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Abstract

Modern seismic codes employed the uniform hazard basis for seismic design, which
defines design ground motion with a fixed return period for different sites. Seismic design
for uniform hazard ground motion does not lead to the goal of uniform structural safety.
As a potential solution to address this problem, the risk-targeting approach has been con-
sidered in recent years. This study aims to investigate the changes applied by this approach
to the current uniform hazard ground motions. For this purpose, hazard curves for Iran
from the Earthquake Model of Middle East (EMME14) have been used. The risk-targeting
approach has been performed in two cases, once considering GMs with a 475 year return
period and then considering GMs with a 2475 year return period. For each case, a generic
fragility function for buildings has been defined. A 1% probability of collapse in 50 years
was selected as the target risk in both cases. For each case, the map of the distribution of
the theoretical collapse risk is presented. It was discussed that by employing a generic fra-
gility function, the risk-targeting could not guarantee to harmonize risk amongst the sites
with different hazard levels, but it could have such an impact for the sites with the same
design GM but the different slope of hazard curves. Finally, it was found that basing the
seismic design on the 2% in 50 years GMs level leads to a more uniform collapse risk
across the country.

Keywords Building collapse assessment - Risk-targeted design basis - Seismic hazard -
Structural reliability

1 Introduction

The basics of probabilistic seismic hazard analysis were presented by Cornell (1968).

This method has been the basis of seismic loading in seismic codes for more than
40 years. The principal output of this method is Uniform Hazard Ground Motion
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(UHGM) maps. These maps provide the design ground motion values for earthquakes
with the same return period for different regions.

Prior to the 2000s, design ground motion values for the 475-year return period earth-
quake, which has a 10% in 50 years Exceedance Probability (EP), were presented in
US seismic codes. The next generation of US seismic codes (the 1997 uniform build-
ing code, NEHRP 2000, ASCE7-05) have presented the Maximum Considered Earth-
quake (MCE) ground motion maps, which contain values with 2% in 50 years EP. How-
ever, this change in the US seismic codes was met with much criticism and debate. The
main point of discussion was the new state of design in California and Memphis. The
change made the design base the same in the two areas of Memphis, located in the New
Madrid Seismic Zone (NMSZ) and California. Stein et al. (2003) stated that according
to FEMA’s estimates, buildings in Memphis are 5 to 10 times less likely to be damaged
than San Francisco or Los Angeles; therefore, the design basis in these two areas should
not be the same. Moreover, large earthquakes are less frequent in New Madrid than in
southern California. Hence, Stein et al. (2003) argued that the new code should not be
adopted unless justified by careful analysis.

Frankel (2003), In defense of the new state of design in Memphis, stated that even
though magnitude-7 earthquakes may be less frequent in the NMSZ than in California,
they can produce similar probabilities of damaging ground motions since New Madrid
earthquakes will generate higher ground motions than California earthquakes with the
same magnitude.

The Memphis-California situation is an applicable and clear example of challenging
the uniform hazard philosophy. As discussed by Luco et al. (2007), the seismic design
of buildings for UHGM does not lead to an equal risk of collapse in different regions.
For instance, Luco et al. (2007) showed that the probability of collapse of buildings
in San Francisco is up to 30% higher than in Memphis. There are two main reasons
for this: The first reason is that this method only takes one point of hazard curve into
account, regardless of the differences in the shape of hazard curves. Figure 1 shows
examples of hazard curves for San Francisco and Memphis with almost the same MCE
but very different shapes. Besides that, there are uncertainties in the collapse capacity
of structures. The combination of these two reasons has led to an unequal probability of
collapse in different areas.

Fig. 1 Examples of hazard 10°
curves for Sa (0.2 s) for two sites
located in San Francisco and 107

Memphis (Luco et al. 2007)
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To solve this problem, as an alternative to the uniform hazard approach, Luco et al. (2007)
proposed a method called the risk-targeting method for calculating design GM. Employing
this method, GM values for the design of buildings for a target collapse probability is achieved.
Based on the study of Luco et al. (2007), Risk-Targeted Maximum Considered Earthquake
(MCEy) ground motion maps were presented in the 2009 update of NEHRP provisions and
ASCE7-10 (2010). By decreasing MCE values in the center and eastern parts of the US, the
risk-targeting approach established a balance in the distribution of the collapse probability
across the country. As a result, the MCE ground motion values in Memphis decreased by up
to 30%.

Hereafter, studies were conducted to present the risk-targeted design maps in different
regions. The most remarkable studies in this field were made by Douglas et al. (2013) for
France and Silva et al. (2016) for Europe. Also, Taherian and Kalantari (2019) have devel-
oped risk-targeted design maps for Iran. However, the risk-targeting approach has not yet been
included in the seismic codes of these regions.

The main question of this research is, how does the risk-targeting approach change the
UHGM in areas of different hazard levels? To answer this question, using mean PGA hazard
curves from the Earthquake Model of Middle-East (EMME14), risk-targeted design GM is
calculated for Iran in two cases: once considering 10% EP in 50 years GM, and then consid-
ering 2% EP in 50 years GM as the UHGM. In each case, the results were analyzed to better
understand the effectiveness of the proposed method.

2 Anoverview of the risk-targeting approach

By combining a site-specific hazard curve and a building collapse fragility curve, the mean
annual frequency of collapse is calculated using Eq. (1), an application of the total probability
theorem.

[Se]

AC = / P(Clim).|d A (im)| 1)
0

where A, is the mean annual frequency of collapse, 4;, is the mean annual frequency of
exceedance of ground motion intensity measure. Under the Poisson distribution assump-
tion, the probability of collapse in t years is computed by Eq. (2).

Pcintyears =1—(1 - A.) 2)

Generally, in risk-targeting, a generic collapse fragility function is assumed for buildings
designed with the referenced code. The fragility function is usually defined using the log-
normal distribution. The log-normal distribution is defined using a median (50th percentile)
and a logarithmic standard deviation . However, this function can be parametrized by  and
any other percentiles of the probability distribution (Luco et al. 2007). There is a direct rela-
tionship between the median collapse capacity of a structure and its design GM. Assuming a
probability of collapse at design GM of X and uncertainty in collapse capacity P, the generic-
fragility function is defined using Eq. (3).

Inim — (Incy — ®1(X).8)

P(Clim) = ®
(Clim) 5 3)
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where the P(Clim) is the probability of collapse of the building under a specific intensity
measure, ®@[.] is the standard normal cumulative distribution function (CDF), Cy is X per-
centile collapse capacity of the structure. The parameter Cx is equal to the design GM of
the buildings. To define the generic fragility function, we should have a reasonable estima-
tion of X and f.

In the study of Luco et al. (2007), these parameters were selected based on the collapse
assessment of different building systems in the ATC-63 project (FEMA 2009). In contrast,
due to the lack of sufficient studies on developing analytical fragility curves, other studies
have used sensitivity analyses to determine the generic fragility parameters. The informa-
tion on the spectral ordinates, reference hazard level, and generic fragility function param-
eters used in different studies are shown in Table 1.

According to Table 1, an essential difference between Luco et al. (2007) and other stud-
ies is the reference hazard level. In Europe and Iran, buildings are currently designed for
GMs with 10% EP in 50 years. The effect of the reference hazard level on the results will
be discussed in the following sections.

Defining the collapse fragility curve as a function of the design GM allows us to achieve
a target collapse probability by changing the design GM values. That is a logical assump-
tion; the higher the design GM, the higher the collapse capacity, and therefore the lower the
probability of collapse. According to the risk-targeting algorithm presented by Luco et al.
(2007), the value of CX changes iteratively until the target collapse probability is achieved
for each site. From the division of risk-targeted GM to UHGM, the risk coefficient (Cy) is
achieved. The distribution of Cy values shows how UHGM changes in different sites.

Since imposing significant adjustments in the current UHGMs is not desired, a value
close to the average collapse probability in the region is selected as the target collapse risk.
Therefore, a reasonable estimation of the current distribution of collapse risk of buildings
in the region under study is required. By placing the UHGM as Cy in Eq. (3), the spa-
tial distribution of theoretical collapse risk is obtained. This map shows in which sites the
UHGM should be increased and where it should be decreased.

3 Distribution of seismic hazard in Iran

In this study, PGA hazard curves from the Earthquake Model of Middle-East (EMME14)
have been employed. The EMME14 project was carried out between 2010 and 2014 to
provide a harmonized seismic hazard assessment without country border limitations. The
result covers eleven countries: Afghanistan, Armenia, Azerbaijan, Cyprus, Georgia, Iran,
Jordan, Lebanon, Pakistan, Syria, and Turkey, which span one of the seismically most
active regions on Earth in response complex interactions between four major tectonic
plates, i.e., Africa, Arabia, India, and Eurasia. (Danciu et al. 2017).

Table 1 Elements of the risk-targeting approach employed in different studies

Spectral ordinates Reference hazard level X p
Luco et al. (2007) Sa (0.2 s), Sa(l s) 2% in 50 years 107! 0.8
Douglas et al. (2013) PGA 10% in 50 years 107° 0.5
Silva et al. (2016) PGA 10% in 50 years 1073 0.6
Taherian and Kalantari (2019) PGA 10% in 50 years 1072 0.8
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Fig.3 Spatial distribution of a MDR values, b Ky; values in the country

In this study, the PGA values with a 10% EP in 50 years are called Design Basis Earth-
quake, DBE, and the PGA values with a 2% EP in 50 years are called Maximum Consid-
ered Earthquake, MCE. Figure 2 shows the spatial distribution of seismic hazard in terms
of DBE and MCE values in the country.

As discussed earlier, the collapse capacity of structures is uncertain. Therefore, the
shape of the hazard curve (or its local slope) is essential in the collapse risk of structures.
The slope of the hazard curve (Ky) is the rate at which ground motion amplitudes increase
as probability decreases (Atkinson 2004). Different formulations of the parameter K, pre-
sented and discussed by Gkimprixis et al. (2019). In this article, Ky is defined as the loga-
rithmic slope of the hazard curve between MCE and DBE, using Eq. (4) (Jalayer and Cor-
nel 2003).

H(DBE) 2.1x1073
log( H(MCE) ) log( 4.04x10-4 >
1 () T () @
e\ DsE e\ DsE
where H(.) is the annual probability of exceedance of a specific level of hazard. According

to Eq. (4), the parameter K is inversely related to the MCE to DBE Ratio (MDR). Fig-
ure 3 shows the distribution of the Kj; and MDR values in the country. A simple statistical
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Table 2 Statistical analysis of the

Lo . Sth percentile ~ 95th percentile =~ Mean  STD
seismic hazard in the country

DBE (g) 0.15 0.40 0.27 0.08
MCE (g) 0.33 0.81 0.55 0.15
KH 1.63 2.85 2.29 0.35
MCE to DBE 1.78 2.75 2.11 0.28
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Fig.4 Distribution of the slope of hazard curves in different seismic hazard levels of the country

analysis of seismic hazard in the country is shown in Table 2. usually, in Iranian engineer-
ing practices, a factor of 1.5 is employed to shift from DBE to MCE level. Nonetheless,
according to Table 2, the MDR values could vary significantly with location. According
to EMME14 results, the mean of MDR values in the country is 2.11, with a dispersion of
0.28.

From Fig. 3, it can be observed that in areas from northwest to central parts of the
country, which is called the Sanandaj-Sirjan Zone (SSZ), as well as Central-Eastern Iran
(the Lut block), the K values are very low, or in other words, MDR values are very
high (up to 3). In general, in low-to moderate-hazard areas where severe earthquakes
happen rarely, the slopes of the hazard curves are lower. Figure 4 shows the distribu-
tion of Ky values in different seismic hazard levels of the country. As stated by Atkin-
son (2004), in the active regions, ground motion amplitudes may grow relatively slowly
as the probability is lowered from 1/100 to 1/1000; this is because the 1/100 motion
may already represent nearby earthquakes close to the maximum magnitude. In inactive
regions, 1/100 motions are small but grow steadily as the probability level is lowered.

It should be noted that during the development of the EMMEI14 source model, the
SSZ and Lut block have been modeled as the stable continental region (SCR). The
GMPE:s presented by Toro et al. (1997), Campell (2003), Atkinson and Bore (2006) for
the Central and Eastern US (CEUS) have been selected for the SCRs in the Middle East
region. Frankel (2004) explained that earthquakes in the CEUS and elsewhere in eastern
North America produce higher ground motions at high frequencies (for PGA and S.A. at
about 2 Hz and above) for a given distance than western US earthquakes with the same
magnitudes. This fact could justify high PGA values at low probability levels in central
Iran’s hazard curves.

@ Springer



Bulletin of Earthquake Engineering (2021) 19:1289-1309 1295

However, the EMME14 results are inconsistent with the seismicity of the SSZ. This area
has relatively low seismic activity. Besides, no significant earthquake has been recorded
in this area so far (Safaei 2009; Nadimi 2012). Nonetheless, the occurrence of historical
earthquakes indicates that this zone is active. For instance, the Isfahan earthquake of 1344
killed about 20 people and destroyed the city wall and some houses (Ambraseys and Mel-
ville 1982; Safaei 2009). Therefore, site-specific studies are required to validate EMME14
results for central Iran.

4 Discussion and results

In this section, the results of the risk-targeting approach are presented in two cases. In the
first case, risk-targeted calculations are performed based on DBE values at each point of
the country. Similarly, in the second case, calculations are performed based on the MCE
level. In the end, the results for each case are compared. For each case, a generic fragility
function should be defined.

In this study, a series of sensitivity analyses have been performed to select the generic
fragility function parameters for each case. A 1% probability of collapse in 50 years is
selected as the target collapse risk in both cases. Given the target collapse risk, the generic
fragility function parameters have been selected to make the least changes in the UHGM
defined in each case. In the following, assuming the different values of X ranging from
107" to 107> and B ranging from 0.5 to 0.8, the annual collapse rates were calculated for all
over the country. Figure 5 indicates the relation between the annual probability of collapse
and different combinations of X and f. The maximum and minimum amounts of collapse
risk for each case are shown in Fig. 5.

Another important point in choosing the parameters X and f is that the median of the
fragility curves should be within a reasonable range. For different values of X and f3, the
range of median of fragility curves can be observed in Table 3. As shown in Table 3,
selecting some values of X and P leads to an unrealistically high estimation of the median
of fragility curves and should be avoided.

According to Fig. 5, assuming the parameters X=10"2 and p=0.80 for the first case
and assuming X =10"" and $=0.80 for the second case would result in modest changes in

0.8 (max)

Annual Probability of collapse
5
Annual Probability of collapse

—— B=0.5 (max)
weseees §=0.5 (min)
—— Acceptable risk

Acceptable risk

10° 10* 10° 10? 10° 10° 10°

Probability of collapse under DBE Probability of collapse under MCE

? 10"

Fig.5 Relation of the annual probability of collapse with the parameters X and p based on a the DBE level
b the MCE level defined by the EMME14
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Table 3 Results of the median of generic fragility curves based on the DBE and MCE level defined by the
EMMEI14 and assuming different values of X and

X f=0.5 p=0.6 f=0.7 p=0.8
Median Median Median Median
(€] (€3] (€] (€3]
DBE MCE DBE MCE DBE MCE DBE MCE
107° Max 6.71 12.15 10.27 18.62 15.73 28.52 24.10 43.69
Min 0.41 0.76 0.62 1.17 0.95 1.79 1.46 2.74
1074 Max 5.09 9.25 7.38 13.42 10.70 19.46 15.51 28.22
Min 0.31 0.58 0.45 0.84 0.65 1.22 0.94 1.77
1073 Max 3.72 6.75 5.06 9.20 6.89 12.53 9.38 17.07
Min 0.22 0.42 0.31 0.58 0.42 0.79 0.57 1.07
1072 Max 2.54 4.61 3.21 5.82 4.05 7.34 5.11 9.26
Min 0.15 0.29 0.19 0.37 0.24 0.46 0.31 0.58
107! Max 1.51 2.73 1.72 3.11 1.95 3.53 222 4.01
Min 0.09 0.17 0.10 0.19 0.12 0.22 0.13 0.25

UHGMs. Also, based on our judgment on the fragility of Iranian buildings, assuming these
values, the median of fragility curves would be in a reasonable range.

4.1 Risk-targeting based on DBE

In this case, by defining the generic fragility curves as a function of DBE values, the distri-
bution of the theoretical probability of collapse in the country is achieved. Figure 6 shows
the spatial distribution of the theoretical collapse risk in the first case. Theoretical risk
means that if the probability of buildings collapsing in the event of DBE is 1% and f is 0.8,
then the distribution of collapse risk will be following Fig. 6. In this case, the Coefficient of
Variation (CoV) of the theoretical probability of collapse in the country is 22%.

Comparing Fig. 6 and Fig. 2a, one can find an opposing trend between the theoretical
risk map and seismic hazard in the country, which is an unrealistic scenario. This trend is
in contrast with the major conclusion of the RINTC project in Italy (Iervolino et al. 2018).
This study shows that the seismic risk of buildings is directly related to the seismic hazard
of the site. As stated by Cito and Iervolino (2020), one of the explanations for these results
is the requirements that the code imposes regardless of the design seismic actions, that are
expected to have a larger effect on the seismic safety of structures designed for low hazard
sites. Moreover, as it is discussed by Cito and Iervolino (2020), the GM beyond that con-
sidered for design (which has a higher occurrence probability in high hazard sites) can also
play a role with respect to this issue.

Therefore, to achieve more uniform structural safety, it is needed to increase the
UHGMs in high hazard regions or decrease them in low hazard regions. However, this
is not the case for the risk-targeting based on DBE. As shown in Fig. 7b, in this case, the
calculated Cy values decrease as the seismic hazard of the site increase. The same trends
can be observed in previous studies (Douglas et al. 2013; Silva et al. 2016; Taherian and
Kalantari 2019).

The reasons for this opposing trend are explained in the two following sections.
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Fig. 7 Relation of seismic hazard in terms of DBE and a theoretical collapse risk, b risk coefficients

4.1.1 Assuming a fixed probability of collapse at the design GM (X)

As stated earlier, in risk-targeting, a generic fragility function is usually defined using the
parameters § and X. Previous studies have shown that the results are sensitive to these
parameters (Douglas et al. 2013; Gkimprixis et al. 2019). However, the results are more
sensitive to the value of X.

Martins et al. (2018) have investigated the influence of design PGA on parameter X
for RC moment-resisting frame buildings designed according to ECS. It was found that
for design PGA ranging from 0.05 g to 0.40 g, parameter X varies between 107> and
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Table 4 Effect of the parameter X on the median collapse capacity (g) and the theoretical collapse risk

X o'(X) Median collapse capacity (g) Probability of collapse in 50 years
(%)
DBE=0.10 ¢ DBE=0.60 g DBE=0.10 ¢ DBE=0.60 g

107! —-1.28 0.27 1.64 5.05 3.77

1072 -233 0.62 3.79 1.42 0.47

1073 -3.09 1.14 6.99 0.54 0.07

1074 -3.72 1.88 11.56 0.22 0.01

107° —-4.26 291 17.89 0.09 0.002

probability of exceedance in 50 years

PGA (g)

Fig. 8 PGA hazard curves for Zabol (the maximum Pc) and Marand (the minimum Pc)

1072. Similar results were observed from the studies of Ulrich et al. (2014) and Gkim-
prixis et al. (2018).

Nonetheless, in risk-targeting, X is assumed to be equal for areas of different seis-
micity. This assumption can explain why the collapse probabilities are higher in low
hazard areas. The highest probability of collapse is 1.42%, which is calculated for
Zabol with a DBE of 0.10 g. The lowest collapse probability (0.47%) is calculated for
Marand with a DBE of 0.60 g. Table 4 shows the effect of selecting different values
of X on the theoretical collapse risk for these sites. The parameter § is assumed to be
0.8 in all cases. Assuming the parameter X equal to 1072 for the buildings in low haz-
ard areas has led to an underestimated collapse capacity and correspondingly overesti-
mated calculation of the risk of collapse.

Figure 8 shows the PGA hazard curves used to generate the results of Table 4.
According to Fig. 8, the hazard curve in Marand is much steeper than that of Zabol.
The value of Ky in Zabol and Marand are 1.5 and 3.3, respectively. The effect of the
slope of hazard curves on the results will be discussed in the following section.
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Table 5 Comparison of the results of the theoretical collapse risk for Ahmadabad and Guran

DBE (g) MCE (g) MCE/DBE Ky Probability of col-
lapse in 50 years
(%)
Ahmadabad 0.20 0.59 2.90 L5 1.13
Guran 0.20 0.36 1.80 2.57 0.65

4.1.2 Low slope of hazard curves (K,,) in low-to moderate-hazard regions

The results shown in Fig. 7 show some locations with the same DBE but a very differ-
ent probability of collapse. This difference is due to the effects of the slopes of hazard
curves (Ky).

The low Ky values in the SSZ have been discussed in Sect. 3 of this paper. From
Fig. 6, it can be observed that the theoretical probability of collapse in the SSZ is very
higher than in most of the country. Figure 9 shows an example of PGA hazard curves for
two areas with moderate seismic hazard in terms of DBE, one of which (Ahmadabad)
is located in SSZ and another (Guran) located in Hormozgan province (in the southern-
most point of the country). These are locations with the same DBE equal to 0.20 g, but
with very different slopes of hazard curve. Table 5 shows the results of the theoretical
collapse risk in these two sites. The nominal slope of the hazard curve (Ky) in Guran is
2.57, while for Ahmadabad, the Ky is calculated to be 1.5. Such a difference has led to
MCE values of 0.36 g and 0.59 g for Guran and Ahmadabad, respectively. According to
the obtained results, despite the same DBE, the seismic risk in Ahmadabad is 1.74 times
that of Guran. These results justify the high levels of the collapse risk in the SSZ.

The case of SSZ is a good example that explains why basing the seismic design on
475 years return period GM has led to the design of structures with lower reliability
levels in the low-to moderate-hazard regions, which have severe earthquakes rarely. To
treat the problem of these so-called “low-probability/high-consequence” earthquakes,
many studies have proposed a transitioning to lower exceedance probabilities in national
design provisions (Adams et al. 2000; Tsang 2011; Allen 2020). That is why mod-
ern codes in the US and Canada changed the reference hazard level from 10 to 2% in
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50 years EP. The effect of this increase in the reference hazard level on the distribution
of the theoretical collapse risk will be discussed in the next section.

Figure 10 shows the effects of the slopes of hazard curves on the risk-targeting results
based on DBE. According to this Figure, it can be observed that the theoretical probabil-
ity of collapse and the risk coefficients decrease with increasing the Ky values. In other
words, the risk-targeting approach considers the slope of the hazard curve in determining
the design GM in each site. As stated by Spillatura et al. (2019), from a computational
point of view, the generic fragility curve is essentially a mechanism for weighting the effect
of the hazard curve shape (or its local slope) and taking it into account when estimating the
risk that is targeted by the procedure.

In this study, numerical integration has been used to calculate the risk integral [Eq. (1)].
However, there is also a closed-form solution for solving this integral, provided by Cornel
(1994). Assuming a generic fragility function [similar to Eq. (3)], it can be proved that the
risk of collapse is obtained from Eq. (5). Mathematical proof for this equation is provided
in “Appendix” A.

/1c — H(CX).80.5.K§4ﬂ2+c1>-1(X).KH./) (5)

Using Eq. (5) allows us to examine the effect of the slope of the hazard curve on the risk
of collapse in a more general way. By placing DBE as Cy in Eq. (5) and assuming different
values of X and f, the risk of collapse is obtained for hazard curves with different slopes.
Figure 11 shows the relation between the collapse risk and the parameter Ky; for different
combinations of X and . As expected, in different cases, the risk of collapse decreases
with increasing Ky;. The rate of change in risk decreases with increasing . An important
justification for this is that Cornel’s approximate method for solving the risk integral is
somewhat erroneous. Increasing the p and Ky, increases the amount of this error. As stated
by Cornel (1994), for very steep slopes and very broad capacity distributions (high values
of Ky and f), the amount of risk calculated by this method is overestimated.

Although the values of the probability of collapse are sensitive to the parameters X and
B, the trends discussed in this section do not change with these parameters. Results in this
section show that the computed probability of collapse is higher in low hazard areas. If the
mid-range of collapse risk is selected as the target risk, that causes an increase in design
GM in low hazard areas and, conversely, decreasing design GM in high hazard sites. The
assumption of a fixed value of X causes an underestimation in the collapse capacity of

Risk Coefficients
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Fig. 10 Relation of the slope of hazard curves (Ky;) and a theoretical collapse risk, b risk coefficients
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Fig. 11 Relation of the slope of hazard curves (KH) and collapse risk assuming a X=10"2 b X=1073, ¢
X=10"dX=10""

buildings in low hazard sites. Moreover, as discussed earlier, the K;; values are gener-
ally lower in low hazard sites. We believe that combining these two facts has led to the
opposing trend of the theoretical collapse risk and seismic hazard in the first case. It can
be claimed that by taking the slope of hazard curves into account, the risk-targeting could
harmonize the probability of collapse of buildings in sites with the same hazard in terms of
DBE (like the case presented in Fig. 9). Nevertheless, this method could not have such an
impact in areas of different hazard levels.

4.2 Risk-targeting based on MCE

In this case, the generic fragility function was generated based on the MCE values at each
point of the country. The parameters X and p assumed to be 10~ and 0.80, respectively.
Figure 12 shows the spatial distribution of the theoretical collapse probability for this case.
Compared to the previous case, the trend of changes in seismic risk with the hazard is
somehow different and seems more realistic. The CoV of the theoretical collapse risk is
11%, which is two times lower than the previous case. Generally, basing the seismic design
on the MCE level leads to less variation in the probability of collapse in the country. A
similar result for the US has been reported by Luco et al. (2007). Also, Heidebrecht (1999)
and Adams et al. (2000) stated that the 2% in 50 years hazard results are considered a better
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Fig. 12 Spatial distribution of the theoretical risk of collapse (%) in Iran, considering 10% collapse prob-
ability given MCE shaking and p=0.8

basis for achieving a uniform level of building safety across Canada, as they are closer to
the acceptable frequency of collapse.

Figure 13 shows the trend of changes in the theoretical collapse probability with MCE
changes. According to this Figure, there is not a specific trend between the risk-targeting
results and the seismic hazard in this case. However, it can be claimed that the risk-target-
ing approach decreases the MCE values in most cases. The mean of calculated Cy values is
0.95, with a 0.05 standard deviation.

As can be observed in Fig. 10, the lowest probability of collapse is calculated for
the SSZ. Establishing the MCE level has increased the design GM in this area up to
three times. Consequently, the theoretical risk of collapse significantly decreased in the
SSZ, which has led to a decrease in the MCE values in this area up to 15%. Figure 14
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Fig. 13 Relation of seismic hazard in terms of MCE and a notional collapse risk, b risk coefficients
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Fig. 14 Examples of PGA hazard curves for Ahmadabad and Saravan

shows an example of hazard curves for Ahmadabad (located in the SSZ) and Saravan
(in Southeastern Iran) with different seismicity levels. The values of theoretical collapse
risk for these sites are presented in Table 6. According to Table 6, for these two sites
with the same MCE, the site with a higher Ky; has a higher collapse risk. The reason for
this is that, in Saravan, which has a higher K;;, the GMs less than the MCE have higher
probabilities. For this particular case, these GMs have a relatively higher contribution to
the collapse risk than the ones greater than the MCE.

The relationship between the Ky; and the probability of collapse and Cy values is
shown in Fig. 15. It can be observed that there is a direct relationship between the Ky
and the theoretical probability of collapse, which is in contrast to the results of the pre-
vious section. A look back at Fig. 14 and Table 6 justifies the reason for this. For two
sites with the same MCE, a higher Ky; equals a higher DBE and, therefore, higher col-
lapse risk.

Similar to the previous case, by placing MCE as Cy in Eq. (5) and assuming differ-
ent values of X and p, the risk of collapse is obtained for hazard curves with different
slopes. Figure 16 shows that the trend discussed above is mainly a result of the param-
eter X selected for this case. For instance, if X is selected equal to or less than 1072, the
trend will be reversed.

Table 6 Comparison of the results of the theoretical collapse risk for Ahmadabad and Saravan

DBE (g) MCE (g) MCE/DBE Ky Probability of col-
lapse in 50 years
(%)
Ahmadabad 0.20 0.59 2.90 1.5 0.73
Saravan 0.32 0.59 1.86 2.66 1.01
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5 Use of building-specific fragility function in the risk-targeting

framework

As discussed earlier, the results of a study by Martins et al. (2018) Showed that for RC
buildings designed to different levels of design PGA in Europe (ranging from 0.05 g to
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0.40 g), the parameter X varies from 10~ to 1072 Findings of the study of Martins et al.
(2018) were later used to establish the relationships between the design PGA (dsgPGA)
and the median (0) and logarithmic standard deviation () of the collapse fragility func-
tions, which eventually led to the development of a building-specific fragility function for
code-conforming RC buildings in Europe (Crowley et al. 2018). Equation (6) shows the
fragility function developed by Crowley et al. (2018). This function was used by Crowley
et al. (2018) to develop risk-targeted design maps for Greece.

9 = 8.578 x dsgPGA + 0.19
B = 0.595 x dsgPGA + 0.573 (6)

To investigate the effects of the use of building-specific fragility function on the risk-
targeting results, we used Eq. (6) to recalculate the distribution of the collapse risk in Iran.
It should be noted that the fragility function was developed for RC buildings designed to
ECS8 and cannot be extended to Iranian code-conforming buildings. However, to examine
the idea of developing a building-specific fragility function for Iranian buildings, this func-
tion has been used in this study.

Figure 17a indicates that using Eq. (6), the parameter X increases with increasing design
PGA. As shown in Fig. 17b, the probability of collapse of buildings increases proportion-
ally with the increase in seismic hazard.

Figure 18 shows the spatial distribution of the risk of collapse in the country. As
expected, the same trend of seismic hazard and seismic risk was observed in this case. The
effect of the low slope of hazard curves in the central regions of the country is also evident
in this case.

This section shows that the application of building-specific fragility functions could
greatly improve the changes made by the risk-targeting approach. Similar results can be
seen in the study of Gkimprixis et al. (2020), which used site-specific fragility functions
to develop risk-targeted design maps for Europe. Nonetheless, it is relevant to note that the
resulting risk-targeted design GMs, in this case, would be building-specific. In other words,
fragility functions similar to the one in Eq. (5) should be developed for different building
typologies designed according to a reference seismic code. Therefore, it should be noted
that this method has a very high computational cost.
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Fig.17 a Relation of the parameter X with EMMEI14 DBE, b Relation of the risk of collapse (%) in
50 years and EMME14 DBE based on the building-specific fragility function developed by Crowley et al.
(2018)
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Fig. 18 Distribution of risk of collapse (%) in 50 years in Iran using building-specific fragility function
developed by Crowley et al. (2018)

6 Discussions

In this study, the results of the risk-targeting approach for Iran were investigated in two
cases: once considering 10% EP in 50 years GM (DBE), and then considering 2% EP in
50 years GM (MCE) as the reference seismic hazard level. The main conclusions of this
study are as follows:

e Using the analysis of the mean PGA hazard curves from EMME14, the distribution
of the slope of hazard curves (Ky) in the country was presented. It was found that
the K values vary considerably with locations in the country. The mean of MDR
values is 2.11, with a dispersion of 0.29. The parameter Ky is generally lower in
low- to moderate- hazard regions. The lowest Ky; values were calculated for the SSZ.
The MDR values in this area reach up to 3.00. According to EMME14 results, this
area is exposed to “low-probability/high-consequence” earthquakes.

e In the first case, the risk-targeting was performed based on DBE values. From the
results, it was found that there is an opposing trend between seismic hazard and the
theoretical probability of collapse in the country. Therefore, the risk-targeting has
increased DBE GMs in low hazard sites and decreased them in high hazard sites.
The reasons for this trend are assuming a fixed X for all over the country and lower
Ky in low- to moderate- hazard regions. In this case, the theoretical collapse risk for
the SSZ reaches up to 1.13% in 50 years.

¢ In the second case, the risk-targeting was performed based on MCE values. It was
found that basing the seismic design on the MCE level leads to a more uniform col-
lapse risk across the country. No specific trend was observed between hazard and
collapse risk. The theoretical collapse risk has a direct relation with the parameter
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Ky. Establishing the MCE level has reduced the theoretical probability of collapse in
the SSZ to 0.73% in 50 years.

According to the results of the RINTC project (Iervolino et al. 2018), the seismic design
of buildings for UHGM leads to significantly higher levels of seismic risk in areas of
high hazard. Therefore, to achieve a more uniform distribution of seismic risk, we should
increase the UHGM in high hazard regions or decrease them in low hazard regions. The
results of this study showed that employing a generic fragility function, the risk-target-
ing approach does not cause such modifications. The risk-targeting could only harmonize
the probability of collapse of buildings in sites with the same UHGM. Nevertheless, this
method could not have such an impact on areas of different hazard levels.

In the case of the US, this is somewhat different. Given the higher seismic hazard in the
Western US, the probability of collapse of buildings in these areas is considerably higher
compared to Central and Eastern US. The risk-targeting approach has been applied only
in the probabilistic portion of the US and has led to a reduction in the MCE values in the
Central and Eastern US. Therefore, it can merely be claimed that this approach has led to
harmonize the seismic risk in the US. Moreover, implementing this approach for the MCE
level would have more rational results.

The strength of the risk-targeted approach is that it considers the hazard curve slope
to determine the design GM. In other words, this method distinguishes between two sites
with the same UHGM but different Ky;. In contrast, the disadvantage of this method is how
to define the generic fragility function. As shown in this paper, the (unrealistic) assump-
tion of a fixed probability of collapse under the design GM (X) for buildings in different
hazard levels causes an overestimated calculation of the theoretical collapse risk in low
hazard regions. Moreover, as stated by Spillatura et al. (2019), the generic fragility func-
tion used in risk-targeting is not building-specific. To solve these issues, recent studies such
as Crowley et al. (2018) and Gkimprixis et al. (2020) have implemented the risk-targeting
approach using analytical fragility functions which were developed for the RC moment-
resisting frame buildings designed to different levels of seismicity in Europe. Application
of building-specific fragility functions in risk-targeting has much better results but at a
much higher computational cost.
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Appendix A: Mathematical proof for Eq. (5)

The basic premise of the closed-form solution for the risk integral developed by Cornel
(1994) is to fit the hazard curve to a power function such as Eq. (7).

H(IM) = Ky.IM™*# @)

where K, is an appropriate constant, and Ky is the logarithmic slope of the hazard curve
defined by Eq. (4). Assuming a log-normal fragility function with a median collapse
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capacity, Csqy, and a logarithmic standard deviation, B, the annual collapse risk is obtained
using Eq. (8).

/lc — H(Cso% ) .eo.s.K;ﬂz ®)

The relation between the 50th-percentile and another percentile (X-percentile) of the
collapse capacity is as Equation (9).

Cy = Cspq.® 07 ©9)
Substituting Eq. (9) into Eq. (8) gives Eq. (5) in the paper.

’1C - H(CX) 'eO.S.K}ZI.ﬂZHIY‘ X)Ky (10)
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