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Abstract

Seismic risk analysis is the basis of advanced seismic
regulations of the world. Therefore, extensive research is
being done in the field of seismic risk analysis to solve the
previous weaknesses of seismic risk analysis. Classical
probabilistic seismic risk analysis (Cornell's method)
estimates the seismicity of the region by considering the
uniform distribution over the area and the large area. This
characteristic causes the seismicity of the area is not
estimated correctly in the areas near the fault, because the

area. In this research, the effect of pulse on the results of
probabilistic risk analysis has been investigated. The
obtained results indicate that the pulse effects have a
significant effect on the acceleration spectrum at close
distances within the period limit of 0.2 to 1. So in the period
of 0.5, this difference reaches 50% and with the increase of
the distance the impact of the pulse decreases in the period
limit and the amount of increase in the range of the spectrum
decreases.

movement of the earth in this area is different from the far
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1. Introduction

Engineering structures must be designed in such a way that they can withstand earthquakes without any damage or little
damage, therefore, the design of such structures requires an accurate estimation of the risk of the area, and it is very necessary
to consider the important features of seismic risk. Seismic risk analysis is used to quantitatively assess the seismic risk of an
area and determine the quantity of these earthquakes in the regulations (Farrokhirad & Gheitarani, 2024) I8, Seismic risk
analysis is done in two ways: Deterministic Seismic Risk Analysis (DSHA) and Probabilistic Seismic Risk Analysis (PSHA),
(Naghibi Iravani et al., 2024b) 1. In selecting the design earthquake and also calculating its value, when a structure is located
near the fault, it is very important due to the existence of special characteristics of the earthquake in the nearby area, and
special attention should be paid to this issue (Norouzian & Sarabi 2023) [2°,

In the conditions of the near field, the response of the structure and ground motion is especially different from the far field.
Such earthquake waves can cause serious damage to modern malleable buildings (Karimimansoob et al., 2024-a) 4, In fact,
during an earthquake, the fault breaks, and the waves propagate toward the site at a speed close to the speed of the shear wave
(Gheitarany et al., 2013) [*21, In the near field, the generated waves arrive at the site almost at the same time, which leads to the
occurrence of a detectable velocity pulse in the earthquake. This important feature in near-field records is known as the
directivity effect (Samami et al., 2024) [?61. Many studies have been done on engineering structures, and the results show it. The
pulse of records in the near field is effective in the drift of the first floor and the maximum drift of the floors and increases the
drift of the structure (Aghazadeh et al., 2019) [,

And then the damage to the structure increases, especially when the period of the speed pulse is close to the period of the
structure. Therefore, considering the effect of pulse in the analysis of seismic risk seems to be necessary (Gheitarani et al.,
2024) 1. A directional effect has not been seen in classical seismic risk analysis. Therefore, it is not suitable to estimate the
seismic risk of the nearby area using classical seismic risk analysis (Zakerhaghighi et al., 2015) B%. In recent years, efforts
have been made to consider the impact of the near-field pulse in seismic risk analysis. The existence of a pulse in the
earthquake record causes the range of ground motion to increase. Much research has been done to model the amplitude
increase of the response spectrum due to the pulse effect. For this purpose, two different ways of thinking have been proposed,
which are:

= Modeling with a uniform increase or decrease of the response spectrum in all periods.
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= Increasing the amplitude of the response spectrum over a range of periods close to the pulse period.

Tutang et al. (2007) presented a framework for considering the directionality effect in PSHA. In this method, the amplitude of
the response spectrum is increased in the range around the pulse period (the pulse period is chosen as the center) and no
assumption has been made for the level of amplitude increase (Kahvand et al., 2015; Aydin et al., 2020) [*3 4, Also, the period
range is completely experimentally calibrated. Shahi and Baker (2011) modified the framework based on the pulse shape
characteristics of the earthquake record. They detected the pulse in a direction different from the normal fault direction and
used it to calibrate the pulse prediction model. Their revised framework includes a model for predicting the probability of pulse
occurrence for the geometry of the seismic source site and pulse period distribution. Ciocarelli and Irolino (2012), by applying
changes in the classical seismic risk analysis formulas, considered the directional effects in seismic risk analysis (Naghibi
Iravani et al., 2024a) 4],

They considered the fault geometry in full and the distance vector in more detail. They also calculated the probability of pulse
occurrence according to the geometrical conditions of the site, and by using the attenuation relation modified by Baker (2008),
they included the pulse effect in the response spectrum. Compared to the previous methods, this method includes the effects of
the near field in the analysis of seismic risk in a more comprehensive way. In this article, the basics of probabilistic seismic
risk analysis in the near area are explained. By providing an example, the effects of a fault pulse on different sites have been
investigated. Finally, the interpretation of the results of different methods of seismic risk analysis has been done.

2. Probabilistic seismic hazard analysis of the near NS-PSHA area

The main goal of probabilistic seismic risk analysis is to calculate the probability of exceeding a certain limit for all possible
earthquakes. Cornell was the first to present a classical method for calculating (PSHA). Classical probabilistic seismic hazard
analysis (Cornell's method) estimates the seismicity of the region by considering uniform distribution over the area and the
large area (Aghazadeh et al., 2017; Aghazadeh et al., 2018) 2 31, To consider directional effects in seismic hazard analysis, the
classic PSHA can be modified by highlighting the ground motion feature, which is referred to as line analysis.

Ay = U'J.J.G(S;LM;R)(SG

M .R)f\ o (M .R)dM dR @)

In this relation, M is the magnitude of the earthquake, R is the distance from the site to the source of the earthquake, v is the
average annual rate of occurrence of the source earthquake, fm .= (M.R) The joint probability density function of magnitude

and distance, and Cem Past conditional probability Sa For a certain value, it is large and distance. To consider the pulse
effect, the method presented by Ciocarelli and Irolino (2012) has been used (Khanian et al., 2019; Aghazadeh et al., 2019) (&
1. For this purpose, it is assumed that there are two faults in a specific place and in the nearby area, one of which produces a
normal earthquake and the other is capable of producing a pulse earthquake record. So, NS-PSHA includes two risk

expressions. In equation 2, an expression for the absence and one for the coincidence of the pulse, respectivelyand , Asa Nopuise
another Asa putse is shown (Gheitarani et al., 2013; Aghazadeh et al., 2018) [*%.3],

ﬂ’sa = j'Sa,NopuIse + ﬂSa,PuIse 2

Since the effect of these two parameters depends on the probability of pulse occurrence, the weight of the two terms of relation
(2) is determined by the probability of pulse occurrence. Therefore, in PSHA NS- three new and important issues should be
considered: 1) probability of pulse occurrence, 2) pulse period, and 3) impact of pulse on the amplitude of ground motion. To
calculate the probability of occurrence of the pulse, the stochastic model for predicting the probability of occurrence of the
pulse, which was presented by Irolino and Cornell (2008), was used (GHADARJANI & GHEITARANI, 2013; Sarabi et al.,
2023) [ 21, This model only depends on the geometric characteristics described in Fig 2 and it is different for the fault along
the slip direction and the slip slope. Equations (3) and (4) express the probability of pulse occurrence for strike-slip fault and
strike-slip fault, respectively (Karimimansoob et al., 2024-b) [16],

@ 0.859-0.111R +0.0195-0.0440
W =P (Pulse|R,s,60) = 0.859_0.111R +0.0195 00449
l+e @A)
@ 0553-0.055R ~0.027d ~0.027¢
W =P (Pulse|R,d, ) = 0.553-0.055R —0.027d —0.027¢
l+e 4)

In relations 3 and 4, S is the distance of the focal point from the site in the strike-slip fault and d is the focal distance from the
site in the strike-slip fault, which is measured in the direction of failure. 6 The angle between the fault and the path of the
center of the focus to the site ¢ is the angle between the fault plane and the path that connects the center of the focus to the site,
and R is the shortest distance between the location of the fracture and the site (Gheitarani et al., 2020; Maleki et al., 2024) [°
91, The range of changes of the variables of relationship 3 and 4 is shown in Table 1.
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Fig 1: Geometrical parameters (a) sliding direction (b) sliding slope

Table 1: The range of changes of the variables used in relation 3 and 4

s (km) d (km) 0 [0) R(km)
Straight-slip fault 0-40 - 0-90 - 0-30
Slope-slip fault - 0-20 - 0-90 5-30

Assuming the existence of two modes of pulse occurrence and non-occurrence, the probability of pulse non-occurrence is
calculated using equation 5.

w =P (Nopulse) =1—P (Pulse) 5)

Nopulse
As mentioned, apart from calculating the probability of pulse occurrence, the pulse period and the impact of the pulse on the
range of ground motion should also be included in risk analysis calculations.

Somerville, 2003, has stated in his studies that the pulse period depends on the source parameters, including the time of sliding
on the fault and the size of the fault, and generally increases with the magnitude of the earthquake (Aydin et al., 2020; Dizaji et
al., 2023) * 51, The value of the pulse period (Tp) depends on the magnitude of the earthquake. Our linear relationship between
the magnitude of the torque and the logarithm of Tp has been confirmed by all those who have researched this issue. In this
research, the relation of Ciocarelli and Irolino (2012) is used to predict the pulse period, which is presented in relation 6
(Aghazadeh et al., 2017) 2,

Ln(T,) = —6.19+1.07M,, ®)

To consider the pulse on the ground motion amplitude in NS-PSHA, modifications should be applied to the ground motion
prediction equations (GMPE). To have a proper GMPE that includes the pulse effect, you can use Baker's model (2008). This
model models the changes resulting from the pulse in the elastic spectrum of the normal record. Whose mathematical
relationship is in the form of the following relationship (Ghadarjani et al., 2013).

[N, () =Ln(s, @ )+e " )

In this equation £7(5. )| the logarithm of the normalized GMPEs spectral acceleration and LnS.(T)) the logarithm of
spectral acceleration of GMPEs has been modified. Equations 8 and 9 are obtained from the expansion of equation 2 for a fault
whose failure mechanism is not yet defined.

Z is a vector that describes the distance between the earthquake source and the site.

/’lSa,nopulse = UJ‘IW NopulseG(Sa\M ,Z)(Sa M 7Z )f M,z (M ’Z )dM dZ

®)

s, putse :umw,,u,seca(s'mnm)d‘M 21, MLZ T o (T, [MLZ)fy, (M, Z)dM dZ dT,

9)
Equation 8 is related to the pulse-free record and is weighted according to the probability of no pulse occurrence, and the rest

of the terms are the same as Equation 1. Equation 9 is related to the record with a pulse, which is determined by the probability
weight of the pulse (Sarabi & Norouzian, 2023) 24, It is possible to calculate the spectrum of the record with a pulse, from
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modifying the existing GMPEs, and with the index G s.moam .z 7,) has been investigated. Hence, the modification of
conventional GMPEs depends on the pulse period after the distribution faumzTp M. Z) required for analysis.

fuz(M,Z) The joint probability distribution between earthquake magnitude and geometric parameters is the same as the
normal PSHA. The difference is in the more defined details between the source and the site according to the distance variables
in relation 1 (Sarabi & Norouzian, 2023) 24,

To describe the Z vector, the type of failure must be determined first. For a unique landslide source with fixed dimensions and
geographic location, the geometric characteristics required to calculate the seismic risk are:

The length of the fracture (which is less than or equal to the length of the fault), the position of the fracture on the fault P, and
the location of the epicenter E are shown in Fig 1. These parameters are determined by existing relationships and R, S, 0
vectors. Therefore, we replace vector Z with vectors E, P, and L in equations 8 and 9, and equations 10 and 11 are obtained.

25, rapase = O] [[WepueG s o 2 (Sa[M L PLE )T o oy (o (PLE IMLLYE (LML, (M )dM dL 0P dE 10
jS‘,pulse =
uﬂmwpu,seeﬁmw e Samon ‘M LPETOf iy Mo M) oy (PLE ML)y (LIM).F,, (M )dM dL dP dE dT, (11)

The numerical solution of equations 10 and 11 is like the flowchart shown in Fig 2.

3. Model and results

To investigate the effects of the pulse in the near area of a fault, a hypothetical 200 km long slip has been defined with four
sites.

The results of NS-PSHA are compared with the results of conventional and deterministic probabilistic risk analysis.
Hypothetical sites are in line with the fault and are located at a distance of 5, 10, 15, and 20 km from the highest point of the
fault. The location of the site relative to the fault is shown in Fig 3. For the seismic characteristics of the region, the b value
(Gutenberg-Richter constant) is assumed to be equal to one, and the maximum and minimum values are assumed to be equal to
7.5 and 4.5, respectively.

Also, to reduce the calculations, the large distribution with three discrete values 5, 6, and 7 is considered. The discrete
probability is calculated according to the magnitude of the earthquake according to the type of probability density function
model (Gutenberg-Richter or characteristic earthquake). Selected seismic intensity (IM), and elastic spectral acceleration for
the return period of 10,000 years are considered. To calculate the elastic spectral acceleration, four reduction relations of
NGAO08, Abrahamson and Silva (2008), Burr Watkinson (2008), Campbell and Bozorgnia (2008), and Chiu Viang (2008) have
been used.

sS4
S3
s2
S1

L

Fualt

Ruptur

Epicenter

Fig 2: Geometric characteristics of the fault and the studied site

In the site, the spectrum obtained from PSHA is lower than all the spectra obtained from other methods. In fact, in the near
field area, the PSHA method underestimates the risk. The spectrum obtained from the NS-PSHA method shows the pulse
effects caused by near-field waves. The pulse caused by the directional effect affects the acceleration spectrum in the range of
0.1 to 2 seconds, and the biggest difference between this spectrum from the PSHA spectrum is in 0.5 seconds (Dizaji et al.,
2023) B,

On the site, you can also see the impact of the pulse on the acceleration spectrum. In this limited site, the influence in different
periods and the increase of the range of the spectrum has been reduced compared to the site (Zaker Haghighi et al., 2014) 29,
This trend of reduction in the site is evident so that the increase of the range of the spectrum in the period is 0.1 to 1. This
downward trend continues on the site as well, so that the difference between the two spectra reaches zero. In all sites, the
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DSHA method has estimated the amount of risk more than the other two methods, and with increasing distance, the value of
the acceleration spectrum in this method decreases.
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Fig 3: Acceleration spectra obtained from the methods PSHA (dashed line), NS-PSHA (black dashed line), DSHA (gray line and dot) a) site
b) site c) site d) site
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Fig 4: Ratio of spectral acceleration resulting from NS-PSHA (gray column), DSHA (dashed line column) methods to PSHA a) site b) site c)
site d) site

Fig 4 shows the ratios of the spectral acceleration of different methods to the spectral acceleration of PSHA. The maximum
ratio for NS-PSHA and DSHA methods is equal to 1.46, and 5.48 respectively. In the NS-PSHA method, the maximum ratio
has occurred around the period of 0.5 seconds, while in the DSHA method, it has occurred in the above periods. It can be seen
that the spectral acceleration ratio of the DSHA method is very different from other methods in the period of periods higher
than one second (Khanian et al., 2013; Mohammad & Norouzian, 2023) [*7-20],

The reason for this can be explained in the following way: Firstly, the investigated index is the ratio of spectral acceleration
obtained from different methods compared to PSHA, and in sites where a fault is considered, the amount of spectral
acceleration obtained from PSHA is much higher than DSHA is less. With the increase in the number of faults, the amount of
spectral acceleration resulting from the PSHA method has increased, while the acceleration value obtained from the DSHA
method may remain constant. Secondly, larger magnitudes affect the spectral acceleration in high periods, so the spectrum
resulting from DSHA in high periods is very different from the spectrum of PSHA. In Fig 5, you can also see the effect of the
pulse at different distances. The maximum ratio of NS-PSHA spectrum in the site is equal to 1.32, 1.18, and 1 respectively, all
of which occurred within 0.5 seconds.

4. Conclusion

In this research, taking into account the important characteristics of earthquakes in the near area in risk analysis, the details of
the NS-PSHA method were presented. Risk analysis calculations were done by selecting a 200 km long fault for four sites
located at a distance of 5, 10, 15, and 20 km from it. The sites have been selected in such a way that the probability of pulse
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occurrence is high. For the target site, seismic risk analysis for three different risk analysis methods was compared for a return
period of 10,000 years. The obtained results indicate that the pulse effects have a significant impact on the acceleration
spectrum in close distances so that in some periods this difference reaches 50%. As the distance increases, the impact of the
pulse decreases. In addition, it was shown that the DSHA method is very different from the PSHA in high periods, but the NS-
PSHA method in high periods does not have a great effect on increasing the range of the spectrum.
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