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Accepted 14 February 2022 inserted in this context as well. This study aims to apply the risk-targeting methodology for Northeastern
Brazil, more specifically the region within Zone 1 of the Brazilian earthquake-resistant design code ABNT
NBR 15421:2006. Different inputs for the methodology are explored and combined with existing hazard
studies for the region, and their impact in the final map are evaluated. The results outline that, depending on
the safety level required, the provisioned design accelerations could be lower than the commonly used in
codes, but may as well be much higher. The results are also compared with the current code provisions and
their differences are discussed, providing insights on the code provisioned level of safety.
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Resumo: Diante da tendéncia mundial de mapas de dimensionamento sismico com risco-alvo, ¢ importante
que o Brasil seja inserido nesse contexto. Este estudo objetiva aplicar a metodologia de risco-alvo para o
Nordeste do Brasil, mais especificamente a regido dentro da Zona 1 da norma ABNT NBR 15421:2006.
Diferentes dados de entrada para a metodologia sdo explorados e combinados com estudos ja existentes de
ameaga sismica para a regido, e seus impactos no mapa final sdo avaliados. Os resultados demonstram que,
dependendo do nivel de seguranca exigido, as aceleragdes de projeto podem ser menores que as comumente
adotadas nas normas, mas podem também ser consideravelmente maiores. Os resultados também sdo
comparados com a norma atual e suas diferencas discutidas, fornecendo informagdes sobre o nivel de
seguranga fornecido pela norma.
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1 INTRODUCTION

Brazil is in the middle of the South American tectonic plate — one of the least seismically active regions worldwide,
according to Assumpg¢ao and Veloso [1]. However, a considerable history of small-to-moderate earthquakes can be
highlighted (Berrocal et al. [2], Assumpgao et al. [3], [4]), some of which caused considerable damage, for example,
the Jodo Camara earthquake in 1986 (Veloso [5]). If buildings in an earthquake-prone area are not properly designed,
damage due to frequent small-to-moderate events should be expected (Nievas et al. [6], Minson et al. [7]). In 2006, the
first earthquake-resistant design code in Brazil, ABNT NBR 15421:2006 (ABNT [8]), was launched, demonstrating
the need for seismic design in Brazil.

The earthquake loads to be used to design structures have been traditionally associated to a predefined return period
(RP) (or a probability of exceedance, PE) depicted through a map. Most codes adopt the long-established 475 years RP
for the design accelerations, as does the Brazilian code [8]. More conservative hazard levels associated with a 2475
years RP have also been adopted in other countries such as the United States (before 2010), Canada, Australia, and
New Zealand. This type of provisioned accelerations is referred to as the “Uniform Hazard” approach because the RP
(or the PE) is the same for all seismic zones.

The earthquake hazard in a region, nonetheless, is properly described by a hazard curve (McGuire [9]), which
depicts the probability of exceedance of all the possible accelerations at a site, with a specific return period representing
only a single point of this curve. These curves present site-to-site variability in their shape due to the different features
of each seismic zone (Luco et al. [10]), hence the same structure would have different failure probabilities at different
sites. Silva et al. [11] found differences in the order of five times in Europe.

Increasing the design hazard level to rarer ground motions (e.g., 2475 years RP) improves the uniformity of the
failure probability, but still does not ensure it and may lead to unnecessary high loads [10]. In this regard, risk-targeting
approaches have emerged, as an alternative to the common Uniform Hazard maps, to provide Uniform Risk maps, i.e.,
design accelerations that provide a uniform failure probability across a region [10]. For example, Douglas et al. [12]
and Kharazian et al. [13], using the risk-targeting methodology, identified different reductions or increase of the
accelerations relative to the uniform hazard maps of 475 years RP depending on the seismicity of the site (i.e., low,
moderate or high).

In 2010, ASCE-7 began to adopt a risk-targeted map in the seismic design provisions, in lieu of the 2% in 50-year
PE (2475 years RP) uniform hazard map. Buildings designed according to that code are expected to have a uniform
failure probability of 1% in 50 years countrywide. Similarly, the Indonesian code, SNI 1726:2012 (SNI [14]; see also
Sengara et al. [15]), also adopted risk-targeted maps. This methodology has also been applied for several other regions
worldwide, for instance, France [12], Spain [13], Romania (Vacareanu et al. [16]), Iran (Taherian and Kalantari [17],
Talebi et al. [18]); and at continental scale for Europe [11] and South America (Petersen et al. [19]). A state of the art
of the risk-targeting approach can be found in Douglas and Gkimprixis [20].

Nobrega et al. [21] briefly explored the impact of increasing the RP of design accelerations to 2475 years in the
state of Rio Grande do Norte (Brazil). In general, accelerations increased about 2-4 times. This is the expected
difference in stable continental regions ([22]). For such regions, the 475 RP is generally not a good predictor of the
maximum expected accelerations at a site ([22], Leyendecker et al. [23]). Therefore, some standards have begun to
increase the RP to 2475 years, which indeed led to a more uniform failure probability in the United States (see [10]).
At the same time, increasing the design hazard would obviously mean to increase construction costs in exchange for
safer structures. Thus, it should be a thoroughly discussed decision.

This calls for consistent approaches that weigh the many factors affecting earthquake risk, shifting the discussion
from the exclusively scientific sphere to all the stakeholders. This seems very convenient in Brazil, where most
engineers are reluctant to apply the seismic design provisions of ABNT NBR 15421:2006 (see Miranda [24]), let alone
the fact that developing countries suffer more when a natural disaster happens, because of social inequalities and poverty
(Markhvida et al. [25]).

The risk-targeted design can be a way to avoid such a dichotomy between uniformly increasing and reducing the
hazard level and, accordingly, the respective construction costs, as it allows for a more optimized structural design.
Risk-targeting approaches offer a more rational and transparent process, where the desirable failure probability (or any
other performance measure) is explicitly stated, and the seismic design loads are directly calibrated to achieve such
feature.

For Brazil, there is only the work of Petersen et al. [19], whose risk-targeted maps encompassed South America.
Petersen et al. [19] maps were generated based on ASCE 7-16 provisions [26] (acceptable collapse probability of 1%
in 50 years). For tectonically active regions, very conservative values of failure probability would be impractical,
because construction costs could become prohibitive (e.g., [17]). Depending on the cost of safety measures, the
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acceptance criteria can be relaxed (see ISO 2394 [27]). Contrastingly, Douglas et al. [12] considered the probability too
high for France and adopted a more conservative criterion (i.e., 107) . Therefore, in this paper, we seek to explore the

impact of different (and more restrictive) acceptance criteria, in view of similar works [11]- [13], as well as other
parameters considered in the risk-targeting methodology.

In this paper, prospective risk-targeted maps are generated for the Zone 1 of the Brazilian seismic design code [8],
in Northeastern Brazil comprising states of Ceara, Rio Grande do Norte and Paraiba, of Northeastern Brazil. Different
assumptions are considered and their impact on the final hazard map is evaluated and compared with current design
provisions. The results are insightful on the level of safety provided by the current provisions, and on the required
design accelerations if a more rigorous seismic performance is to be met.

2 ESTIMATE OF COLLAPSE PROBABILITY

Given a single location, the structural response due to earthquakes of a particular return period is inherently variable.
This stems from the fact that (i) for the same intensity level different events will cause slightly different structural
responses (record-to-record variability) and (ii) for a specific event, there are uncertainties in the system’s properties
(e.g., member’s strength and damping). Due to such factors, there is a probability of collapse for any acceleration level
(such as the design ground motion). This means that the frequency of collapse of a structure is not simply equal to the
frequency of an event exceeding the design ground motion, but rather also depends on these uncertainties. The collapse
probability of a system can be described by the total reliability theorem in Equation 1 (Melchers and Beck [28]), also
known as “risk integral” [20]:

ﬂ,-:J-[MP[C|1M:|-p(1M)d1M (M

Where P[C|IM] is the probability that a structure would collapse as a function of the intensity measure (IM) level
representing the ground motions, called Collapse Fragility Function, and p(IM) is the probability of occurrence of an
IM level, given by the derivative of the hazard curve. Basically, Equation 1 means that the total probability of failure
is a sum of the individual probability of failure for each intensity measure level weighted by the frequency that the
intensity level is exceeded. From Equation 1, it is possible to notice that changes in the shape of the functions P[C|IM]
and p(IM) affect the value of %;, and why a return period (representing only a single value of p(IM)) is unable to

provide a uniform 2; across a region.

For the sake of the example, let us borrow the collapse limit state fragility developed in Pereira et al. [29] (Figure 1a)
and perform the integral in Equation 1 using 40 hazard curves (Figure 1b) from the study of Petersen et al. [19] for
different sites in Brazil (red crosses in the map). All the hazard curves have the same acceleration related to the
475 years return period (=0.06g). The resulting annual collapse probabilities obtained from Equation 1 ranges from
1.16 x 10* to 4.15x 10, a difference of nearly 3.5 times. This means that, despite the same 475-year RP acceleration,
the seismic design would provide a considerably different safety margin for the same structure in these 40 different
sites. It is clear, from this, that one could make use of risk-targeted maps in Brazil.
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Figure 1. a) Fragility function for Collapse Prevention limit state from [29]; b) 40 hazard curves for different sites in Brazil
from [19].
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3 RISK-TARGETING METHODOLOGY

The conventional risk-targeting approach by Luco et al. [10] is adopted herein (Figure 2). It consists in an iterative
process involving a generic Collapse Fragility Function (CFF), assumed to follow a log-normal distribution,
parametrized by a dispersion (B) and the failure probability at the design acceleration IMp, P[C[IMp]. The value of
P[C|IMpb], IMp and B are used to find the median (or the mean) of the CFF, using log-normal distribution’s properties,
then the full shape of the curve. In the process, the CFF is progressively shifted towards higher values of IMp, and the
failure probability (p;) is calculated at each increment i using Equation 1. The shifting of the CFF reduces the failure
probability, and the process is terminated when the convergence of the target failure probability (pg; = prr) is reached,
meaning that the final IMp is the acceleration that provides the desirable failure probability (pgr). A summary of the
methodology is depicted in Figure 2.

PICIIM]
0

CFFuy
/

P[CIIMp] |-

My My My

Increase IMp,i=1+1 H

Determine the Collapse

Fragility Function (CFF))

Calculate risk integral (p;,)

™

Final IMp, value
(design value)

Figure 2. Conventional risk-targeting methodology, as per Luco et al. [10].

It should be noted that risk is typically expressed as the product between the failure probability and its consequences.
The consequences of collapse vary between different construction types (e.g., high and low-rise buildings or ordinary
and essential buildings) but this methodology does not account for this — it is assumed that the consequences are driven
only by the collapse itself, whereas in fact there are other direct and indirect consequences.

The states of Ceara (CE), Rio Grande do Norte (RN), and Paraiba (PB), in Northeastern Brazil, are selected as case study
(Figure 3), because they present a well-known relatively higher seismicity in Brazil’s territory [3]-[S], [29]. Considerably
populated state capitals are also located near the regions with the highest hazard in the case of CE and RN. Moreover, the three
states are in Zone 1 of [8], where seismic design is required. The hazard curves developed by Petersen et al. [19], publicly
available, are adopted in this paper. Petersen et al. [19] conducted a probabilistic seismic hazard and risk assessment for South
America, which one of the outputs were hazard curves for a grid of 0.1° spacing of latitude and longitude in South America. The
region adopted as the case study comprises 2111 grid cells. National, or local, hazard studies should always be preferred as they
always consider local features better, but, given the paucity of national studies, [ 19] is enough for the purpose of this study. Some
limitations of the hazard model are discussed in a subsection afterwards.

- Case study:
O’%\\ /3 P @ State capitals
-4
% >
Seismic zones: = -5
Zone 0: PGA = 0.025g = -6
Zone 1: PGA < 0.05g \ -7 %
Zone 2: PGA <0.10g ll -8t o 100 200 km
1

Zone 3: PGA <0.15g
Zone 4: PGA =0.15¢g

-40 -38 -36
Long. (°)

Figure 3. Brazil map with the seismic zoning according to [8], and the case study states.
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As already mentioned in Section 1, Petersen et al. [19] generated risk-targeted maps for South America consistent
with the ASCE 7-16 provisions [26] using the aforementioned hazard curves. Some differences between the approaches
therein [19], [26] and the one adopted in this paper are addressed in the following:

(i)  ASCE 7-16 provisions [26] are based on an acceptable pr of 1% in 50 years (2 x 10 in one year), and P[C[IMp] of 0.1.
Herein, more stringent values of probabilities (i.e., lower prand P[C|IMp])) are explored, based on more recent risk-targeting
studies conducted for other regions worldwide, especially low seismicity ones like Brazil [11]-[13];

(il) Design accelerations in [19] and in [26] are in fact a combination of probabilistic (risk-targeted) and deterministic
accelerations. The deterministic accelerations are estimated based on the knowledge of the existent hazardous
faults, and some predefined judgement-based lower limits, e.g., peak ground acceleration of 0.50g. The final
accelerations to be adopted in the map are the lesser between the deterministic and the probabilistic values.
Interested readers should refer to Leyendecker et al. [23] and Stewart et al. [30] for further information on this.
The deterministic accelerations are not considered in this study because of the lack of knowledge regarding
existent faults (e.g., Costa et al. [31]) and the absence of a discussion regarding any predefined values for Brazil.
This shall be explored in the future as more data on existent faults become available.

(i) In[26], design accelerations are multiplied by 2/3. This is based on an existent safety margin, due to code design
conservatism [23], [30], which, to the best of our knowledge, has never been stated for buildings in Brazil.
Therefore, this is not explored in the results of this paper. Other risk-targeted assessments carried out did not
consider these features as well [11]-[13], [16]-[18];

As consequences of item (i), two values are considered in this study for the annual pgr: 2 x 10# and 107 . The former
was considered by [10], [17], [18] and [26], whereas the latter was adopted by [12] and [13], and it is also consistent
with ISO 2394 [27]. Both values represent a lower and an upper bound of the values of pr encountered in the literature,
therefore intermediate values (e.g., [11]) should bring intermediate accelerations compared with the results of this paper.

Higher and lower design accelerations are expected for the lower and the upper values of p¢r, respectively. Some
discussion regarding the plausibility and reasonableness of such values as case study is necessary. The few existent
reliability assessments for structures in Brazil (Beck and Souza Junior [32]; Santos et al. [33],) demonstrated annual
failure probabilities ranging from 2.15 x 104 to 6.80 x 10, encompassing the two target values adopted herein. Recent
reliability-based calibration studies for the Brazilian codes ([32]; Santiago et al. [34]; Santiago et al. [35],) adopted
2.7% 107 for the target annual failure probability, which is in fair agreement with the lower bound investigated in this
paper. The inferior bound is also consistent with international standards for acceptable individual risk of fatality due to
structural failure, a probability of 10® per year for low seismicity regions [11]. The individual risk can be directly
related to the structural failure probability using fatality rate models, as described by [11]. Using the range of fatality
models discussed in [11] and the individual risk value, the target failure probabilities range from 2 x 10 to 3.57 x 10,
with 107 being obtained using the final model adopted by [11]. All that said, it is considered that both 2 x 10* and 10
are values worthy of investigation.

The value of P[C|IMp] is intrinsic to the structure and, in a way, measures their performance when subjected to the
design ground motion; lower values of P[C|[IMp] imply inherently stronger structures, and therefore the final risk-
targeted design accelerations required shall be lower. The values of P[C|IMp] adopted in the literature range from 10
to 107! [10]- [19]. Martins et al. [36] found that for buildings designed according to modern seismic provisions, these

values should be placed roughly between 107 to 102 . The performance of structures designed according to [8] has
never been appraised within a probabilistic framework. However, Pereira [37] evaluated non-seismic reinforced
concrete buildings designed according to Brazilian codes and found probabilities between 10~ and 107 for the Collapse
Prevention limit state, therefore adopting values in this range and lower seems reasonable. Since the value of P[C|IMp]
was found to considerably influence the results [12], [16], and given the lack of studies, two values of P[C|IMp] are
investigated: 10~ and 104 .

For the fragility’s dispersion [, only the value of 0.6 is considered. Values found in other works [10]-[19] range
mostly from 0.5 to 0.8. High values of B alongside low values of P[C[IMp] can generate collapse fragilities with
unrealistic shapes, i.e., very low failure probabilities even for very high values of accelerations, as demonstrated by [12].
Therefore, B = 0.6 seems a reasonable compromise between the values found in the literature, and it is also adopted in
ASCE 7-16 [26] provisions. Different values for B were also tested, providing smaller design accelerations for higher
dispersions, which is consistent with the finds by [11] and [13]. For simplicity, results are presented only for f = 0.6.

Risk-targeted accelerations are generated for PGA, Sa(T = 0.2s), and Sa(T = 1.0s). The PGA map is meant to be
used to generate a response spectrum (RS) compatible with ABNT NBR 15421:2006 [8], since the PGA and the site
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class are the only input needed. The other two risk-targeted maps (Sa(T = 0.2s) and Sa(T = 1.0s)) can be used to develop
a RS compatible with alternative methodologies, such as the one in ASCE 7-16 [26]. A possible change in the code [8]
RS shape has begun to be discussed ([21], Alves and Santos [38]); therefore, it seems convenient to contribute to this.
Moreover [18], demonstrated that risk-targeting affects each spectral ordinate differently. Hence, the three maps can be
useful for research and practice purposes.

Another issue is the spectral ordinate that the code spectrum in [8] refers to. Hazard curves from [19] are based on
the geometric mean of both orthogonal components of ground motions. However, it is unclear if the code’s response
spectrum is based on the geometric mean or the maximum component between the two orthogonal directions. The code
does not state this explicitly. The only published work (Santos and Lima [39]), to our knowledge, explaining some of
the assumptions of [8], mentions the use of a ground motion prediction equation akin to the geometric mean of the
spectral ordinates, but mentions no conversion to the maximum component. Thereby, the results generated in this paper
refer to the geometric mean. If one wishes to convert the accelerations to another type of spectral ordinate, factors are
available in the literature (e.g., [26]).

In the next subsection, brief comments on the hazard model by [19] are carried first to enlighten some aspects of
the results. Then the impact of the different input on the hazard map is evaluated in terms of the final accelerations, and
in terms of the Risk Coefficient [10], which is the risk-targeted acceleration divided by the uniform hazard acceleration
associated with a return period (Equation 2). The Risk Coefficient is evaluated relative to 475 years and 2475 years RP
accelerations (Cr 475 and Cr 2475, respectively) from the hazard assessment of [19] for each grid cell. Subsequently, the
risk-targeted accelerations are compared with the current design provisions by [8]. The results of the risk-targeting
assessment are made available at an on-line repository in GitHub (https://github.com/emvpereira/Risk-targeted-accel-
Northeastern-BR)

IM p, risk —targeted
Crorp=—2——— 2
IMp pp

3.1 Brief discussion on the hazard model

The color map in Figure 4a depicts the PGA values by [19]; note that PGA values were multiplied by 0.9 [26] to be
consistent with soil class B (same as [8]). The hazard maps developed by [19] outline a zone with a high hazard among
the states of PB and RN (Figure 4a). As noted by Pereira et al. [29], this higher hazard zone appears to be inconsistent
compared with the national catalogue or hazard assessments for the region (e.g., [4], [21]). In the following, this issue
is briefly addressed. Results of the risk-targeting approach are presented afterwards.

In [19], the hazard maps were generated using the smoothed seismicity approach, in which the seismic zones are
based on the occurrence of past earthquakes, and since they used an international catalogue, the locations and
magnitudes of the events may not be as precise as the ones presented in national catalogues. In Figure 4b, the declustered
catalogue wused in [19] (filled blue circles) is compared with the national catalogue (obtained in
http://moho.iag.usp.br/rq/event, last accessed September 11%, 2021) (unfilled circles). A particular event is also marked
with a star (discussed in the following). Two earthquakes of the catalogue used by [19] draw attention in Figure 4b, one
in western RN and one near the border between PB and RN (pointed by an arrow), because they seem not to appear in
the national catalogue. Note that the catalogue used by [19] considers only events with moment magnitude (M) higher
than 5.0; that is why there are much fewer filled blue circles in Figure 4b.

-3 O M<40
022 4 O e
0.17 e -5

T -6

0.12 a

-7
0.06

-8
0.01

-40 -38 -36
Long. (°) Long (°)

Figure 4. a) 475 years return period PGA map by [19] for B/C boundary soil class; b) Earthquakes in the region: national
catalogue (unfilled circles), catalogue by [19] (filled blue circles), and Sdo Caetano earthquake in 2006 (red star).

Rev. IBRACON Estrut. Mater., vol. 15, no. 5, €15505, 2022 6/15



E. M. V. Pereira, G. H. F. Cavalcante, R. B. Andrade, L. C. M. Vieira Junior, and G. H. Siqueira

Regarding the event in western RN (horizontal arrow), it is an historical earthquake that occurred in 1808 with
~MS5.0. This event appears in the catalogue compiled by Berrocal et al. [2]. The other event (vertical arrow), however,
appears to have occurred in the state of Pernambuco near the Sdo Caetano county (see Lopes et al. [40]), below PB (the
star marker in Figure 4b), because there is an event in the national catalogue that occurred at the exact same time (May
20th of 2006, at 4:26AM). In addition, it is an M5.0 event in [19], whereas in the national catalogue it is M3.6. The
consideration of these events caused the seismic hazard to be relatively high in this zone, unlike what is seen in other
national studies. The rest of the events appear in the national catalogue, evidently in slightly different locations, as
shown in Figure 4b, and with similar magnitudes.

In terms of accelerations (Figure 4a), 60% of the grid cells have PGA [19] larger than the code’s [8], which is 0.05g
for the entire region, but this number reduces to 20% for PGA/PGA_y4, > 2, and these cells are located right at the

previously mentioned zone. The point of this comment is to illustrate that, in most of the analyzed territory,
accelerations are not so different in terms of what is expected between different hazard assessments (e.g.,
Douglas et al. [41], Gkimprixis et al. [42]), not to mention the fact that they were developed using very different
methodologies. As mentioned, Petersen et al. [19] used smoothed seismicity models, whereas in [8] a diffuse seismicity
was used; the former also used logic trees to account for the epistemic uncertainties. In fact, high hazard zones by [19]
are nearly concentrated where the earthquakes in the catalogue occurred, which is a consequence of the methodology.

4 RESULTS AND DISCUSSIONS

4.1 Risk-targeting approach results

The results of the risk-targeting in terms of the maximum and minimum accelerations obtained within the grid
describing the studied region are summarized in Table 1 for each intensity measure. The risk-targeted design
acceleration maps (units of g) are presented in Figure 5. As expected, higher values of P[C|IMp] and lower values of

per caused higher accelerations. The consideration of P[C|IMp] = 102 and prr = 10 clearly generated the highest
accelerations (Figure 5c), with a maximum PGA of 0.71g, followed by a maximum of 0.49g using P[C|[IMp] = 10 and
per = 107 (Figure 5d).

Table 1. Comparison between the risk-targeted minimum and maximum accelerations.

M PfT P[C|IMp ] Min. (g) Max. (g)
S 1073 0.0099 0.2457
104 0.0072 0.1690
PoA 3 1073 0.0243 0.7121
104 0.0170 0.4890
S 107 0.0216 0.3807
104 0.0153 0.2614
ST =029 . 1073 0.0507 1.0763
104 0.0351 0.7382
- 1073 0.0088 0.0552
104 0.0063 0.0379
sty 0 107 0.0216 0.1528
104 0.0150 0.1050
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Figure 5. Maps with risk-targeted accelerations in units of g: a) P[C|[IMp] = 107 and prr=2x 104 b) P[C|IMp] = 10* and
per=2x10%; ¢) P[C|JIMp] = 107 and per = 107 ; d) P[C/IMp] = 10 and per= 107 .

The adoption of prr = 10 caused accelerations ~2.8 times higher on average than for prr = 2 x 10*. The adoption
of P[C|IMp] = 10 generated accelerations on average ~1.45 times higher than for P[C|IMp] = 10, keeping psr

constant. The coefficients of variation of the increment is =0.09 and ~0,01 when variating psr and P[C|IMp],
respectively. This small coefficient of variations of the increment between grid cells indicate that different values of
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per and P[C|IMp] do affect the value of the design motions but may have a slight effect on the disparities of accelerations
across a region.

These above comments outline how important the definition of the acceptable failure probability is to the
determination of the design accelerations in the risk-targeting process and can considerably affect the results. The effect
of P[C|IMp] demonstrated to be considerable as well, and this outlines the importance of carrying out studies to evaluate
the seismic performance of existing and new structures designed according to [8] in Brazil so that these seismic fragility
parameters are properly defined.

The common practice in seismic design (including in [8]) is to increase internal forces by an Importance Factor that
ranges from 1.0 for ordinary buildings to 1.5 for essential buildings to provide an additional safety margin because of
the building’s importance. The results, nonetheless, demonstrate that reducing pgr may require considerably higher
values of design accelerations than those proposed using the Importance Factor values from [8], which poses a question
on what would be the required reliability for such essential buildings, or what is the reliability provided by the
Importance Factor. If 2x10* is to be adopted as the target failure probability for ordinary buildings, and 107 for
essential buildings, an Importance Factor higher than 1.5 is needed, since accelerations increase about three times
between these two values of pgt. Of course, higher values than 10 could be adopted to avoid very high design loads
for such essential buildings. The main problem is the uncontrolled risk level provided by the Importance Factor that
may not be adequate for essential buildings.

The values of accelerations observed considering psr as 10 might be unfeasible in the Brazilian context, even for
essential buildings, and this could be an indication that the higher psr (or an intermediate value) may be more suitable
for the country. A secondary alternative to overcome this could be the definition of deterministic caps for the
accelerations (i.e., predefined accelerations), as adopted by [19] and [26], but this would require an in-depth discussion
on the values to be adopted.

The resulting risk coefficients relative to the 475 and 2475 return periods accelerations are presented in Table 2 and
risk coefficients map in Figure 6. Regarding Cr 475, it can be observed that it resulted in less than one for most of the cases,
meaning that the 475 RP acceleration is probably more than enough to guarantee an adequate safety for these cases. The
exceptions are for prr = 10° with PGA and Sa(T = 0.2s), and for psr = 2 x 10* but only with Sa(T = 0.2s). This means
that fixing a return period does not provide a uniform margin of safety among different periods of vibration and can lead
to non-conservative results. Regarding Cr 2475, only in one case the coefficient exceeded unity. Therefore, increasing the
RP of the design motions to 2475 years would not necessarily ensure an appropriate safety. Depending on the acceptance
criteria and on the period of the structure, it could be even unnecessary, and a smaller RP should be aimed for design.

Table 2. Comparison between the risk coefficients.

Cr,a75 CR,2475
M PfT P[C|IMbp]
Min. Max. Mean Min. Max. Mean
. 1073 0.26 0.71 0.42 0.14 0.210 0.17
2 x10°
10" 0.19 0.49 0.29 0.10 0.14 0.12
PGA
s 1073 0.63 2.47 1.23 0.33 0.73 0.50
107
107 0.44 1.70 0.85 0.23 0.50 0.34
. 1073 0.60 1.08 0.75 0.29 0.33 0.31
2 x10°
107 0.42 0.74 0.52 0.20 0.23 0.21
Sa(T = 0.2s)
s 1073 1.38 3.59 2.09 0.72 1.08 0.85
107
10" 0.96 2.46 1.43 0.50 0.75 0.59
. 1073 0.14 0.30 0.19 0.05 0.15 0.08
2x10°
1074 0.10 0.21 0.14 0.03 0.11 0.06
Sa(T = 1s)
s 1073 0.38 0.77 0.53 0.13 0.40 0.23
107
107 0.26 0.54 0.37 0.09 0.28 0.16
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Figure 6. Maps with Cr47s: a) P[C[IMp] = 107 and prr= 2 x 10%; b) P[C[IMp] = 107 and per = 2 x 10 ; ¢) P[C|IMb] = 107
and prr= 107 ; d) P[C|IMp] = 10* and prr= 107 .

But more importantly, a different pattern of distribution of the risk coefficient is observed in Figure 6 between
intensity measures. In general, for Sa(T = 1s) the risk coefficient resulted higher in the areas with low hazard (see also
Figure 4a). On the other hand, for Sa(T = 0.2s) and PGA the risk coefficient was higher in high hazard regions, but not
in proportional manner, since the highest Cr 475 are not observed in the high hazard region of Figure 4a. A similar trend
was also observed by [13] for Spain.

The comments in the last two paragraphs raise awareness that the adoption of a fixed response spectrum shape
solely with PGA as an input, as most codes do (including [8]), may underestimate or overestimate differently the design
loads depending on the period of vibration and the location of the structure, even when the PGA is risk-targeted. Similar
conclusions were also drawn by [18] for Iran. Improved equations for the determination of the response spectrum or
the provision of more discrete spectral ordinates (i.e., for multiple periods) should be adopted to overcome this issue.
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4.2 Comparison with current code provisions

In this section, the risk-targeted accelerations in each cell of the grid are compared with the code’s response spectrum
in [8] for the three IMs (Figure 7). The values of the code provisioned PGA, Sa(T = 0.2s) and Sa(T = 1s) for soil class
B are 0.05g, 0.125g and 0.05g, respectively. The intent of this section is not to draw conclusions on the adequacy of
the Brazilian code, but simply to compare the provisioned accelerations with the risk-targeted results. Results are
presented in Figure 8, where the shaded areas represent the sites where the risk-targeted accelerations exceed the code
provisioned and the color bar represents the ratio between these two.
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Figure 8. Comparison between the code’s and the risk-targeted accelerations
b) P[C|IMp] = 10 and prr = 2x 10#; ¢) P[C|[IMp] = 10 and per= 107 ; d) P[C]IMp] = 10* and per = 107 .
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It is noticeable that there is not a uniform safety margin for the three IMs considered, since the shaded area
considerably varies among figures. The difference is higher for low periods (i.e., PGA and Sa(T = 0.2s)), which affects
mostly low-rise buildings. Interestingly, in Figure 8b the risk-targeted Sa(T = 1s) resulted lower than the code’s in the
whole region, whereas in Figure 8a there is only a small area. It seems, therefore, that the safety level provided by [8]
is somewhat consistent with the one in [26] for long period structures (i.e., medium to high-rise frames). These results
for Sa(T = 1s) are somehow expected, since the shape of the RS of the Brazilian code is more similar to the RS of
tectonically active regions, that is, accelerations decay at larger periods than for the stable continental regions.

In Table 3, the risk-targeted accelerations are compared with the code provisioned accelerations for the capitals of
the three states in Zone 1 of [8] (see Figure 3), because of the high exposure of these sites. Risk-targeted accelerations
were taken from the grid cell in the coordinates 38.5°W 3.8°S, 35.2°W 5.9°S, and 34.90°W 7.1°S for the cities of
Fortaleza (CE), Natal (RN) and Jodo Pessoa (PB), respectively. As expected, Jodo Pessoa presents the lowest
accelerations; and the risk-targeted acceleration resulted lower than the code’s for all three IM. Results for Natal and
Fortaleza are similar; and the code spectrum seems to be consistent (or more conservative, except for PGA) with the
safety level intended by [26].

Table 3. Ratio between risk-targeted accelerations and code accelerations for the state capitals in Zone 1.

M Pf,T P[C|IMb] Fortaleza (CE) Natal (RN) Joao Pessoa (PB)
103 1.60 1.40 0.32
2x10™
10 1.10 0.96 0.23
PGA
103 4.99 4.68 0.79
107
10 3.41 3.21 0.55
1073 1.04 0.86 0.29
2x10™
10 0.72 0.59 0.20
Sa(T =0.2s)
S 103 3.35 2.56 0.74
107
10 2.30 1.76 0.51
1073 0.46 0.40 0.22
2x10%
10 0.31 0.29 0.16
Sa(T = 1s)
1073 1.30 1.20 0.59
107
10 0.89 0.83 0.41

A secondary issue should be brought to attention. Currently [8], says that structures in Zone 1 of the code (see
Figure 3) need to be designed only using a simplified procedure that consists in applying 1% of the floor’s weight as
lateral loads (0.01W), which, evidently, has no relation to any return period. It is unclear, however, if this procedure is
enough to guarantee structures with adequate safety. Given that 0.01W provides very low lateral loads relative to other
seismic design methods (see Dantas et al. [43], Paiva Neto et al. [44]), it is unlikely to affect the design of low or
medium-rise ordinary residential buildings, since the code minimum reinforcement ratio would likely prevail, or to
exceed the lowest risk-targeted accelerations (e.g., in Figure 5b and 5d). The question remains if the out-of-plumbness
and wind design loads would provide safe enough structures, but we believe that this is unlikely because such lateral
loads would not be considerable either, at least for ordinary residential buildings. Therefore, we understand that our
results bring attention to the need for the use of the more rigorous design procedure in [8] in Zone 1, instead of the
simplified procedure, especially for low-rise buildings.

4 CONCLUSIONS

Risk-targeted seismic hazard maps have emerged as an alternative to the widely adopted uniform hazard maps with
accelerations related to a fixed return period. In this paper, risk-targeted seismic hazard maps are generated for the
upper region of Northeastern Brazil considering different input for the methodology. The results demonstrate that
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accelerations lower than those associated with a 475 or a 2475 return period may be enough to ensure safe structures in
some regions, even when more rigorous acceptance criteria are required.

The adoption of the more stringent criteria for the failure probability caused the risk-target design accelerations to
remarkably increase (by a factor of three in some sites). Therefore, it seems of paramount importance the definition of
what would be the acceptable risk in Brazil and, based on the results, this definition has potential to substantially modify
the design provisions. The value of the Risk Coefficient depends on the intensity measure (i.e., the period of vibration)
and the structure’s site (i.e., site with relatively low or high hazard); therefore, the adoption of sole PGA, risk-targeted
or with a fixed return period, to build a design response spectrum can be non-conservative for some structures in some
sites. This calls for a more detailed code spectrum.

The results of this paper are obviously conditioned to the hazard model adopted [19], and the discussion in
Section 3.1 poses the question of its adequacy. Local hazard assessment studies are obviously better than the ones
conducted at large scale such as [19]. Despite that, given the paucity of hazard assessment studies in Brazil, this choice
is deemed reasonable, and we believe that this paper provides valuable information about the seismic risk in the country,
thus it contributes towards the improvement of design provisions. For sites near the state capitals (high exposure), the
reliability provided by [8] demonstrated to be consistent with [26].

The conventional risk-targeting methodology adopted by Luco etal. [10] is adopted in this paper, but other
alternatives should be explored in the future. More recent risk-targeting approaches can be used (Gkimprixis et al. [45]).
For that, pure reliability theory also has its means and can enable alternatives (e.g., additional safety coefficients) and,
therefore, should also be considered as an option. The target performance (failure probability herein) could be stated in
terms of other measures, for example, costs of failure, downtime, fatality rates, costs of repair, and indirect impacts.
Regardless, the point is that more robust procedures should be used to establish the seismic design requirements in
Brazil. We believe that changing the status quo of hazard maps can instigate society’s interest and its acceptance of the
importance of earthquakes in the country. Further studies should also address the performance of structures designed
according to ABNT NBR 15421:2006 [8] in a probabilistic framework to complement the results in this paper and
enable a reappraisal of some of the assumptions (e.g.,  and P[C|IMD]).

This is an exploratory study, not a proposal, which uses readily available hazard curves developed at continental
scale study, therefore the results herein should be used with parsimony by engineers when designing buildings, and
unconditionally never if they are lower than what is recommended by the national code. The results are made available
in an on-line GitHub repository (https://github.com/emvpereira/Risk-targeted-accel-Northeastern-BR), especially for
research purposes. Additional results generated for validation and not presented in this paper are also available. These
risk-targeted accelerations shall be used in future studies to investigate the impact in the design of new structures in
terms of reinforcement ratio, members’ cross-section and increase of construction costs.
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