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Abstract

Many studies have demonstrated that the design of structures in a region through the uni-
form hazard principle does not guarantee a uniform collapse risk. Even in regions with
similar Peak Ground Accelerations (PGAs) corresponding to the same mean return period,
the seismic risk in terms of collapse probability will be significantly different mainly due
to the shape of the hazard curves as well as uncertainties in structural capacities. In this
paper, risk-targeted hazard mapping is being explored in peninsular Spain using a recently
updated seismic hazard map. Since risk targeting involves multiple input parameters such
as the model parameters of fragility curves, their variability was considered through their
probability distribution as observed in reinforced concrete (RC) moment frame buildings,
representing the most common building typology in Spain. The influence of the variation
of these parameters on the risk results were investigated, and different assumptions for esti-
mating the model parameters of fragility curves are illustrated. These assumptions were
included in a fixed (generic) fragility curve or building-site-specific fragility curves. Dif-
ferent acceptable damage states (i.e., collapse and yielding) were considered concerning
Spain’s seismicity level. Finally, the maps for risk-targeted design ground motions and risk
coefficients are presented. It is outlined that the employment of risk-targeted analysis leads
to the modifications for existing design ground motions due to the different shape of the
hazard curves across Spain and considering the uncertainty of structural capacity. Moreo-
ver, it is found that using the building- and site-specific fragility curves could result in a
more uniform seismic risk across the country.

Keywords Seismic hazard - Earthquake engineering - Collapse probability - Risk
targeting - Fragility models

1 Introduction

Seismic hazard assessment and structural design are continually evolving, as evidenced by
the rapid development of new procedures illustrated by the Pacific Earthquake Engineering
Research Center (PEER). Numerous studies have aimed to integrate the principle of prob-
ability into seismic performance evaluation, taking into account the uncertainties related
to seismic input and structural properties, capacity, and models (DolSek 2009; Liel et al.
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2009). To estimate the seismic demand at a specific location, most of the seismic design
codes rely on a defined return period (for example, 10% in 50 years) of a certain ground
motion intensity measure. The decision to design a structure following a uniform hazard
level is based on the idea that a process like this leads to the same annual collapse risk
regardless of the structure’s geographical location. Multiple studies have recently demon-
strated that a design-based earthquake determined on a uniform hazard theory does not
necessarily lead to the design of structures with a consistent risk of collapse in different
areas. These inconsistencies are due to the different shapes of the hazard curve for differ-
ent regions and uncertainties in the yielding or collapse capacity of structures (Luco et al.
2007) arising from a set of factors, such as differences in material properties and, design,
amongst others. This uncertainty can also be raised from the record-to-record variability
corresponding to the demand (e.g., uncertainty in ground motion). Hence, a structure can
collapse due to a different ground motion than what it was designed for. Moreover, as the
shape of the hazard curve depends on the site’s location, even buildings designed for the
same ground motion will have different collapse probability distributions.

Based on the work done by Luco et al. (2007), the estimation of a design ground
motion to provide a constant level of risk would be more consistent by using a uniform
risk assumption. This algorithm was used to present the risk-targeted maximum considered
earthquake (MCE) ground motion (ASCE 2016). Accordingly, using the proposed method,
Douglas et al. (2013) presented a risk-targeted seismic design map for France. In the study
performed by Silva et al. (2016), various parameters involved in the development of risk-
targeted design maps were analysed, and maps for Europe were created using the SHARE
seismic hazard results (www.share-eu.org). A risk-targeted map of Romania was devel-
oped by Vacareanu et al. (2018) using the hazard models developed by Pavel et al. (2016).
Spillatura (2018) applied both site- and structure-specific fragility curves to estimate the
risk-targeted design ground motion. Iervolino et al. (2018) investigated the risk of collapse
in residential and industrial constructions in compliance with the Italian code. They illus-
trated that seismic safety tends to decrease with increasing seismic hazard at the build-
ing site, despite the homogeneous return period of excess seismic design ground motion.
Douglas and Gkimprixis (2018) presented a review of this state-of-the-art technique, high-
lighting efforts to better constrain some of the input parameters. Besides, the authors dis-
cussed the problems in the practical implementation of this approach and the alternative
paths forward. Zaman and Ghayamghamian (2019) conducted a probabilistic seismic haz-
ard analysis, and a risk-targeted map for Tehran was provided based on the derived haz-
ard curves. Taherian and Kalantari (2019) presented a risk-targeted seismic design map for
Iran, considering the seismic hazard models from different seismic hazard maps. In recent
work, Taherian and Kalantari (2021) performed a risk-targeting analysis for a case study of
Iran for two hazard levels, i.e., design ground motions with mean return periods of 475 and
2475 years, respectively. To evaluate alternative approaches, Gkimprixis et al. (2019) per-
formed a review and comparison of the existing procedures concerning the implementation
of uniform-risk concepts in the performance-based design of structures. Among these, one
based on the use of risk-targeted behaviour factors (RTBFs) has been recently considered
to develop future versions of Eurocode 8 (EN-1998 2005). Douglas et al. (2019) demon-
strated the effects of the RTBF approach when applied to the concept of risk-targeted maps
for Italy.

While some research has been carried out on the importance and influence of input
parameters in risk analysis, only a few studies, e.g., Martins et al. (2018) and Ulrich et al.
(2014), have attempted to consider the distribution of these parameters considering their
variability through this probability framework in risk targeting analysis. In this study, we
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develop new risk-targeted seismic design maps for Spain contemplating two different dam-
age states, i.e., collapse and yielding. This research aims to determine whether there would
be a significant variation in the current design’s PGA values while considering the uniform
risk assumption. Using an updated seismic hazard in peninsular Spain based on the recent
study by IGN-UPM Working Group (2013) and the employment of variability in model
parameters of fragility curves, the risk-targeted ground motion distribution was estimated
for the region. It should be noted that these maps were obtained for the design of new
structures using seismic design codes such as Eurocode 8. Moreover, we assumed that the
most common buildings in Spain are reinforced concrete (RC) moment frame buildings.

2 Seismic hazard model

Spain is a country of low to moderate seismic hazard when compared to other European
countries such as Italy or Greece. However, the country has suffered several damaging
earthquakes in the past, the most important events being: the 1829 Torrevieja earthquake
with a maximum intensity IX-X and Mw 6.6, and the 1884 Arenas del Rey earthquake with
a maximum intensity IX-X and Mw 6.5 (Mezcua et al. 2004). Therefore, the first national
seismic building design code using a probabilistic seismic hazard map was approved in
1994. Later, the code’s seismic hazard map was updated after the damaging earthquakes
that occurred in the south-east of Spain, namely the 1999 Mula earthquake, the 2002 Bul-
las earthquake, the 2005 La Paca earthquake, and the 2011 Lorca earthquake, respectively,
with moment magnitudes between 4.7 and 5.2.

The new seismic hazard map (IGN-UPM Working Group 2013) was the result of a pro-
ject carried out collaboratively by the National Geographic Institute (IGN) and the Earth-
quake Engineering Research Group of the Technical University of Madrid (UPM). The
results were computed as PGA for four annual probabilities of exceedance (i.e., return
periods of 95, 475, 975, and 2475 years, respectively). However, as more annual prob-
abilities of exceedances are needed to better define the slope of the hazard curve, we have
computed an updated seismic hazard map obtaining 20 values of annual probabilities of
exceedance for corresponding PGAs. Here, we used the seismic zoning provided by ZESIS
(Garcia-Mayordomo 2015; IGME 2015) and the activity rate, b-parameters, maximum
magnitude, and ground-motion prediction equations suggested by the IGN-UPM Working
Group (2013) to compute the seismic hazard map for peninsular Spain in a grid of 0.1 x 0.1
degrees using the software R-CRISIS (Ordaz et al. 2013). The whole grid has 5249 sites,
for which the probabilistic seismic hazard assessment (PSHA) was obtained in terms of
PGA for rock site conditions (Fig. 1). A comparison of our results with the previous ones
obtained by the IGN-UPM Working Group (2013) was conducted to assure that the differ-
ences were not significant (i.e., lower than 30 cm/s> in most of the cases and with a similar
shape).

Figure 2 represents the seismic hazard curves of PGA in terms of annual probability of
exceedance for some of the cities with the highest seismic hazard, i.e., Valencia, Alicante,
Murcia, Almeria, Granada, and Malaga (Fig. 1).

Since the shape of the hazard curve is one of the important parameters in risk-targeted
analysis, we estimated the distribution of local hazard curve slopes for seismic actions
between 2475 and 475 years (Jalayer and Cornell 2003) for each site in peninsular Spain
(Fig. 3). At first glance, this may be perceived that at the national level, not much variation
can be expected in risk-targeted design ground motions due to the almost similar slope of
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Fig. 1 Uniform hazard design ground motion map (UHGM) of peninsular Spain (PGA(g) at rock) for 0.1
exceedance probability in 50 years (corresponding to a return period =475 years)

the hazard curves. A few important points should be made here. A simple look at Fig. 2
reveals that no curves can be approximated by a line; hence computing the slope of the
hazard curve is a biased process. Moreover, a small variation in the slope can cause a large
difference in the risk of collapse. Nevertheless, the risk-targeted design ground motions
depend not only on the shape of the hazard curve but also on the input parameters of the
related fragility curve and the acceptable structural performance.

3 Computing risk-targeted ground motions

To perform a risk-targeted analysis, the fragility curve corresponding to the investigated
structural building typology must be developed. In this approach, a fragility curve should
cover the vulnerability of a certain building typology covering a broad variation of individ-
ual structures. On the other hand, developing these curves for a large number of building
typologies and locations is time and cost consuming. Hence, the generic collapse fragility
curves will be used for all building classes. It should be noted that the provided curves
must be sufficiently generic to capture all possible levels of vulnerability (Douglas et al.
2013). The fragility function is conditional upon the values of the design ground motion.
It outlines the conditional probability of reaching or exceeding a certain limit state, which,
in the present study, relates to the yield damage state and the collapse of a structure for
a given design ground motion with a specific return period (RP). In this study, the 475-
and 95-year RP were implemented (i.e., 10% probability of exceedance in 50 years and
10% probability of exceedance in 10 years, respectively). These RPs are reference seismic
actions in Eurocode 8 (EN-1998 2005), contributing to the criteria for the no-collapse and
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damage limitation requirements. The fragility functions are presented as lognormal distri-
butions with two parameters: the median value of a desired intensity measure, e.g., PGA
with 50"M-percentile of a probability distribution, and the logarithmic standard deviation
of PGA (p). However, the fragility curve can be characterised by any other percentile of
the probability distribution (i.e., X-percentile where X refers to the P lgm or P,lgm) and f.
Throughout this manuscript, the terms “Plgm” and “P,lgm” will refer to the conditional
probability of collapse and to the probability of exceeding yield damage state at the design
ground motion, respectively. The former parameter () considers several causes of capacity
uncertainty, such as record-to-record variability, uncertainty in the definition of the dam-
age state, and ideally other causes such as human errors, which cannot be supported by the
most advanced numerical models (Silva et al. 2016; Sousa et al. 2016).

It should be outlined that Eurocode 8 provides no guidance regarding to the develop-
ment of fragility curves of structures designed following EC8 provisions. So far, previ-
ous studies have suggested different values for the parameter . As an example, Luco et al.
(2007) used a P value of 0.8, while Douglas et al. (2013) suggested a value of 0.5. A
value of 0.6 was considered in the study by Silva et al. (2016), while Vanzi et al. (2015)
used a value of 0.2. It is important to note that using a higher value of § (e.g., more than
0.8) provides a low probability of collapse even in highly seismic regions, which seems to
be an unrealistic scenario. On the other hand, assuming low values of f§ (e.g., less than 0.2)
leads to steeper collapse fragility curves that could provide a 100% probability of collapse
even at low ground motion levels.

The estimation of Plgm or P lgm, requires the design and evaluation of many struc-
tures and a wide range of hazard levels. Several studies have postulated different values
of conditional probability either for the collapse or yielding damage state at the design
ground motion. For instance, Douglas et al. (2013) suggested a P lgm value of 107, while
Silva et al. (2016) used a value of 1073, Ulrich et al. (2014) demonstrated that for a design
ground motion between 0.07 g and 0.3 g, the probability of yielding (P,lgm) varies from
0.14 to 0.85, respectively. Moreover, in their study, they proposed a value for P Igm with
an order of 107 for low, frequent design ground motion levels and 107> for higher and rarer
design ground motions. However, Silva et al. (2016) believed that this range of probability
of collapse (i.e., 1077 to 1075) is too low for ordinary structures. Luco et al. (2007) selected
a 10% probability of collapse under MCE, which corresponds to the probability of collapse
at the 475-year ground motion ranging from 107 to 107, Fajfar and DolSek (2012) com-
puted the value of P lgm in the range of 10 to 107, and Vanzi et al. (2015) used the value
of 1.3x 107 for the probability of collapse under gravity loads. Taherian and Kalantari
(2019) defined P lgm=0.01 and $=0.8 for Iranian code-conforming buildings.

According to the method proposed by Luco et al. (2007), Kennedy (2011), and Douglas
et al. (2013), as well as using the given seismic hazard curve (Mean Annual Frequency
(MAF) of exceeding various values of PGA) and fragility function which is expressed as
a probability density function (PDF), the mean annual rate of exceeding the damage state
(MAF) is determined using the following classic convolution products given by Kennedy
(2011):

+oo

MAF = / G(5).

0

dF(s)

ds ds 0

where F(s) is the fragility function (conditional probability of collapse or yielding for
a given ground motion), and G(s) is the annual rate of exceedance of a given intensity
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measure level. The integration in Eq. (1) does not have a closed-form solution (Eads et al.
2013); therefore, an iterative process is required to calculate risk-targeted design ground
motions. As suggested by Eads et al. (2013) and Silva et al. (2016), the mean annual rate
of exceeding the damage state (e.g., collapse or yielding) will be computed by dividing
both the fragility and seismic hazard curves into a large number of segments and then by
numerically integrating the distribution. The main objective is to estimate ground motions
that are consistent with the target risk (i.e., the accepted annual rate of exceeding the dam-
age state). Therefore, it is necessary to define an acceptable level of seismic performance,
expressed as an annual collapse risk or an annual probability of exceeding the yielding
depending on the desired structural performance. Regarding the acceptable annual col-
lapse risk, different suggestions have been postulated in other studies and seismic codes.
For example, the American Society of Civil Engineers (ASCE 2016) proposed a value of
2.0x 107 for the United States. This value was also considered by Luco et al. (2007) and
Taherian and Kalantari (2019). Douglas et al. (2013) suggested using 1.0x 107 as a rea-
sonable value. In the research carried out by Silva et al. (2016), the value of 5.0 x 1075 was
established as an acceptable annual risk of collapse.

Nevertheless, this threshold (i.e., the acceptable annual risk of collapse) depends on the
importance of the structures (Douglas et al. 2013). It should be estimated by policymakers,
sociologists, and other related decision-makers, with the help of engineers. Also, regard-
ing the design of new structures, Douglas et al. (2013), Silva et al. (2016), and Martins
et al. (2018) suggested that potential losses due to more frequent earthquakes should be
considered. For example, in Eurocode 8, the damage limitation has been introduced for
ground motions with a 10% probability of exceedance in 10 years (95-year return period).
However, bearing in mind that this cannot lead to a uniform risk across the area or the
structures. Hence it is recommended that risk-targeted hazard maps should be developed
for different levels of risk, e.g., yielding or collapse limit states.

Therefore, in the iterative process, the value of the design ground motion changes in
each step until reaching the expected value of the acceptable annual probability of exceed-
ing the damage state. The obtained design ground motion at the final step will be the risk-
targeted ground motion. Based on the study by Luco et al. (2007), for each site, the risk
coefficient (CR) is calculated by dividing the former value obtained and the uniform hazard
design ground motion with a specific mean return period.

4 Estimation of input parameters (P /gm, B, and acceptable collapse
rate)

The estimation of P_Igm has been the object of restricted studies since it involves assessing
a wide variety of structures and analysing a diverse range of hazard thresholds. The deter-
mination of the P_|gm content from a comprehensive review of the fragility models existing
in the literature is impractical because the modelling process and related design ground
motions are not commonly recorded. Moreover, in the documentation related to the Span-
ish seismic regulations, there is almost no guidance on what value to choose for the level of
acceptable risk or conditional probability of collapse for a given design PGA and p.

In most recent studies, such as Gkimprixis et al. (2020) and Crowley et al. (2018),
the building-specific fragility functions have been implemented in risk-targeted analyses
to avoid overestimating the values of collapse risk specifically for low hazard regions.
Considering the variability of P gm and f in risk-targeted analysis, we decided to
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develop random variable distribution functions. The normal distributions of P lgm and 8
were prepared according to the results obtained by Martins et al. (2018). In their work,
Martins et al. (2018) developed a set of regular RC moment frame structures designed
with the most up-to-date European codes for different ground-motion levels. Each struc-
ture was represented using a tri-dimensional finite element model and tested against a
set of ground-motion records using nonlinear dynamic analyses. They considered two
damage states: yielding (onset of structural damage) and structural collapse. Variability
in the structural design was introduced to propagate the building-to-building variability
to the risk estimates. Hence, in this study, we consider RC moment frame buildings as a
common typology in Spain.

Consequently, based on the previous assumptions and the results obtained by Mar-
tins et al. (2018), and considering the simultaneous effects of two parameters on the
fragility curve, a multivariant probability distribution was developed, as displayed in
Fig. 4a. This distribution can capture the uncertainty in the parameters mentioned above
in risk-targeted analysis. It should be outlined that Martins et al. (2018) and Silva et al.
(2016) recommended considering the correlation between P lgm and p to avoid develop-
ing unrealistic fragility curves. For instance, the higher values of f in high seismic haz-
ard zones lead to flatter fragility curves and, consequently, a low probability of collapse
even for higher ground motion levels. Therefore, the correlation between P_gm and 8
was considered to develop the multivariant probability distribution shown in Fig. 4a.

This multivariant probability distribution was employed to generate 100 random fragil-
ity curves corresponding to different random values of P lgm and f. It should be mentioned
that the decision for sampling 100 fragility curves was made after getting a statistical con-
vergence. Moreover, when sampling the parameters, the correlation between P |lgm and 8
was also considered. After considering the mean fragility curve (Fig. 4b), we recalculated
the annual risk of collapse across Spain once for all 100 developed P lgm and B; the same
process was then repeated but using the fragility function developed by Crowley et al.
(2018), according to the methodology described in the previous section. Crowley et al.
(2018) utilised the parameters given by Martins et al. (2018), but also included the level of
seismic hazards to account for the variation in these parameters based on the local seismic
hazard. The obtained results were used to estimate the acceptable annual risk of collapse.

—_
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Probability distribution
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Fig.4 a Multivariant normal distribution for random variables of f and natural logarithmic P Igm (correla-
tion coefficient=0.582), b Example of sampled and mean fragility curves using random values estimated
through the multivariant PDF at design PGA=0.2 g
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Table 1 Statistical results obtained from the risk analysis for Spain P lgm=3x 10 and p=0.7 (mean fra-
gility curve)

Max Min Median Mean CoV”
Annual collapse risk 1.7x107 2.1x107 8.0x107° 7.8x107° 0.51
Probability of collapse in ~ 8.4x 107 1.1x107° 3.9%x107* 3.8x107* 0.52

50 years

*CoV: Coefficient of Variation

Table 2 Statistical results obtained from the risk analysis for Spain (considering 100 random values of f
and P Igm using the normal joint distribution for each site)

Max Min Median Mean CoV”
Annual collapse risk 27x107° 6.2x1077 1.16x107° 1.2x1073 0.50
Probability of collapse in ~ 1.4x 107 3.1x107° 5.8x10™* 6.0x107* 0.53

50 years

*CoV: Coefficient of Variation

Regarding the acceptable annual risk of collapse, other studies and seismic codes have
presented different suggestions as discussed in Sect. 3. Herein, we performed a similar
analysis to the one undertaken by Luco et al. (2007) to estimate the acceptable annual col-
lapse risk. To begin this process, the target probability of collapse was estimated through
three different assumptions. In the first method, the fixed values of 0.7 and 3 X 10~ were
assumed for p and P lgm, respectively. These values were calculated by obtaining an aver-
age over all the sampled f and P gm. The annual risk of collapse for all 5249 sites was
then calculated. Table 1 presents the statistical results of collapse probability across the
country, considering the assumptions mentioned earlier.

Table 1 shows that the average annual risk of collapse is 7.8x 107, and the maxi-
mum and minimum values are 1.7x 107 and 2.1x 107, respectively. Therefore, it can be
observed that in many areas, the values of the annual risk of collapse are different with
respect to the average value of the risk rate (7.8 107°). Hence, the need for developing
risk-targeted seismic design maps for the country becomes obvious.

As mentioned before, in the regions with similar design ground motion corresponding
to a similar hazard level, the seismic risk in terms of collapse probability will be signif-
icantly different due to structural capacity uncertainties and mainly the shape of hazard
curves. To illustrate this fact, we provide an example using the above assumptions made to
generate fragility curves (i.e., p=0.7 and P.jgm=3x10"*). Figure 2 shows that the cities
of Alicante and Malaga have almost the same design ground motion corresponding to the
mean return period (RP) of 475 years (i.e., PGA=0.16 g and 0.14 g, respectively). How-
ever, as noted, the disparity in the form of the hazard curve (Fig. 2) contributes to unequal
values of the collapse probability (P,) in 50 years, i.e., P,=6.6x10™ and P,=4.7x 107
for Alicante and Malaga, respectively. This confirms that buildings designed for the same
ground motion could have different values of collapse probability.

Once again, to consider all uncertainties due to the building-to-building variability, all
the possible values of § and P lgm (100 random values of § and P_lgm) were extracted from
the multivariant normal distribution. The annual risk of collapse across Spain was calcu-
lated. The obtained results are summarised in Table 2.
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Table 2 shows that the average annual risk of collapse is 1.2x 107, and the maxi-
mum and minimum values are 2.7 x 107 and 6.2x 107, respectively. The mean value in
Table 2 has the same order of magnitude as the value proposed by Douglas et al. (2013)
(order of 107). Table 2 also shows the effect of the variability of § and P gm on the
annual risk of collapse and the importance of considering this variability in the proba-
bilistic framework.

In the third option, for every 5249 sites, the corresponding values of f and P lgm
were estimated according to the fragility curve matching the design ground motion at
the site. These values were calculated through the results obtained by Martins et al.
(2018) and Crowley et al. (2018). They established a relationship between the design
ground motion and the median and logarithmic standard deviation of the collapse fra-
gility functions. Then again, through the same procedure as the previous two methods,
the minimum, maximum, median, mean value, and coefficient of variation of the annual
collapse risk were determined. Table 3 shows the statistical results.

In the current study, the comparison of Table 1 with Tables 2 and 3 indicates that the
value of 107 for the annual target risk of collapse is a logical estimate.

The collapse risk distribution was prepared across the peninsular territory to compare
the methods used to introduce the building-specific fragility curve. Figure 5 shows the
relation between the probability of collapse in 50 years and the design ground motion
obtained from the uniform hazard ground motion map (UHGM) (Fig. 1). Figures 5a, ¢
display the collapse probability achieved using the mean fragility curve (mean of 100
values of p and P_Igm considering the multivariant normal distribution) and considering
all 100 values of B and P lgm for each site, respectively. In the latter case, all 100 val-
ues of f and P lgm were assumed to be similar for all 5249 sites. Figure 5b presents the
relation between the probability of collapse in 50 years and the design PGA related to
the fragility curves developed by means of the Crowley et al. (2018) functions for every
5249 sites namely building- and site-specific fragility curves.

The comparison of Fig. 5a, b, and ¢ shows that building- and site-specific fragility
curves provide a more coherent risk distribution (Fig. 5b) with the uniform hazard map,
either for regions with low seismicity or moderate to high seismic areas. Figure Sa illus-
trates that considering one fragility curve (a fixed values of p and P lgm) overestimates
the collapse risk values for low hazard areas and underestimates values for moderate-
hazard regions. This outline is consistent with the findings of Taherian and Kalantari
(2021). Indeed, they also mentioned that considering the fixed values for P lgm would
overestimate collapse risk for regions with low seismicity. Figure 5c shows that, while
the problem of generating underestimated collapse probabilities in areas with high seis-
micity has been overcome, overestimated collapse probabilities are still observed in
some areas with low seismicity. This observation could be due to the 100 fixed values of
B and P lgm for all 5249 sites.

Table 3 Statistical results obtained from the risk analysis for Spain (considering building-specific fragility
curves for each site according to the design ground motion)

#

Max Min Median Mean CoV
Annual collapse risk 2.0x107° 23%107° 5.0x107° 6.0x107° 0.83
Probability of collapse in ~ 9.9x 107 1.1x 107 27x107* 32x107* 0.73

50 years

*CoV: Coefficient of Variation
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It should be considered that the calculation of risk-targeted ground motions using dif-
ferent fragility curves according to design ground motion for each site is computationally
very time-consuming. Hence, it is preferred to use the relationship between the design
ground motion and P} and the median value of building capacity to develop a building- and
site-specific fragility curve for every desired site. According to this, it is recommended to
introduce relationships between the design acceleration and the median and logarithmic
standard deviation of the collapse fragility functions similar to those raised by Crowley
et al. (2018) for other typologies and different areas. As shown in Fig. 5b, c, the results
obtained are remarkably similar, confirming the accuracy of the multivariant normal distri-
bution used in this paper.

Plots from Fig. 5 show the increase of the risk of collapse with the increase of ground
motion. This outline is coherent with the findings of Iervolino et al. (2018). In their work,
they showed that the seismic risk of buildings is directly related to the seismic hazard of
the site. Moreover, as can be seen in Fig. 5, the results show some locations with identi-
cal design PGA but a very different probability of collapse. This discrepancy is due to the
slope of the hazard curves.

5 Results and discussion

In this section, the risk analysis is performed assuming different fixed values of f and
P lgm to assess the effect of these parameters on the risk analysis. Then, the risk-targeted
maps across peninsular Spain will be presented. For this purpose, once the average values
of 0.7 and 3x 10~ for p and P_lgm (related to the obtained random sampling using the
multivariant normal distribution) are considered, then the building- and site-specific fra-
gility curves are implemented. It should be noted that the considered value of 3x 107 for
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P lgm is consistent with the probability of collapse at the design ground motion for ordi-
nary structures. This remark was also discussed by Martins et al. (2018) who mentioned
that a low value of P lgm for ordinary structures could be a conservative value. Finally, a
risk-targeted map corresponding to different structural performances is presented.

In the first step, a series of maps for peninsular Spain were generated to evaluate the
effect of the two main input parameters, namely the standard deviation p and the probabil-
ity of collapse for a given design ground motion with a 475-year mean return period (defin-
ing the fragility function) on the risk-targeted ground motion. For this purpose, four sets of
values for § and P lgm were selected, i.e., f+6 y and Plgm+6 p,,, Where 6 denotes the
standard deviations of the f and P gm with respect to their mean values corresponding to
their random normal distribution. Table 4 shows the values assigned for the § and P lgm.
As mentioned in Sect. 4, we used the value of 1.0x 107> for the acceptable annual risk of
collapse, A, for all the cases. Moreover, the correlation between these parameters was dis-
regarded since we were just looking at the effect of these parameters on the results of risk
analysis.

The four maps shown in Fig. 6 represent the risk-targeted ground motions correspond-
ing to the annual collapse risk of 1.0x 107. The PGAs were calculated for different combi-
nations of f} and P_gm, according to Table 4.

The comparison between Fig. 6a, d highlights that the larger values of  result in lower
risk-targeted ground motions (almost 40% reduction). Moreover, Fig. 6b, ¢ also show a
reduction of 19% when increasing the value of f. A general comparison of the two reduc-
tion rates demonstrates that the amount of reduction is more remarkable when a lower
probability of collapse for a given ground motion is considered. This could be due to the
shape of the fragility curve. In the case of a considerable value of § and a small value of the
probability of collapse for a given ground motion, the curve will be flatter and will show
low values of collapse probability even in large earthquake scenarios; this situation is unre-
alistic and in most of the cases leads to low values of risk of collapse with respect to the
target value. We have already mentioned that these values were only selected to examine
the effects of change on these parameters. In addition, this issue outlines the importance
of considering the correlation between §§ and P gm. The risk-targeted ground motions in
Fig. 6a, b show that for a given value of standard deviation, the design ground motion level
leads to larger values by increasing the value of P gm. A comparison between Fig. 6¢, d
displays the same trend as mentioned before. This trend is expected since, for instance,
to achieve a target risk in high seismicity areas despite a high probability of collapse, the
design ground motion must be increased.

In the next stage of this work, a ratio, namely the risk coefficient (CR), was employed
to investigate the effects of variation of f and P gm parameters on the risk-targeted
ground motions with respect to the uniform hazard ground motion map (UHGM). CR
is the ratio between PGAs, leading to the target probability of collapse and peak ground
accelerations with the RP of 475 years (uniform hazard values). Like in the previous

Table 4 Different cases
considered for risk analysis

in Spain (o s1=g‘1 &o Case | (B+0 5 & Plgm—0 pyg) 0.8 15x10°  1.0x107°
pogn =910 Case2 (B+6 & Plgm+0 pyp) 0.8 62x10°  1.0x107
Case3 (p—o0 ; & Plgm+06py,,) 0.6 62x10°  1.0x107
Casc 4 (—o 3 & Plgm—0 py,,) 0.6 1.5x10°  1.0x107

Number of case i} P.lgm A
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Fig.6 Risk-targeted ground motion maps considering various values of f and P gm (case 1 to case 4)
according to Table 4 for peninsular Spain a Case 1, b Case 2, ¢ Case 3, d Case 4

evaluation, the risk-targeted analysis was performed considering the values of p and
P_lgm mentioned in Table 4. Figure 7 shows the results of this assessment across penin-
sular Spain.

In Fig. 7, a value smaller than one indicates that the risk-targeted design ground
motion is lower than the design ground motion corresponding to the uniform hazard.
The distribution of risk coefficients across Spain (Fig. 7a, d) shows that the larger the §
value (i.e., p+06 ), the lower the risk-targeted design ground motion relative to the uni-
form hazard map (Fig. 1). Figure 7b, ¢ show the same trend. In addition, the evaluation
of these four maps in Fig. 7 illustrates that the modification of design ground motions is
more considerable in high seismic regions (e.g., in the south and southeast of peninsular
Spain) than in areas of lower seismicity.

In the next step, as mentioned before, assuming f=0.7 and P lgm =3 x 10~* and then
considering the building- and site-specific fragility curves for each of the 5249 sites,
the risk-targeted ground motion maps are presented. A target annual collapse risk of
1.0x 107> was considered for all analyses. The results of these analyses are shown in
Figs. 8 and 9. Figures 8a and 9a display the distribution of risk-targeted design ground
motions, while Figs. 8b and 9b show the distribution of risk coefficients for peninsular
Spain.

As it can be seen in Fig. 8a, the risk-targeted ground motion varies between 0.008 g
and 0.25 g, with an average value of 0.061 g. According to Fig. 9a, the adjusted design
ground motion varies between 0.008 g and 0.29 g, with a mean value of 0.062 g. Accord-
ing to Figs. 8b and 9b, we can see that in most of the central, western and northwestern
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Fig. 7 Distribution of risk coefficient considering different values of f and P Igm (case 1 to 4) according to
Table 4 for peninsular Spain a Case 1, b Case 2, ¢ Case 3, d Case 4

parts of peninsular Spain, which are considered to be regions of low seismicity, the risk
coefficient varies between 0.9 and 1.1. It should be outlined that the risk analysis with
the collapse as a damage state does not significantly modify the uniform hazard design
PGAs related to those regions of low seismicity. In contrast, most changes occurred in
moderate to high seismic areas. Figure 10a, b compare the relationship between risk
coefficient and uniform hazard design ground motion with a RP of 475 years according
to the different types of fragility curves used for the risk analysis, i.e., a) mean curve
(fixed values of P lgm and ) and b) building-site- specific fragility curve using the fra-
gility functions of Crowley et al. (2018). From Figs. 9b and 10b, we can see that to
reach a more uniform distribution of collapse risk, we should increase the uniform haz-
ard design ground motion in areas of high seismicity and decrease them in low-to-mod-
erate hazard regions. Moreover, this can be achieved by using the building- and site-
specific fragility curves. A comparison of the two figures (i.e., Fig. 10a, b) reveals that
employing a unique fragility curve across the country leads to underestimated values of
risk-targeted design ground motions in areas of moderate to high seismicity, while there
is an opposite trend (i.e., overestimated values of risk-targeted design ground motion)
for some low-hazard regions. This finding supports evidence from previous observa-
tions (e.g., Taherian and Kalantari 2021).

As shown in Fig. 10b, there is an opposite trend to what was presented by, for exam-
ple, Douglas et al. (2013) for France. The reason for this opposite trend could be due to
the relation between the risk of collapse and the design ground motions (Fig. 5b). The
general trend in Fig. 5b indicates an increase of the risk of collapse when increasing the
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ground motion. This outline is coherent with the findings of Iervolino et al. (2018). They
demonstrated that the seismic risk of buildings is proportional to the seismic hazard of the
site. According to the findings of the RINTC project (Iervolino et al. 2018), the seismic
design of buildings for design PGA leads to considerably higher levels of seismic risk in
areas of high hazard. As a result, to achieve a more uniform distribution of seismic risk,
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we should increase the design PGA in high-hazard regions while decreasing them in low-
hazard regions.

Additionally, according to an update of the seismic hazard maps for peninsular Spain
based on previous work by IGN-UPM Working Group (2013), strong earthquakes rarely
occur in low-hazard areas. It means that the slope of the hazard curves for these areas could
be almost steep. In other words, there is a small growth in design acceleration from a return
period of 475 years to 2475 years, indicating that ground motions stronger than the design
PGA have a lower impact on the annual collapse risk. Therefore, it could cause a lower risk
of collapse. This contrasts with the moderate-hazard zones of peninsular Spain, where the
slopes of the hazard curves are flat. These flat slopes could lead to a higher estimate of the
risk of collapse. These outlines are coherent with the findings of Taherian and Kalantari
(2021) as well as Martins et al. (2018).

Hence, the authors believe that, in previous studies considering the flat slope of hazard
curves in low-hazard areas, a higher probability of collapse was estimated and vice versa.
Therefore, if the mid-range of collapse risk is selected as the target risk, this leads to an
increase in design PGA in low-hazard areas and decreasing design PGA in high-hazard
cities. However, this is not the case for Spain based on the reasons mentioned above. The
acceptable risk of collapse also determines how the design ground motion at a specific
location should be modified to achieve a uniform risk distribution. This indicates that dif-
ferent trends can be observed based on the different thresholds.

Most design regulations enforce collapse prevention but do not provide sufficient
specifications for damage limitation. Hence, as suggested by Douglas et al. (2013) and
Silva et al. (2016), it would be essential to consider the yielding limit state in addition to
the collapse limit state to define the acceptable structural performance in risk-targeted
analysis. For this purpose, to estimate the target annual rate of exceeding yield damage
state, values of f and the probability of exceeding a damaged state (herein yielding)
for a given design ground motion (Pylgm) were assumed based on the work by Ulrich
et al. (2014), where a set of fragility curves was developed for a regular three-story RC
moment frame building designed using EC2 and EC8. Fragility functions of Ulrich et al.
(2014) were taken into account since these are based on a simple and straightforward
approach. Moreover, Martins et al. (2018) found little variation between the average
values of model parameters of fragility curves for yielding damage state corresponded
to differently designed buildings. Hence, in this part, we assumed the values mentioned
by Ulrich et al. (2014) for f§ and Pylgm. Using the considered values for later parameters
and since in Eurocode 8, the damage limitation was introduced for ground motions with
10% probability of exceedance in ten years (95-year return period), the same approach
from Luco et al. (2007) was adapted to estimate the acceptable annual risk of yield. The
obtained results show that the average annual risk of yielding is 1.8 x 10™, and the max-
imum and minimum values are 9.25x 10™ and 2.4 x 1075, respectively. Based on the
obtained results, we assume a value of 1.8 x 107 for the annual target risk of yielding.

Finally, assuming that the f and P lgm values proposed by Ulrich et al. (2014)
according to the related design ground motion and target annual yielding risk (A,) of
1.8 x 107, the risk-targeted ground motion maps were developed. The results of these
analyses are shown in Fig. 11. Figure 11a, b display the risk coefficient distribution and
the corresponding uniform hazard PGA with a mean return period of 95 years for pen-
insular Spain.

Figure 11a, b show that assuming a target annual yielding risk (A,) of 1.8 X 10~ leads
to a significant modification of design ground motions across the regions with low or mod-
erate seismicity. In contrast, as expected, Fig. 11a displays an increase of design ground
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Table 5 Statistical results

D M Mi Medi M *
obtained from the risk analysis amage state " " edian can CoV
for Spain (risk coefficient) Collapse 137 048 10 099 013

Yielding 5.25 0.064 0.49 0.92 1.16

*CoV: Coefficient of Variation

motion in areas with high seismicity to design buildings with a uniform risk of yielding. A
comparison of Fig. 11a and Figures 8b or 9b also confirms the suggestion by Douglas et al.
(2013) and Silva et al. (2016) to consider the yielding limit state in addition to the collapse
one to define the acceptable structural performance in risk-targeted analysis.

To investigate the variation in the design ground motions with respect to the uniform
hazard PGAs, statistical information related to the risk coefficient in the two assumed
damage states (Table 5) shows that in the collapse performance, the risk coefficient varies
between 0.48 and 1.37, while for the yielding state, this coefficient ranges between 0.064
and 5.25. Moreover, the coefficient of variation for the yielding damage state is signifi-
cantly higher than the one for collapse risk. This indicates that, since most of Spain’s areas
are regions with low or moderate seismicity, the modification of design ground motions
corresponding to the yield state is more considerable than for collapse.

Table 6 shows the risk coefficient for different performance levels (i.e., collapse and
yielding) corresponding to the cities with the highest seismic hazard, i.e., Valencia, Ali-
cante, Murcia, Almeria, Granada, and Malaga (Fig. 1).

As shown in Table 6, the results confirm the previous outline. The modification of
design ground motions corresponding to the yield damage states is more considerable than
for collapse. Moreover, it can be observed that the PGA design should be increased for
almost all the cities mentioned above, either for collapse or yielding performance. There
is only one exception for Malaga, where there is almost no need for any modification cor-
responding to the collapse damage state. According to Table 6, Murcia shows the highest
increase in design PGA among the cities with high seismic risk. Here, during the Lorca
earthquake (11 May 2011, Mw =5.1), most of the buildings in the Lorca city (Murcia) had
reinforced concrete (RC) structures, which, due to their design, combined with the severity
of the earthquake tremors, were at serious risk of collapse. Many had to be subsequently
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demolished, and others needed retrofitting (Ruiz-Pinilla et al. 2016). Therefore, this
increase in design PGA seems reasonable and necessary.

Clearly, the results of risk-targeted maps would be considerably different when varying
P lgm, B, and the acceptable risk thresholds. We also believe that changing the considered
typology from RC moment frames into, for instance, masonry (the second most familiar
building typology in Spain) could also provide completely different results due to the vari-
ation in model parameters of the corresponding fragility curves.

6 Conclusions

In this study, risk-targeted maps were developed based on an updated seismic hazard map
of Spain. The annual risk was calculated by using the convolution product between seismic
hazard and fragility functions. Two structural performances were considered, namely col-
lapse and yielding. Regarding the collapse as a damage state, to consider the variability of
the relevant parameters for developing the fragility curves, a multivariant normal distribu-
tion of input parameters (e.g., f and P lgm) was employed. The framework was based on
the information provided by Martins et al. (2018). The effect of variations in the  and
P lgm parameters on the risk analysis results was investigated by considering different val-
ues and assumptions, i.e., a fixed value or building- and site-specific fragility models.

Regarding the yielding damage state, since previous studies (e.g. Martins et al. 2018)
have indicated that there is little variation between the relevant input parameters of fragil-
ity curves, the values proposed by Ulrich et al. (2014) were considered to perform the risk
analysis. To calculate the acceptable threshold for the annual risk of exceeding the damage
state, a framework similar to that of Luco et al. (2007) was followed. Furthermore, the risk-
targeted ground motion maps were revealed by considering an acceptable structural perfor-
mance, and the approach was explained earlier in previous sections. The results highlight
these remarks as follows:

e As expected, the structural design based on a ground motion for a given RP results in
an annual probability of exceeding a damage state that varies from one area to another.
This confirms that the annual risk of collapse depends not only on the ground motion
design but also on the shape of the hazard curves in those areas. Of course, the effect of
uncertainty on the capacity of structures should not be dismissed.

e The current findings support the relevance of the standard deviation of the fragility
curve, f. The larger the § value, the lower the risk-targeted ground motion design rela-
tive to the uniform hazard map.

e P lgm makes a significant difference to the annual collapse risk. For a given value of
acceptable collapse probability and standard deviation, the design ground motion level
leads to larger values by increasing the value of P lgm.

Table 6 Risk coefficient for different performance levels

Performance level Cities

Valencia Alicante Murcia Almeria Granada Malaga
Collapse 1.22 1.26 1.34 1.27 1.24 1.04
Yielding 2.45 2.89 5.10 4.75 4.75 2.27
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e This investigation shows that using a fixed value of p and P gm cannot provide an
annual risk of collapse in line with the UHGM map. Moreover, it could lead to an over-
estimation or underestimation of the collapse risk in some low- or high-hazard areas,
respectively.

e The relationship between the design ground motion and the risk of collapse in peninsu-
lar Spain confirms that the more the design ground motion, the higher the risk of col-
lapse. Therefore, if the mid-range of collapse risk as a target risk is selected, this leads
to a decrease in design PGAs in low-hazard areas and, conversely, increasing design
PGAs in high-hazard cities.

e Given that these parameters (i.e., acceptable risk probability, standard deviation, and
threshold of damage state probability for a given design ground motion) can allocate
different values, other risk-targeted maps would be obtained for the regions considered
in this study.

e When collapse is assumed as a damage state, the most significant variation in the
design ground motion is related to high-seismicity areas in Spain. In contrast, areas
with low or moderate seismicity are only slightly affected.

e The modification of design ground motions for low- and moderate-hazard risk regions
corresponding to the yield state is more substantial than for the collapse state.

e The most obvious finding to emerge from this study is that to perform a risk analysis, it
is strongly recommended to use fragility models according to the specific typology and
commensurate with the design ground motion of that region.

These results show that the use of a different damage state as a structural performance
is necessary to develop risk-targeted maps for the design of new buildings. Moreover, the
authors also believe that since masonry buildings are the second most common type in
Spain, considering different typologies instead of RC moment frames can also provide
completely different results due to the variation in model parameters of corresponding fra-
gility curves. Further research is needed to establish a clear link between design ground
motion at each site and the model parameters of fragility curves similar to the works done
by Martins et al. (2018) and Crowley et al. (2018). The simple relationships between design
ground motion and model parameters of fragility curves for a specified typology lead to
low computational costs. In addition, it should be mentioned that in this study, calculations
were performed assuming rock site conditions. It seems further research is needed to assess
the effect of local site conditions.
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