rates, 5000 €/person, 50,000 €/person and 2.5 × 106 €/per-
son, are used, together with the assumption of 2 persons per 100 m2. It is also assumed that 
the down time required in the extreme case of collapse is 18 months, based on Manoukas 
and Athanatopoulou (2018).

The contents are treated as acceleration sensitive components (FEMA P-58), and thus 
their damage states are defined based on acceleration thresholds. For simplicity, it is 
assumed that half of the losses are reached at a level of 0.55 g, and the rest for accelera-
tions higher than 1.2 g. The rest of the additional losses are attributed to the structural dam-
age, and thus they are calculated using the cost rates of Table 4, based on the damage state 
thresholds of the RC members.

The vulnerability curves of the case-study models considering both the repair/replace-
ment costs and the additional losses are presented in Fig. 16, disaggregated into C and NC 
cases. The EAL are divided by the initial construction cost of each model.

The result of the loss analyses for the building located in Patras are shown in Fig. 17a, 
where the repair cost and additional losses are presented separately, for each PGAd (normal-
ized to the total EAL for the 0.0 g case, i.e. 28,603 €). In this example, it can be observed 
that the fatalities, the income loss, and the repair cost contribute most to the overall EAL.

Table 4  Cost rates depending on the damage state (Lagaros 2007)

Damage state Mean dam-
age index 
(%)

Loss of 
function 
(%)

Down time (%) Exp. minor 
injury rate 
(%)

Exp. serious 
injury rate 
(%)

Exp. death rate 
(%)

1 0 0 0 0 0 0
2 0.5 0.9 0.9 0 0 0
3 5 3.33 3.33 0 0 0.00074
4 20 12.4 12.4 0 0.032 0.009
5 45 34.8 34.8 2.6 0.35 0.09
6 80 65.4 65.4 27 3.6 0.9
7 100 100 100 35.7 35.7 18

Fig. 16  Normalized vulnerability curves including the additional losses, disaggregated into C and NC cases
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Figure 17b shows the contribution of the collapse and non-collapse scenarios to the total 
EAL. It can be observed that for a building designed with no seismic provisions the col-
lapse scenario dominates the losses with a contribution of about 70%, whereas in the case 
of seismic design acceleration of 0.5 g, the losses from the collapse scenario are about a 
third of the EAL. This is attributed to the fact that the annual collapse risk levels for the 
two cases have an order of magnitude difference  (10−3 and  10−4) and the fatalities and 
income losses that contribute most (see Fig.  17a) are linked with the collapse scenario, 
as mentioned above. A further disaggregation of the losses at different levels of ground 
motion intensities, indicates that 90% of the total expected annual losses derive from PGA 
levels lower than 0.8 g, 0.8 g, 0.9 g, and 1 g, for a PGAd equal to 0.0 g, 0.1 g, 0.3 g, 0.5 g, 
respectively.

Figure  18a shows the EAL for repair/replacement across Europe for the building 
designed following the uniform hazard approach, i.e., based on the PGAUH

d
 level that corre-

sponds to a probability of exceedance of 10%-in-50-years. The EAL obtained considering 
also the additional losses are shown in Fig. 18b. The areas with highest EAL are mainly in 
southern Europe (e.g. Greece, Turkey, Italy and Romania) and the maximum values for the 
EAL when considering only the repair cost is 2455 €, which is increased to 7609 €, when 
additional losses are included.

The future losses for a period of t years and a discount factor � can be easily estimated 
by multiplying the EAL of Fig. 18 with the factor (1 − e

−�⋅t)∕� , according to Eq. (3), and 
the expected life-cycle cost, E[LCC], can then be obtained by adding the initial construc-
tion costs, following Eq.  (2). Figure  19 shows the results obtained considering a design 
period of 50 years and a 3% discount rate. The maximum value of the E[LCC] calculated 
only with the repair/replacement costs is found to be 766,246 €. This increases to 898,912 € 
when additional losses are considered.

3.9  Minimum‑cost analyses

This subsection shows the application of the minimum-cost design approach of Fig. 2 for 
the example building placed in different locations across Europe. Figure 20a shows the ini-
tial costs, the future losses and their sum, E[LCC], for Patras for different values of PGAd. 

Repair
Fatalities
Income
Contents
Serious injury
Rental
Minor injury

(a) (b)

Fig. 17  Consideration of additional losses: a contribution of repair cost and additional losses to the total 
EAL (normalized) and b contribution of C and NC cases, for different design levels
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The expected losses refer to a period of 50 years, while a discount factor 3% is applied. The 
minimum-cost design acceleration, PGAMC

d
 , is the one that minimizes the total cost, which 

is lower than the one that minimizes the total losses.
Figure  20a shows the effect of accounting for additional losses (see previous sec-

tion) in the minimum-cost design, which results in an increase of the design PGA. In 
fact, when only the repair cost is considered, PGAMC

d
 equals 0.42 g, whereas a value of 

0.67 g is obtained if additional losses are considered. It is noteworthy that in the vicinity 
of PGAMC

d
 , the losses have a small variation with PGAd, which leads to small difference of 

the total costs obtained designing with UH and the minimum-cost approaches. The reduced 
variation of the total costs with the PGAd is due to fact that they depend on the initial 
costs, which also exhibit a reduced variation. Also, while the losses attributed to the drift 

Fig. 18  Expected annual losses across Europe (% the construction cost), for the building designed with the 
UH approach considering the repair costs a without, and b with additional losses (notice the scale differ-
ence)
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sensitive components are reduced when increasing the design level, this is not the case for 
the acceleration sensitive ones (see e.g. Fig. 15).

Figure 20b provides an alternative illustration of the application of the method, where 
the cost of ‘seismic design’ is considered instead of the initial construction cost. The cost 
of seismic design is defined as the additional money one must invest to make the structure 
resistant to a given PGAd level, compared to the case with no seismic provisions (0.0 g). Of 
course, the representation of Fig. 20b provides the same value of PGAMC

d
 as the representa-

tion of Fig. 20a, since the location of the minimum value of the total costs is not affected 
by a constant translation along the vertical axis.

The minimum-cost design is carried out for every location across Europe, and the 
obtained PGAMC

d
 values are shown in Fig. 21a. Comparing the results with the PGAUH

d
 of 

Fig. 9, a general reduction of the design acceleration values is observed when considering 

Fig. 19  Expected life-cycle cost across Europe (% of the construction cost), obtained using the UH design 
approach, considering the repair costs a without, and b with the additional losses (notice the scale differ-
ence)
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only the repair costs, while on the contrary the values are increased if the additional losses 
are included.

It is highlighted that designing with PGAMC

d
 does not guarantee that the MAF of col-

lapse of the structure is below the predefined acceptable risk level. In this regard, it could 
be useful to combine the results of the minimum-cost and the risk-targeting approaches 
to find the acceleration that minimizes the total building costs, while also satisfying the 
constraint on the acceptable risk level. This ‘minimum-cost risk-targeted’ design accelera-
tion corresponds for a given location to the maximum of the risk-targeted (Fig. 11) and the 
minimum-cost value (Fig. 21).

When only the repair costs are considered, the E[LCC] with the minimum-cost approach 
is almost the same as that obtained with the UH approach (Fig.  19). This is mainly the 
result of the reduced variation of the total cost in the surrounding of PGAMC

d
 , as discussed 

above in the example for Patras (Fig.  20a). Even when the additional losses are also 
included together with the repair costs, the differences are still lower than 6%. This can be 
observed in Fig. 22, which illustrates the ratio of the E[LCC] obtained when designing with 
the minimum-cost approach over that obtained with the uniform-hazard approach (Fig. 19).

Studies on retrofit measures for existing structures consider the benefit-to-cost ratio 
(Calvi 2013; Padgett et al. 2010; Kappos and Dimitrakopoulos 2008) to compare the ben-
efit from the loss reduction due to retrofitting to the cost of the intervention. The same con-
cept can be used to evaluate the economic significance of minimum-cost design. The ben-
efit to cost ratio in this case can be defined as the change of future losses when increasing 
the design acceleration from 0 to the PGAMC

d
 , divided by the seismic design cost (increase 

in the initial construction cost due to this change). It is understandable that the higher the 
value of the ratio, the more beneficial is the implementation of minimum-cost design. In 
the example for the repair costs in Patras (Fig. 20b) this ratio is roughly equal to 3, and is 4 
times higher when additional losses are considered, too.

Figure 23 shows the values of benefit-to-cost ratios across Europe, considering a period 
of 50 years and a 3% discount rate. These ratios can provide decision makers with infor-
mation on the benefit of seismic design, compared to the design carried out disregarding 
the seismic loads. It is noteworthy that for very low values of PGAMC

d
 (close to 0.1  g), 

the initial cost is not significantly increased compared to the no-seismic provision case. 
This explains why high values of the ratios are obtained for some regions (e.g. Belgium, 

Fig. 20  Minimum-cost design for Patras using: a the initial cost, and b the seismic design cost



4355Bulletin of Earthquake Engineering (2020) 18:4331–4361 

1 3

Slovakia) with relatively low PGAMC

d
 (see Fig. 21). For the rest of Europe, it can be con-

cluded that these ratios have roughly a maximum value of 10 for the repair costs case, and 
25 if the additional losses are included.

A similar comparison between the results of the MC and UH approaches, not shown 
due to space constraints, gives much lower values of these ratios. For the areas of interest 
( PGAMC

d
 higher than 0.2 g), the ratios are close to unity when only the repair/replacement 

costs are considered and less than 2.5 when the additional losses are included as well.

(a)

(b)

0.00-0.05
0.05-0.10
0.10-0.15
0.15-0.20
0.20-0.25
0.25-0.30
0.30-0.35
0.35-0.40
0.40-0.45
0.45-0.50
0.50-0.55
0.55-0.60
0.60-0.65
0.65-0.70

PGA [g]

> 0.70

0.00-0.05
0.05-0.10
0.10-0.15
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0.30-0.35
0.35-0.40
0.40-0.45
0.45-0.50
0.50-0.55
0.55-0.56

PGA [g]

Fig. 21  Design PGA values (site class A) obtained with the minimum-cost approach, considering the repair 
cost a without, and b with additional losses
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4  Conclusions

The aim of this article is to review and compare three different approaches for seis-
mic design, namely the uniform-hazard (UH), the risk-targeted (RT), and the min-
imum-cost (MC) approaches. For this purpose, an example 4-storey 3-bay reinforced 
concrete frame building placed in different locations across Europe is considered. First, 
the methodologies for implementing the three approaches are briefly reviewed. Then, 
a comparison of the effectiveness of the approaches is carried out based on safety and 
costs considerations. The evaluation presented in this article is case-specific and there-
fore future studies on different building types are necessary to generalize the following 
conclusions:

• Using the UH design acceleration results in inconsistent levels of the risk across 
Europe, as already observed in past studies. The attained risk levels for the case-study 
building are generally within the acceptable risk limits proposed by the US regulations 
(except for some high hazard areas).

• The impact of the design seismic intensity (PGAd) on the initial construction cost is 
small, due to the high contribution of the non-structural components, the cost of which 
is not dependent on the PGAd.

• A small variation of the losses with the PGAd levels has been noticed when only the 
damage of the structure is assessed. This variation is increased when additional losses 
are also included in the analysis.

• The life-cycle cost when designing with the UH approach is not far from that obtained 
using the MC method.

• A benefit-to-cost analysis has shown that there are many areas in Europe where seismic 
design is highly cost-beneficial in terms of life-cycle cost, compared to no seismic pro-
visions.

E[LCC
MC

]/ E[LCC
UH

]

0.95-0.96
0.96-0.97
0.97-0.98
0.98-0.99
0.99-1.00

0.94-0.95

Fig. 22  Comparison of the expected life-cycle cost obtained with the MC and UH approaches, considering 
the repair cost and additional losses
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The fact that the initial construction costs do not increase significantly by increasing 
the design PGA may suggest that higher performance levels could be targeted by seis-
mic codes, since this would allow an increased safety to be achieved without increasing 
greatly the costs of the design. However, the economic benefits stemming from consider-
ing the optimal design PGA that minimizes the total life cycles costs instead of the PGA 
levels currently considered by seismic codes are not significant. Thus, a revision of design 
approaches in seismic codes is not warranted on the basis of the results of this study, given 
the fact that considering life-cycle cost analysis concepts in the design would make the 
design process more complicated to practicing engineers. It is recalled, however, that this 
conclusion is based on only a single example building type and hence it may not hold for 
other buildings.

(a)

(b)

≤ 1
1-2
2-4
4-6
6-8

8-10
10-12
12-14
14-16

Benefit-to-
cost ratio

>16

≤ 1
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2-4
4-6
6-8

8-10
10-12
12-14
14-16

Benefit-to-
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>16

Fig. 23  Benefit-to-cost ratios considering the repair cost a without, and b with the additional losses
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