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ABSTRACT

A METHOD FOR PROBABILISTIC SEISMIC HAZARD ANALYSIS OF
EARTHQUAKE MAGNITUDE TO BE USED IN A LIQUEFACTION
POTENTIAL ASSESSMENT

Aydogan, Batuhan
Master of Science, Earthquake Studies
Supervisor : Prof. Dr. Bahadir Sadik Bakir
Co-Supervisor: Assoc. Prof. Dr. Mustafa Tolga Yilmaz

January 2025, 95 pages

Cyclic stresses during earthquakes cause shear strain accumulation and excess pore
water pressure, leading to soil liquefaction in extreme cases. In 1975, Seed and
colleagues suggested that seismic demand on liquefiable soils could be modeled by
a series of uniform shear-stress cycles normalized by the effective stress on the
shearing plane. Later, the seismic demand was related to earthquake magnitude and
peak ground acceleration. In this study, a method to estimate the magnitude to be
considered in liquefaction potential assessment is suggested. The impact of
earthquake magnitudes on seismic demand for liquefaction is represented by a
relationship between the number of uniform shearing cycles and earthquake
magnitudes. This relationship is developed by using the magnitude scaling factor
suggested by Youd et al. in 2001, later implemented in 2018 Seismic Code of
Tiirkiye as a benchmark. A logarithmic model between liquefaction resistance and
number of cycles is applied on 234 acceleration time histories to regress the
relationship, such that the model coefficients yield a conditional mean consistent
with this benchmark. Then, it was possible to develop an empirical prediction

equation for cyclic stress ratio corrected for the event magnitude. This prediction



equation was based on the functional form of Akkar and Bommer (2010). The study
concludes with a seismic hazard analysis, applying the developed GMPE for generic
faults to calculate the seismic stress ratio to be exceeded with a specific probability
within a given time frame, so that the final effect of event magnitude can be

calculated.

Keywords: Liquefaction, magnitude scaling factor, equivalent number of cycles,

ground motion prediction equation, seismic hazard analysis
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SIVILASMA PQTANsiYELi ANALIZINDE KULLANILACAK DEPREM
BUYUKLUGU ICIiN BIR SiSMiK TEHLIKE ANALIiZi YONTEMIi

Aydogan, Batuhan
Yiiksek Lisans, Deprem Caligmalari
Tez Yoneticisi: Prof. Dr. Bahadir Sadik Bakir
Ortak Tez Yoneticisi: Prof. Dr. Mustafa Tolga Yilmaz

Ocak 2025, 95 sayfa

Depremler sirasinda meydana gelen c¢evrimsel gerilmeler, kesme deformasyonu
birikimine ve asir1 bosluk suyu basincina yol agarak asir1 durumlarda zemin
stvilagsmasina neden olur. 1975 yilinda Seed ve ¢alisma arkadaglari, sivilasabilir
zeminler tizerindeki sismik talebin, kayma diizlemindeki efektif gerilme ile
normalize edilmis bir dizi uniform kayma gerilmesi ¢cevrimi ile modellenebilecegini
One silirmiistlir. Daha sonra, bu sismik talep deprem biiyiikliigii ve maksimum yer
ivmesi  ile iliskilendirilmistir. Bu calismada, sivilasma  potansiyeli
degerlendirmesinde dikkate alinmasi gereken deprem biiyiikliigiiniin tahminine
yonelik bir yontem Onerilmektedir. Deprem biiyiikliiklerinin sivilagsma igin sismik
talep lizerindeki etkisi, uniform kayma ¢evrimlerinin sayis1 ile deprem biiyiikliikleri
arasindaki bir iligki ile temsil edilmektedir. Bu iliski, Youd ve arkadaslari tarafindan
2001 yilinda 6nerilen ve daha sonra 2018 Tiirkiye Deprem Y onetmeligi'nde referans

alman deprem biiytikliigl diizeltme katsayis1 kullanilarak gelistirilmistir.

Sivilagma direnci ile gevrim sayis1 arasindaki logaritmik bir model, 234 ivme zaman
gecmisine uygulanarak bu iliskinin regresyonu yapilmis ve model katsayilariin

belirtilen referansla tutarli bir kosullu ortalama sagladig1 goriilmiistiir. Boylece,

vil



deprem biiyiikliigii i¢in diizeltilmis ¢evrimsel gerilme oran1 tahmini i¢in ampirik bir
denklem gelistirilmistir. Bu tahmin denklemi, Akkar ve Bommer (2010) tarafindan
onerilen fonksiyonel form temel alinarak olusturulmustur. Calisma, genel faylar i¢in
gelistirilen yer hareketi tahmin denkleminin kullanildig1 bir sismik tehlike analizi ile
sonuclandirilmistir. Bu analiz, belirli bir zaman diliminde belirli bir olasilikla
asilacak sismik gerilme oranini hesaplamayr saglamis ve deprem biiylikliigiiniin

nihai etkisinin belirlenmesine olanak tanimistir.

Anahtar Kelimeler: Deprem calismalari, deprem biiytikliigl diizeltme katsayisi,

esdeger dongiisel yiik sayisi, yer hareketi tahmin denklemi, sismik tehlike analizi

viil
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CHAPTER 1

INTRODUCTION

1.1 Research Statement

During seismic motion, cyclic-induced stresses lead to the accumulation of shear
strains and the excess pore water pressure, which in turn results in a reduction of soil
stiffness. This process can culminate in soil liquefaction, a phenomenon that has

garnered significant attention due to its severe consequences.

The term liquefaction is defined as the loss of strength and/or rigidity in a soil that is
partially or fully saturated with water due to the application of shear stress. As a
result of the loss of strength and/or rigidity, the soil begins to behave as if it were a
liquid. In general, liquefaction occurs in saturated cohesionless loose soils
(predominantly sand) during seismic events. It has also been observed that non-
plastic silts can be susceptible to liquefaction. The seismic demand on soils is

expressed by the seismic stress ratio, initially referred to as cyclic stress ratio (Youd

et. al. 2001).

The seismic opportunity for liquefaction is related to the cyclic stress ratio (CSR),
defined as the amplitude of shear stresses normalized by effective normal stress. The
seismic opportunity is also related to the earthquake magnitude, since the number of
shearing reversals are dependent on the duration. To facilitate this adjustment, Seed
and Idriss (1982) introduced correction factors, namely "magnitude scaling factors"
(MSFs). However, the magnitude to be taken into consideration in assessment of
liquefaction potential is not well defined in seismic codes, whereas this is usually not

considered in the probabilistic seismic hazard analyses.

For instance, the Seismic Code of Tiirkiye (2018) provides a function for calculation

of the magnitude scaling factors. This function is primarily proposed by Youd et al.



(1999). On the other hand, the seismic hazard on a specific site is related to the
possibilities of a range of event magnitudes. Therefore, the selection of an average
magnitude to estimate the magnitude scaling factor is not straightforward.
Consequently, either the magnitude scaling factors shall be implemented in seismic
hazard analysis, or a method to calculate the weighted average of magnitude shall be
used. These two possibilities are related to each other, and they need empirical

relationships yet to be developed.

1.2 Literature Survey

Basically, earthquake magnitudes are related to the number of equivalent uniform
stress cycles to be considered in assessment of liquefaction assessments. The effect
of magnitude can either be empirically estimated by data from case studies after
earthquakes, or by relating the magnitudes to the number of uniform cyclic stress
amplitudes that can be applied in laboratory tests on specimens. In the following, the
empirical relationships for estimation of magnitude effect on liquefaction potential,
and the methods that relate the cyclic shear stress ratio to earthquake magnitudes are

presented.

1.2.1 Equivalent Number of Stress Cycles

The concept of the "equivalent number of cycles" is fundamental in the assessment
of cyclic liquefaction, particularly in laboratory assessments. A uniform series of
load cycles is described by an amplitude, frequency of load cycles and a number of
cycles (Liu et al. 2001). The underlying idea is that the irregular motions generated
by an earthquake can be modeled as an equivalent number of uniform stress cycles
to simplify laboratory experiments. This number of cycles will be denoted as Ne,.
The concept of equivalent number of cycles is critical, as it provides a practical
metric for comparing the duration of seismic motions, and consequently it underpins

MSFs used in field-based liquefaction evaluations.



Seed et al. (1975) principally drew a parallel between metal fatigue and soil
liquefaction, adapting the Palmgren—Miner theory to compute the N, for earthquake-
induced motions. In liquefaction assessments, these relationships are established
experimentally and are commonly referred to as CSR-Nj,; curves. Here, N,
represents the number of loading cycles necessary to trigger the onset of liquefaction.
A CSR-Njj, curve's shape and position are highly influenced by factors such as soil
fabric, density, effective confining stress, and other soil properties. To generalize the
relationship for sands, Seed et al. (1975) introduced a normalized version of the
CSR-Nji4 curve, ensuring it represented the typical behavior of sands under cyclic
loading. The procedure proposed by Seed et al. (1975) for calculating N, involves
computing a weighted average of the peaks in an acceleration time history, where
the weighting function is defined by the normalized CSR-Nj;, curve. The normalized
curve proposed by Seed et. al. (1975), and later adapted by Lesley et. al. (2017) is
illustrated in Figure 1. Any peak of irregular shearing history is normalized to the

65% of maximum value by adding its equivalent number of cycles to the Ne,.
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Figure 1. Normalized CSR-Nj;, curve (Lasley et al., 2017).

It is important to highlight that this method is based on the assumption that the ratio
of ground surface acceleration to the peak ground acceleration (a/amax) 1s equivalent

to the ratio of the cyclic stress ratio to the maximum cyclic stress ratio at any depth



in soil (CSR/CSRmax). The amplitude of each cycle is defined as the maximum value
between successive zero crossings in the time history. Since earthquake acceleration
peaks are seldom symmetrical about the zero axis, a peak above the axis represents
only half a cycle of loading. To address this, Seed et al (1975) calculated the number
of equivalent cycles separately for both the positive and negative peaks in time
history. The average of these values was considered as the N, for the record. The

average relationship is approximately

In(N,,) = —1.405 + 0.547M,, (D)

Liu et al. (2001) adapted the model of Seed et al. (1975) to develop an empirical

relationship based on past earthquake events, such that;

1

{exp[1.53 + 1.51(M,, — 5.8)]}_§
1015M,, +16.05

In(N,q) = 291058 +0.755 + 0.095R [+¢ (2)

where f is shear wave velocity at the earthquake source (suggested as 3.2 km/s), S
equals to O for rock sites or 1 otherwise, R is defined as the closest distance to the
rupture plane from source in kilometers, and ¢ is normally distributed error term with

a mean of zero and a standard deviation of 0.56.

Biondi et al. (2004) adapted the model of Seed et al. (1975) to develop a N,
relationship from past earthquake events. They treated each ground motion
component individually and used the weighting factor curve identical to Seed et al.
(1975). Biondi et al. (2004) suggested several prediction models, whereas their

simplest equation is
In(N,q) = —4.995 — 0.4536 In(amay) + 3.204In(M,,) + ¢ (3)

where ¢ is the error term with zero mean and a standard deviation of 0.68.

Green and Terri (2005) established the relationship for Ve, through Palmgren-Miner

theorem based on energy concepts. The suggested relationship for N, is



X wa,

N, = ——— 4
eq ZHDYTfef )

for
Trer = 0.65ymax(|t; ) max(|z,|) (5)

where T 1s reference amplitude, max(|z;|) and max(|z2|) are the maximum absolute
values of the two components of shear stress induced in the soil profile at a given

depth, w is the absorbed work (or dissipated energy), G, and Dy are degraded shear

modulus and damping ratio at shear strain (y) corresponding to T

Lee (2009) adapted the model of Green and Terri (2005), to the equivalent linear site

response analyses of six soil profiles. The proposed N, relationship is
ln(Neq) = exp(c12) + ;R + M, + c5 + ¢ (6)

where ¢; to cs are the model coefficients, z is depth below the ground surface, and ¢
is error term. Lee (2009) presented regression coefficients separately for each

ground-motion database (i.e. WUS and CEUS) which are provided in Table 1.

Table 1. The regression coefficients for Lee's (2009) estimation equation for Neg,

adapted from Lasley et. al. (2017).

Motion database C) ) C3 C4 Cs o
WUS —-0.0101 1664 0.131 0.122 =211 0.50
CEUS —0.0190 1.857 0.136 0.050 -1.77 0.59

Lasley et al. (2017) used a number of models considered in literature to develop an
empirical prediction relationship for MSF. However, they used a different database
for ground motions and soil profiles. They implemented three different functional

forms to account for multidirectional shaking. The functional forms are

ln(Neq) = a1+a2 ln(amax) + a3Mw + 6event + 6profile + 60 (7)



ln(Neq) = by + b,My, + b3 In(R) + Sepene + 5pr0file + & (8)

where a; to a3 and b; to b3 are the regression coefficients, devens and dprofite are the
random effects terms that correspond to an average event residual and the average-
profile residuals respectively, and oy is also a residual term. In the third alternative,
the equation proposed by Green and Terri (2005) is utilized. The amplitude of the
equivalent cycle was consistently defined as 0.65 times the geometric mean of the

maximum shear stresses encountered at a specific depth.

Hence, various correlations for N, to be considered in liquefaction assessments have
been developed since Seed et. al. (1975) over the years. These correlations also
justified the relationship between earthquake magnitude and N.,. Therefore, for an
empirical assessment of in-situ liquefaction potential without using more expensive
cyclic testing opportunities in laboratory, several researchers suggested statistical
analyses of past events to estimate the effect of event magnitude on liquefaction

potential. These studies are summarized in the following section.

1.2.2 Magnitude Scaling Factors

Magnitude scaling factors (MSF) play a crucial role in liquefaction triggering
analyses by accounting for the effects of irregular cyclic loading from earthquakes
of varying magnitudes on liquefaction potential. These factors rely on both the
characteristics of the applied seismic loading and the soil’s response, reflecting the
principles of fatigue behavior. The primary objective of MSF relationships is to
capture the essential influencing factors while maintaining a level of simplicity
suitable for practical use. Seed and Idriss (1982) investigated the cyclic shear
strength of soils under varying confinement levels through laboratory testing and
introduced magnitude scaling factors based on the laboratory tests. These factors
were defined by dividing the cyclic stress ratio corresponding to the number of
loading cycles for the earthquake magnitude, Mw 7.5, which corresponds to 15

loading cycles. Their analysis yielded a set of MSFs derived from the average



number of loading cycles associated with different earthquake magnitudes and the

results of laboratory tests. These values are presented in Table 2.

9
CSRu7.5 ©)

Table 2. MSFs proposed by Seed and Idriss, 1982.

(&)
. Jil-M

Earthquake No. of representative Ton -
Magnitude, M cycles at 0.65 7,0 <"_)i M= 7.5
85 26 0.89
A 15 1.0
634 10 1.13
6 5-6 1.32

514 2-3 1.5

Idriss (1995) revisited the dataset originally used by Seed and Idriss (1982). In this
reassessment, Idriss identified a significant outlier in the original analysis that had
skewed the results, leading to a nonlinear trend and unrealistically low MSF values
for M,, below 7.5. As a result of this reconsideration, Idriss proposed a revised set of

MSFs, expressed through:

102.24

MSF =55 (10)

w

Later, Idriss (1999) introduced a new set of MSFs as

M,
MSF = 6.9 exp (— TW) —0.058 MSF < 1.8 (11)

This latest relationship of Idriss (1999) is constrained to a maximum value of 1.8 for

small earthquake magnitudes, approximately corresponding to the range M,, < 5.25.

Ambraseys (1988) derived empirical exponential equations that express the CSR as

a function of corrected SPT blow count, (N1)so and M,,. By keeping the (N1)so value



constant within the equations and calculating the ratio of CSR for different
earthquake magnitudes relative to the CSR for magnitude 7.5 earthquakes, the MSF

relationship could be built.

Arango (1996) developed two sets of MSFs. The first set is derived from the most
distant observed liquefaction effects relative to the seismic energy source, the
estimated average peak accelerations at these distant sites, and the amount of seismic
energy necessary to induce liquefaction. This set of MSFs are shown in Table 3. The
second set was derived from energy principles and the relationship established by
Seed and Idriss (1982) between the number of equivalent stress cycles and
earthquake magnitude. The second set of MSF is shown in Table 4, whereas the

second can be calculated by

1
15\2
MSF = (12)
(%)

Table 3 MSFs derived by Arango (1996) built on consideration of distant
liquefaction sites

Earthquake Equivalent uniform | Magnitude scaling
magnitude number of cycles factor
(1) (2) (3)
8.25 384 0.63
8 26.7 0.75
7.5 15.0 1.00
7 9.6 1.25
6 38 2.00
5.5 1.7 3.00

Table 4. MSFs Derived by Arango (1996) built on Seed et. al. (1975) suggestions.

Earthquake Equivalent uniform | Magnitude scaling
magnitude number of cycles factors

(1) () 3)

8.5 26 0.76

7.5 15 1.0

6.75 10 1.22

6 5-6 1.65
5.25 2-3 245




In their study on liquefaction resistance in relation to shear wave velocity (Vs),
Andrus and Stokoe (1997) established bounding curves for sites where surface
liquefaction either occurred or did not occur during earthquakes with magnitudes of
6.0, 6.5, and 7.0. MSFs were then calculated by employing Eq. (1). These MSFs can

be expressed as

M.\ ~2:56
MSF = (—W) 13
7.5 (13)
Youd and Noble (1997a, 1997b) conducted a probabilistic (logistic) analysis to
evaluate case history data. This analysis led to the formulation of the estimation

equation

Logit(P,) = —7.0351 + 2.1738M,, — 0.2678)(N,)ocs
+3.0265In (CSR) (14)

where P is the probability that liquefaction occurred, and (Ni)socs is the corrected
equivalent clean-sand blow count in an SPT test. Consequently, Youd and Noble
(1997a) proposed three sets of MSFs, corresponding to liquefaction occurrence

probabilities of less than 20%, 32%, and 50%.

Table 5. Youd and Noble (1997a) recommendations for MSF.

MSF
Magnitude, M,,
P1<20% PL<32% P1L<50%
5.5 2.86 3.42 4.44
6.0 1.93 2.35 2.92
6.5 1.34 1.66 1.99
7.0 1.00 1.20 1.39
7.5 - - 1.00

Kayen et al. (2013) employed shear wave velocity as a parameter to evaluate soil's

seismic resistance to liquefaction. They used Bayesian regression and structural



reliability methods to apply a probabilistic approach to the dataset, leading to the
MSF relationship:

MSF = 15M;,1342 (15)

Boulanger and Idriss (2014) developed a model linking the relationship between
MSF and b. They revised the MSF relationship from Boulanger and Idriss (2008) to
incorporate the influence of soil particle characteristics on MSF variation. This

approach enables the generation of MSF curves for varying b values.

b

N M,

MSF =1+ 0.65 BLS -1 (8.64 exp (——W) - 1.325) (16)
( /4)cycle 4

where 3/4 of a cycle stands for the equivalent uniform cyclic loading at peak stress
in earthquakes dominated by a single strong shaking cycle, where the loading ranges

from 1/2 to 1 cycle.

Kishida and Tsai (2014) introduced a MSF relationship that accounts for the soil
parameter b, which represents the slope of the relationship between CSR and the
number of uniform loading cycles required to reach failure. Consequently, the
significant influence of soil properties on MSF relationships is evident in Figure 2.
Figure 2 indicates that for soil sites which exhibit higher b values yield a larger MSF
across magnitudes, M,, between 5.0-7.5. However, for magnitudes beyond 7.5, the

situation is reversed. Magnitude M,, 7.5 is taken as the reference value.

10
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Figure 2. MSF relationships proposed by Kishida and Tsai (2014), adapted from
Boulanger and Idriss (2014).

Boulanger and Idriss (2014), and Kishida and Tsai (2014) used 42 and 3500 ground
motions respectively on category D (soil) sites to observe the effect of b on N, for
M,, in the range 7.3 to 7.6 and for PGA in the range 0.11g to 0.51g. The analyses of
Boulanger and Idriss (2014) shown in Figure 3 support that N, is stationary for

b>0.25.

11




A ' L ' L
This study: 42 motions, site category D,
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Figure 3. Variation in number of equivalent cycles with parameter b, adapted from

Boulanger and Idriss (2014).

Cetin et al. (2018) developed liquefaction triggering correlations by using
probabilistic regressions based on the maximum likelihood estimation (MLE)

method. They proposed the following relationship for calculation of MSFs:

—2.324
w

M
MSF = (ﬁ) for5.5< M, <84 (17)

Finally, the MSF values defined by various researchers are presented in Figure 4 for
magnitudes between 5.5-8.0. The relationship expressed by Seed and Idriss (1982)
is overly conservative compared to other relationships. Youd et al. (2001) suggested
MSF relationship of Idriss (1995) as the lower bound, and that of Andrus and Stokoe
(1997) as the upper bound of MSF estimation. In general, these relationships can be
attributed to parameter b, which is more specifically discussed in the following

section.
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1.2.3 Weighting of Irregular Loading Cycles

Material coefficient for liquefaction resistance, so called “b” value is basically

described as
logCSR =a + blog(Neq) (18)

This parameter determined usually by laboratory testing of specimens is substantial
to convert an irregular time-history of ground motion to a uniform number of stress
cycles to be considered in testing or analysis. Figure 5 shows an example for this
relationship due to the cyclic tests on sands obtained by frozen sampling methods.
Yoshimi et al. (1989) reported b as 0.34 for the densest site (curve D in Figure 5).
For three sands of intermediate strength, b is reported as 0.41, 0.27, and 0.13 (curves
C3, C1, and B). For the loosest soils, b is reported as 0.15 (curve A). Similarly, the
sand from Duncan Dam (Pillai and Stewart 1994, Figure 5) yields the lowest b value
of 0.08.

v LA ALl v v v AR A AA ]
Yoshimi et al. (1989): Cyclic TX (A, B, C1, C3, & D)+
Pillai & Stewart (1994): Cyclic DSS (Duncan Dam)

DLl '

‘.&4
C31 ~
C1q& Brra. .34
—x-0.41

[XY
/

1
/'
D>

i 0.13

B 'k&’___*_
*—Duncan Dam ‘ 0.27- =
~0-0- ~ |
A =Jm04 0.15

b=0.08

Cyclic stress ratio, CSR

o
-

1 10 100
Number of cycles to failure

Figure 5. Cyclic tests on sands obtained by frozen sampling techniques (Boulanger

and Idriss, 2014).
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Liuetal. (2001) conducted a comprehensive review of the available data, considered
the results of simple shear tests, and consequently recommended b as 0.37. Idriss and
Boulanger (2004) conducted a similar analysis and proposed b as 0.34.
Consequently, many researchers reached b values that are above the threshold where
Ney becomes insensitive to this parameter according to the study of Boulanger and
Idriss (2014). Nevertheless, the representative range of b values consistent with
MSF-M,, relationships shown in Figure 4 is yet to be estimated. This estimation is
crucial for developing prediction methods for M, to be used in the conditional
assessment of liquefaction potential. The basic probabilistic method of seismic

hazard analysis is presented in the following section.

1.24 Seismic Hazard Analysis

Liquefaction hazard mapping began in the early 1970s and has progressed over the
decades. A significant milestone was the introduction of the "simplified procedure"
by Seed and Idriss (1971). While this method was not specifically created for hazard
mapping, it brought analytical rigor to the process. It also enabled a more quantitative

evaluation of liquefaction-susceptibility zones.

As a preliminary understanding of the concepts “liquefaction opportunity” and
“liquefaction susceptibility”, Youd and Perkins (1978) defined a geological criteria
and enhanced mapping techniques. They introduced two component maps: one for
liquefaction susceptibility, and the other for liquefaction opportunity. These maps
were compared to create a "liquefaction potential" map. Youd et al. (1978) applied
susceptibility and opportunity criteria to create maps for the San Fernando Valley.

and extended across much of southern California.

Liquefaction opportunity measures the likelihood of ground shaking strong enough
to cause liquefaction. Key factors include the distribution of earthquake source
zones, expected seismic activity, wave attenuation with distance, and local soil

amplification of motion. Regionally, it is assessed using three criteria: (1)

15



magnitude-maximum distance, (2) magnitude-liquefaction severity index, and (3)
magnitude-peak acceleration (Youd, 1991). These metrics are easily integrated into
probabilistic analyses. To create liquefaction opportunity maps from peak
acceleration maps, both earthquake magnitude and acceleration must be accounted
for (Youd, 1991). Opportunity maps are typically created using probabilistic
methods, and they are expressed as probabilities of exceedance over a specified time

period. Hence, this approach is related to the probabilistic seismic hazard analysis.

Seismic hazard analysis entails the calculations to develop a cumulative probability
distribution function (CDF) for ground motion parameters at a specific location. The
seismic hazard may be assessed either deterministically, where a specific earthquake
event is assumed, or probabilistically, where uncertainties associated to the
magnitude, location, and timing of an earthquake are factored explicitly. The
probabilistic seismic hazard analysis (PSHA) offers a systematic framework through
which the uncertainties can be identified, quantified, and integrated to yield a more
comprehensive CDF for ground motion function. A PSHA for a given location
involves calculating the probability that a certain earthquake characteristic, such as
peak ground acceleration, will surpass a specified value (e.g., >0.1g) within a defined

time frame (e.g., in the next 50 years).

The effective design of earthquake-resistant structures necessitates estimating the
anticipated intensity of ground shaking, represented by ground motion parameters
with physical or statistical relevance to the mechanisms of failure. The predictive
relationships typically represent ground motion parameters as functions of
earthquake magnitude, distance to seismic source, and various additional factors
primarily including site conditions. Douglas (2011) summarized 289 GMPEs
published between 1964 and 2010. Stewart (2013) created visual representations to
illustrate the multi-dimensional space of predicted ground motions (including
magnitude, source-to-site distance, structural period, etc.) to better understand
GMPEs. These plots include pseudo-spectral acceleration (PSA) versus magnitude

in Figure 6, and PSA versus distance in Figure 7.
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Figure 6 demonstrates that the KEA06 and FEA10 models lack magnitude saturation.
That means PSA acts linearly with moment magnitude. This characteristic makes
them less suitable for selection, as it can result in unreasonably large or small ground
motion predictions. Figure 7 reveals that certain models, such as BA0OS, CYO0S,
MEAO06, and ZEAO06, exhibit steeper reduction for distances exceeding 70-100 km.
This behavior is attributed to their inclusion of effective anelastic attenuation.
Consequently, a possible prediction equation for CSR is expected to be sensitive to
the functional form of equation. Some examples of these predictive equations,

basically to be used in this study are presented in the following.

10km

e £
& 2
a ™
—— AS08
AB10
—— BADS'
; cBo8
1 1
0¥ ——CY08
107 7 FEA10
, / KEADB
10 i - ——— MEADB
‘U"‘ 1 1 i 1 1 i 1 1 ] ZEADS

Magnitude (M_)

W

Figure 6. Magnitude scaling of predicted PSAs for pre-selected GMPEs for various
structural periods and site to source distances for rock site conditions (AS0S:
Abraham and Silva, 2008, AB10: Akkar and Bommer, 2010, BA08’: Boore and
Atkinson, 2008, CB08: Campbell and Bozorgnia, 2008, CY08: Chiou and Youngs,
2008, FEA10: Faccioli et al., 2010, KEA06: Kanno et al., 2006, MEA06: McVerry
et al., 2006, ZEA06: Zhao et al., 2006) (Stewart et. al., 2013).
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PSA (9)
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Figure 7. Distance decay of predicted PSAs for pre-selected GMPEs for various

structural periods and magnitudes for rock site conditions (Stewart et. al. 2013).

As an example of functional forms, Akkar and Bommer (2010) estimated
coefficients for prediction of pseudo-spectral acceleration (PSA) between periods of
0.00s — 3.00s by using the strong-motion data from Tiirkiye. The maximum
likelihood method of Joyner and Boore (1993) was used for estimation of model

coefficients. The functional form is

log(PSA) = b1 + sz + b3M2 + (b4 + bsM)log ’Rjzb + bg + b7SS + ngA
+b9FN + blOFR + &0 (19)

where, Ss and Sy are set to 1 for soft (V30<360 m/s) and stiff soil sites, otherwise
being zero; Fyy and Fr are respectively set to 1 for “normal” and “reverse” fault types,
otherwise being zero, ¢ is the multiplier for standard deviations of log(PSA), and ¢
is the total standard deviation. ¢ is equal to the square root of sum of squares of o;
and o2, where o; is intra-event and o> is inter-event components of ground motion
parameters. The estimations of coefficients for this prediction model is given in

Table 6 for T=0.01s (PGA).
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Table 6. Coefficients of AB10 Model.

b b bs by bs bs
1.04159 0.91333 -0.0814 -2.9273 0.2812 7.86638
b; bs by bio o1 02
0.08753 0.01527 -0.0419 0.08015 0.261 0.0994

Kale et al. (2015) developed a ground-motion prediction equation for Tiirkiye and
Iran between periods of 0.00s-4.00s by using strong motions from Middle East
region. The model operates within a moment magnitude range of 4 < M,, < §, with
the maximum Rj being 200 km. It incorporates a functional form that accounts for
three primary fault types: strike-slip, normal, and reverse. The nonlinear soil
behavior, dependent on V3o, is taken into consideration. The magnitude saturation is
modeled by using a second power of magnitude term. Therefore, five terms were
contributing to the prediction of geometric means of horizontal spectral accelerations

and maximum ground velocity.
In(Y) = fmag + fais + f:Sof + faar + fsite (20)

The model involves factors for magnitude scaling (fnae), geometric decay (fais), style
of faulting (fso), site effects (fsie) and anelastic attenuation (faut) to predict the median

of logarithm of ground motion parameter (In(Y)).

Another component of seismic hazard analysis is the probabilistic function that
expresses the likelihood of event magnitudes for a seismic source, namely the
magnitude-recurrence relationship. Fundamental relationship was developed by
Gutenberg and Richter (1944), conducting an extensive study on historical
earthquakes in southern California. They categorized the data by the number of
occurrences that surpassed various magnitudes. The annual rate of exceedance for a
specific earthquake magnitude yielded a simple relationship. The Gutenberg-Richter

law is represented schematically in Figure 8.
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Figure 8. The schematic representation of Gutenberg - Richter law on mean annual

rate of each earthquake magnitude (Kramer, 1996).

Youngs and Coppersmith (1985) formulated a magnitude-frequency density function
that merges an exponential distribution for lower magnitudes with a uniform
distribution around a characteristic earthquake magnitude. Recurrence relationships
based on this function are provided in Figure 9. Other models incorporating
characteristic earthquakes have been proposed by Wesnousky et al. (1984), and by
Wu et al. (1995).

10 T 1 T I I 1 ]

~ Bounded
G-R model .

101F
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10 /!
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10.5 Lo i 1

Magnitude, m

Figure 9. Comparison of Gutenberg Richter and Characteristic models (Youngs and

Coppersmith 1985).
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Several alternative recurrence models have also been proposed. Merz and Cornell
(1973a) introduced a quadratic expression to represent the mean annual rate at which
earthquakes of magnitudes between My and M, are exceeded. Shah et al. (1975)
employed a bilinear recurrence model in a seismic risk assessment for Nicaragua.
Additional methods involved modifying the Gutenberg-Richter law based on seismic

moment and fault slip, as developed by Lomnitz-Adler and Lomnitz (1979).

As probabilistic seismic hazard analysis (PSHA) has evolved to become more
detailed and realistic, it is now common practice to break down the relative
contributions to the hazard from various random components of the problem. These
components typically include the earthquake magnitude, the source-to-site distance,
and often ¢, which represents the variation of the ground motion from the predicted
median value. This process, conducted separately for each fault and subsequently
aggregated for all faults in the region, is referred to as the disaggregation of PSHA
(Cornell and Bazzurro, 1999).

The idea of determining the mean magnitude (M) and distance (R) of seismic events
contributing to ground-motion exceedance at a specified return period was first
proposed by McGuire and Shedlock (1981). Similarly, Kameda and colleagues in
Japan explored the concept of M and R within single-hypothesis PSHA, excluding
input uncertainties (Ishikawa and Kameda, 1988, 1991, 1993). Additionally, various
studies (e.g., Stepp et al., 1993; Chapman, 1995; McGuire, 1995) have disaggregated
seismic hazard into components by magnitude, distance, and residual (¢), identifying
events that most influence site-specific hazard levels. This involves summing the
annual exceedance frequencies of the target ground-motion amplitude for each
period (7) across M, R, and €. These frequencies are then divided by the total hazard
(overall annual frequency) to determine the probability that a specific combination
of M, R, and ¢ caused the exceedance (McGuire, 1995). Consequently, the
disaggregation technique can be used for identification of most likely event
magnitude for maximum acceleration that is related to seismic (or, cyclic) stress ratio

by Seed and Idriss (1975). Nonetheless, this approach is yet to be justified.
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1.3 Scope

The scope of this study is an implementation of probabilistic hazard analysis for
cyclic stress ratio, such that an average (or, most significant) magnitude to be used
in liquefaction assessment can be retrieved. The calculations are primarily adjusted
for the magnitude scaling factor presented in 2018 Seismic Code of Tiirkiye, which
is widely used in engineering practice after Youd et al. (2001). This is a necessity,
since the magnitude to be considered in liquefaction analyses is not shown on the
country-scale seismic hazard map, whereas either the peak ground acceleration or
the relevant spectral parameter is available. This limitation of hazard maps is also a
shortcoming in other country maps for seismic hazard. For this purpose, a number of
prediction equations for cyclic stress ratio are developed, and these equations are
implemented in a generic seismic hazard analysis. However, certain constraints on
the minimum peak ground acceleration and maximum average shear wave velocity
were applied during the development of these equations. These constraints are
essential to exclude ground motions that are insufficient to trigger liquefaction.
Further details on these limitations are provided in Section 3.2. Then, the effect of
magnitude-recurrence models on the hazard is also investigated. The method is
examined by comparing the calculated average magnitude to be used for liquefaction
potential assessments with those determined by alternative methods, such as the

disaggregation technique.

22



CHAPTER 2

METHODOLOGY

2.1 Introduction

In this study, a method to estimate seismic demand through implementing cyclic
stress ratio in seismic hazard analysis is proposed. However, the earthquake
magnitude to be used for analysis of liquefaction potential on any given spatial
coordinates is not specified in most seismic codes, including the 2018 Seismic Code
of Tirkiye. The seismic hazard on a specific site is related to the possibilities of a
range of event magnitudes. Therefore, the selection of an average magnitude to

estimate the scaling factor for liquefaction potential analysis is not straightforward.

To implement MSFs in seismic hazard analysis, empirical GMPEs are developed
using the functional form of Akkar and Bommer (2010). To do that, regression
techniques were applied on the strong-motion database, such that the cyclic stress
ratio CSR standardized for top of the ground is considered as the estimated intensity
parameter. The parameter b in Eq. (30) is applied on 234 acceleration time histories
to count the number of equivalent uniform cycles at 65% of maximum CSR during
a ground motion (see Section 3.3). The figures for b to fit the magnitude scaling
factor (MSF) defined by Youd et al. (2001), which is later used by 2018 Seismic
Code of Tiirkiye, is determined empirically. Thus, N, could be counted for each
ground-motion record, and consequently CSRs could be standardized for the event
magnitude of 7.5. Then, comparing the CSR standardized for earthquake magnitude,
M,, of 7.5 and CSR that is not standardized for a specific hazard level, the
predominant magnitude to be used in liquefaction assessment can be calculated by
using MSF relationship. This approach is also compared with the result of

disaggregation in seismic hazard analysis. Also, seismic hazard analyses are
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performed by considering different magnitude recurrence laws to observe the effect

of source modeling on the effect of predominant magnitude.
The methodology is briefly described by the following steps.

1- Determination of b that relates Ne, to M,, that fits to the MSF relationship of
Youd et. al. (2001) in the mean,

2- Calculation of standardized and non-standardized CSR for each record to be
used in development of empirical GMPEs,

3- Execution of probabilistic seismic hazard analysis based on these GMPEs to
compute CSR with and without magnitude standardization,

4- Disaggregation of seismic hazard analysis to determine predominant
magnitude for CSR, and comparison of this magnitude with that calculated
by the ratio of two CSRs, with and without magnitude correction.

Details regarding the concepts used in the analysis are provided in the following

sections.

2.2 Cyclic Stress Ratio

The seismic demand on soils to initiate liquefaction is represented by the parameter
cyclic stress ratio (CSR). Seed and Idriss (1971) estimated the CSR generated by

earthquake ground motions at a depth z below the ground surface as

PGA o,
CSR = 0.65-— -— -1y (21)
g 0y

where, g; is the vertical total stress, o is the vertical effective stress at depth z. The

parameter 74 is a stress reduction coefficient that adjusts for the flexibility of the soil

column. 74 = 1 indicates rigid body behavior, and it is valid at z equals 0.

Although CSR is dependent on ratio of normal and effective vertical stress and stress
reduction factor, these depth-dependent parameters can be ignored to express this

intensity measure on top of the ground for simplification. Hence, CSR on ground is
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PGA
CSRy = 0.65'7 (22)

23 Equivalent Number of Stress Cycles

The earthquake-induced non-uniform cyclic stress patterns are converted to an
equivalent series of uniform stress cycles. The effect of each cycle of an irregular
pattern is converted to another amplitude by using weighting factors (Boulanger and
Idriss, 2004). For this purpose, a relationship between CSR and the number of

uniform stress cycles is necessary.
CSR = a = NP (23)

Consequently, the number of cycles required to induce the same liquefaction

opportunity at two different CSR levels are related as

1
b

& _ (CSRB) (24)
Np CSRy4

The peak counting method of Seed et al. (1975) is implemented. The maximum
amplitude between zero-crossings is defined as a peak amplitude and considered to
represent one half cycle. Substituting Ny7.5s for N4 as the mean number of cycles for
a magnitude M, 7.5 event, CSRwm7.5 for CSRa as the scaled cyclic stress ratio for its
magnitude, Ne, for Np as the equivalent number of cycles for the ground motion for

its cyclic stress ratio on ground, Eq. (24) improves to

1
b

Ny s _( CSRy )

Neg  \CSRyys

(25)

The mean number of cycles for a magnitude M,, 7.5 event is yet to be determined
statistically. N, is to be counted for each acceleration history as explained in the

following paragraphs. The magnitude scaling factor can be defined as

25



MSF = 26
CSRm7s (26)
or, after Eq. (26)
b
N7 5)
MSF = ' (27)
( Neq

Eq. (27) shows the relationship between the parameter b, Ny7s5, and MSF.
Consequently, this relation justifies the dependence of predominant magnitude to be
considered in liquefaction potential assessment to the function defining MSF.

Substituting Eq. (10) in Eq. (27);

102.24 N b
= ( M7'5> (28.a)
Mw Neq
or,
( 2.24) (2 56)
Neg = Ny75 X 10V b /X M,\b (28.b)
or,
1 M5>°
log(Neq)zglog Toz2s + log(Ny75) (28.¢)

The parameter b that fits MSF proposed by Youd et al. (2001) can be determined by
a regression analysis. However, the left side of Eq. (28.b), Neg, is also dependent on
b, so the relationship is nonlinear. An iterative procedure shall be followed to

determine optimum b.

To explain the dependency of Ne, on b, and how this is calculated, Eq. (28. c) shall
be reconsidered for counting equivalent number cycles. Due to Eq. (24), the
equivalent number of uniform stress cycles at 65% of maximum acceleration shall

be calculated. The substitution of CSRg = 0.65-@max, and CSRa = a@peax yields
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1
Na _ <0.65 X amax>b 29)

N B apeak

where N4 is the equivalent number of stress cycle at 0.65 times amax, and N3 is taken
as 1. As explained in Section 1.2.1, the equivalent number of cycles are calculated
individually for the positive and negative stress amplitudes. Consequently, the
average of cumulative number of cycles in two directions represents the equivalent
number of cycles for the acceleration history. Therefore, the total number of uniform

cycles for an acceleration history is

z <|O 65 X Apmax
eq 2 Apeak

24 The Prediction Equation for CSR

1

b
> (30)

Empirical prediction equations for the cyclic stress ratio, standardized for a specific
number of cycles, are developed based on magnitude, distance, and site conditions.
These equations use the functional form proposed by Akkar and Bommer (2010),
which is abbreviated as AB10 in this study. The primary reason for utilizing AB10
is its simplicity and its incorporation of strong ground motions specific to Tiirkiye.
This functional form was built to estimate the maximum ground motion acceleration

PGA as the spectral acceleration at the period (7) of 0.01 s.

The AB10 model is simplified due to the limitations applied on the database used in
this study. Since the records with V30 < 300 m/s are considered, Ss and S4 in Eq.
(19) are set to 1 and 0 respectively. Consequently, the prediction equation is reduced

to the form:

+heFp + €0 31)
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The liquefaction potential of soil is dependent on the duration of shaking, which is
related to the event magnitude. The average effect of magnitude is estimated by
calculating the ratio of CSRn to CSRwm7 .5 defined in Eq. (9). To develop the empirical
prediction equations for CSRx and CSRwmy s, simplified AB10 model in Eq. (31) is
used. In other words, CSR is proportional to PGA ignoring duration effects, whereas
CSRuwmy7 s is the ratio corrected according to the number of cycles, taking magnitude
M,, 7.5 as the reference. CSR and CSRwm75s are calculated for the strong-motion
database in Section 3.2. With magnitude M,,, distance Rj» and factors for fault types
are known, the coefficients of the prediction equations are calculated using MATLAB

(https://www.mathworks.com/). The "fitnlm" function is used to fit the data to a

nonlinear regression model, aligning with the functional form of Eq (31).

Prediction models for CSRm7.5 can be directly utilized in hazard analysis since it is
already weighted for magnitude. However, either MSFs have to be applied on
predicted CSR, which is proportional to PGA, or a disaggregation of hazard
technique has to be implemented to determine the predominant magnitude for
magnitude correction. Accordingly, GMPEs are developed for CSR and CSRwm75
employing the same functional form, so that the effect of magnitude on liquefaction

opportunity can be implicitly computed through the hazard integral.

2.5 Seismic Hazard Analysis

Probabilistic seismic hazard analysis (PSHA) of cyclic stress ratio is employed to
develop a method in which the weighted average of magnitudes is calculated. A
PSHA may be decomposed into four steps, as explained by Reiter (1990). The

calculation steps are demonstrated in Figure 10.

1. The initial step involves specifying and characterizing the potential earthquake
sources, along with determining the probability distribution for potential rupture
locations within each source. Source characterization entails defining the geometry

of each source zone and assessing its earthquake-generating potential.
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2. The next task is to characterize the seismicity, or the temporal distribution of
earthquake recurrence. A recurrence relationship, which defines the average
frequency at which earthquakes of a particular magnitude or greater occur, is used to

describe the seismic activity of each source zone.

3. The third step requires determining the ground motion at the site that could result
from earthquakes within each source zone. This is achieved using predictive
relationships. The uncertainty related with these predictive models is also factored

into the PSHA.

4. Finally, all uncertainties regarding earthquake location, size, and the prediction of
ground motion parameters are integrated to calculate the probability that a specific

ground motion parameter will be exceeded within a given time frame.

McGuire (2004) presented the seismic hazard integral as
vIC >c] = Zvjf 1) P;[C > c|s at l]P[S at l]d5dl (32)

Where y is the frequency with which c is exceeded from earthquakes at source j, S is
a vector of source properties, v; is the rate of occurrence of earthquakes of interest at
source j, P;[C > c|5 at [] is the probability that c is exceeded at the site, conditional
on an earthquake at source j, with properties § at location /, P[Satl] is the

probability that an earthquake with source properties S occurs at location /.

In most cases the quantities in [s at [] are magnitude and distance. Assuming both
of them to be independent, the probability of exceedance function can be expressed

as

yIC > c]l = Yv;[ [ PIC > c|m, r]f;n(m) fr(r)dmdr (33)

where fn(m) and fz(r) are probability density functions for magnitude and distance.
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Figure 10. Four steps of PSHA (adapted from Kramer, 1996).

The computer program R-Crisis (http://www.r-crisis.com/) is used for PSHA. The
seismic hazard of ground motion parameter (CSRn) is then computed for 10%
exceedance probability in 50 years, which corresponds to the return period of 475
years for CSRn. The seismic analysis is conducted for three different prediction
equations, which produce intensities of CSRn, CSRN/MSF and CSRm7.5. The hazard

for any specific parameter is then disaggregated to observe the dominant magnitudes.

2.5.1 The Ground Motion Prediction Equation

The prediction equations that are explained in Section 2.4 are used for analysis to
calculate CSR conditional to magnitude, distance to fault, and V39 of site. The
variances of the prediction equations are also considered. Besides, the peak ground
acceleration (PGA) prediction by the GMPE of AB10 is also considered for

comparison purposes.
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2.5.2 The Magnitude-Recurrence Relationship

Two alternative magnitude-recurrence relationships, the characteristic and the

truncated exponential models are considered in this study.

In the implementation of the characteristic magnitude-recurrence relationship by
Youngs and Coppersmith (1985) within the R-CRISIS software, the exceedance rate
for a given earthquake magnitude on a seismic source is described mathematically

as

o[- o5 “ﬂ

"o g

Here, ¢ represents the standard normal cumulative distribution function, while M

A(M) = A My <M< M, (34)

represents the earthquake magnitude. M, and M, correspond to the threshold
(minimum) and maximum characteristic magnitudes, respectively. EM represents
the expected value of the characteristic earthquake magnitude, while s corresponds
to its standard deviation. The parameter 4, indicates the exceedance rate associated
with the threshold magnitude M, and basically calculated by

Jo=— (35)

tm
where ¢, is the median value of the time between characteristic earthquakes.

In addition, a slip-predictable behavior can be modeled assuming that EM grows with

the time elapsed since the last characteristic event (700), formulated as
EM = D + FIn(T00) (36)

where parameters D and F are model coefficients. In this study, the effect of time is
omitted. Therefore, F'is set to 0. As a result, EM becomes equal to D regardless of

the time elapsed. This is also equal to M,,.
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For the truncated exponential magnitude recurrence model (or, modified Gutenberg
— Richter model), earthquake magnitude recurrence is characterized based on Cornell

and Vanmarke 1969.

exp(—RM) — exp(—1My)
exp(—BM,) — exp(—13My)

AM) = 2, where My < M < My, (37)

Here, f# is 2.303h, which describes the relative likelihood of large and small
carthquakes. 8 is determined as 2.07 corresponding to b value of 0.9, conventionally
used in seismic hazard analyses. The coefficient of variation of # may be introduced
to account for the uncertainty in 5. However, it is considered as 0 due to lack of

reasoning.

2.5.3 Disaggregation of Seismic Hazard

The methodology of PSHA facilitates the estimation of the mean annual exceedance
rate at a given location by various magnitudes at different distances from the site.
However, this exceedance rate is not directly linked to a specific magnitude or
source-to-site distance. To address this, the disaggregation calculations are applied,
allowing the exceedance rate to be represented as a distribution function for
parameters such as magnitude or distance. Mathematically, this means detachment
of terms from the integrals of Eq. (33). The results of disaggregation can be
visualized to observe the dominant magnitudes at different distances. Figure 11 is
presented to simplify disaggregation, visualizing the joint distribution of M, R, and ¢

for seismic events. (McGuire, 1995).
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Figure 11. Contribution to hazard by magnitude, distance and standard deviation

(McGuire, 1995).

2.6 Calculation of Predominant Magnitude for Liquefaction Assessments

In Section 4, seismic hazard analyses are performed using the ground motion
prediction equations derived in Section 3.4. As a result, cyclic stress ratios are
determined for models with and without magnitude correction. The ratio of these
stress values yields the predominant magnitude scaling factor specific to a return
period. The earthquake magnitude is back-calculated using Eq. (10). Additionally,
disaggregation techniques are applied to the hazard analysis, and the results of

different approaches for estimation of the predominant magnitude are compared.
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CHAPTER 3

PREDICTION EQUATIONS FOR CSR

3.1 Introduction

In order to develop a relationship between CSRwm7 s, scaled due to magnitude effects,
the strong-motion databases of PEER (https://ngawest2.berkeley.edu/) and AFAD
(https://tadas.afad.gov.tr/) are used in this study. 234 time histories are investigated
from 71 different earthquakes with moment magnitudes ranging from magnitude M,,
5.5 to 7.8, with maximum absolute accelerations amax ranging from 0.05g to 0.86g,
with maximum Joyner-Boore distances (Rj») of 227 km, and with maximum V39 of
300 m/s. In the following summary statistics for this acceleration histories are
presented. All records were corrected either by PEER or by AFAD for the possible

high and low frequency noise in the raw records.

3.2 The Strong Motion Database

The histograms for the distribution of My, amax, Vsso, Rjp, fault mechanism and
stations in the database are presented in Figure 12. The median value for M., @max,
Vss0, Rjp 15 6.5, 0.14g, 257 m/s and 33 km respectively. anqx is greater than 0.05g for
at least one of the components of each record. This minimum limit for amax was
necessary to avoid ground motions that are not severe enough to trigger liquefaction,
and the limit was decided by considering the minimum CSR of 0.05 suggested by
Youd et al. (2001), whereas the multiplier 0.65 for amax is not taken into account.
Another issue is to limit V30, since the sites with liquefaction susceptibility shall
involve loose to medium dense sands. Usually, the upper limit for normalized S-
wave velocity in susceptible sands is about 220 m/s according to Andrus and Stokoe

(2000). Considering the limitations in sample size and the possibility of geological
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formations like the sand deposits on very stiff layers, the maximum limit for V39 was

taken as 300 m/s. Nonetheless, at least half of the sites have a V39 in the range 250

to 300 m/s, which may yield some bias in the results of this study. A reasonable

distribution between larger and smaller magnitudes could be achieved. Another

limitation of the sample is that the number of records for normal faults is very limited

with respect to the number for reverse and strike-slip faults. Figure 12 illustrates the

distribution of record numbers with respect to M,, R, PGA, Vi3, and fault

mechanism. Figure 13 shows the scattering of data due to magnitude M,,, amax, and

Rj». Figure 14 shows the number of stations considered in each earthquake event.
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Figure 12. Histogram of seismicity parameters used in this study.
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Figure 14. Number of stations considered in each earthquake event.



3.3 Calculation of CSRs

In this section, CSRx and CSRwm7.5 for soil sites in Section 3.2 are calculated due to
methodology provided in Section 2.2 and 2.3 respectively. CSRn is simply calculated
due to Eq. (22). In order to calculate CSRwm75, a trial-error procedure is used to
simultaneously determine b value. First, a value for b is chosen, and consequently
Ney for the ground motion record is calculated by using Eq.(30). Then, the least-
squares regression analysis is used for the coefficients of Eq. (28.c). The trials are
continued until the presumed b is consistent with the value estimated by regression.
Consequently, N5 is calculated for the final b in agreement between in two sides
of the Eq. (28.c). These trials results are summarized in Table 7 indicating that two
sides of Eq. (28. c) are consistent at the b value of 0.96, where Ny s is calculated as
30. This final relationship is shown in Figure 15. This result can be strongly

dependent on the sample of strong-motion records though.

Table 7. Iterative procedure for calculation of b and N, at M,=7.5.

Presumed

b 1/b log(Nir7.s) b Nizs
0.20 1.10 1.23 0.91 16.88
0.30 1.02 1.10 0.98 12.59
0.40 1.15 1.15 0.87 14.10
0.50 1.19 1.22 0.84 16.50
0.60 1.18 1.29 0.85 19.32
0.70 1.15 1.35 0.87 22.37
0.80 1.11 1.41 0.90 25.53
0.90 1.07 1.46 0.94 28.76
0.96 1.04 1.49 0.96 30.70
1.00 1.03 1.51 0.97 32.00
1.10 0.99 1.55 1.01 35.21
1.20 0.95 1.58 1.05 38.39
1.30 0.92 1.62 1.08 41.51

39



2.50
y =1.044x +1.4871

R?=0.2095
2.00 . =
oo o on
— .. %0 H "::
g 1.50 e_° ! IO ’ ° - B °.' ....... °
< ° ‘ S ‘ . ® o o ° 3
o0 R i K % § o
O 1.00 b o o < o s
- eoe0® 4 o 0 °
[ ] ‘ ® * [ ]
0.50
0.00
-0.4 -0.3 -0.2 -0.1 0.0 0.1
log(M,,256/102-24)

Figure 15. Linear relationship of log(N.,) and log(M.,>>6/10>%%).

Ney for different magnitudes are shown in Table 8 for »=0.20, 0.40 and 0.96. The
first two values of b are typically consistent with the figures based on laboratory tests
(Figure 5), whereas the last b is the one matching with Eq (10). As shown by these
results, b does not have any significant effect on the relative number of cycles, taking

M,, 7.5 as the reference. However, Ny7.5 is dependent on b.

Table 8. Equivalent number of uniform stress cycles for different magnitudes.

M, Ny (b=0.20) Ny (b=0.40) Neg (b=0.96)
5.5 7 (42%) 6 (%40) 13 (44%)
6.0 9 (53%) 7 (%52) 17 (55%)
6.5 11 (67%) 9 (66%) 21 (68%)
7.0 14 (82%) 12 (82%) 26 (83%)
7.5 17 (100%) 14 (100%) 30 (100%)
8.0 20 (%120) 17 (%121) 36 (%119)

Seed et al. (1975) calculated Ney; as 4-5 and 15 for M, equals to 5.5 and 7.5
respectively. This computation of N, is coherent for b equals to 0.3-0.4, as

recommended by Yoshimi et. al. (1989), Liu et. al. (2001) and Boulanger and Idriss
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(2014) as shown in Figure 3. It is observed that regressed b value and Ny s for the
benchmark relationship of Eq. (10) are significantly higher than those in previous
studies as presented in Section 1.2.3. The variation in results is possibly due to
earthquake records which influence the regression coefficients, or due to the
conservatism of MSFs suggested by Youd et al. (2001) as a minimum limit. This
issue is further investigated by using the MSFs of Seed and Idriss (1982), which is
summarized in Section 1.2.1. The proposed MSFs are associated with the

corresponding M,, by using a power regression equation, expressed by

9.53

MSF = 1 (38)
Substituting Eq. (38) into Eq. (27);
1 1112
log(Neq) = El09< 953 > + log(Ny7.5) (39)

Using the same procedure described above, b is calculated as 0.39, with Nuy7s

determined as 15. This aligns with the recommendation by Seed and Idriss (1982).

For comparison, CSRwm7s for each record is calculated using the logarithmic
relationship between N, and CSR by setting b as 0.96 in Eq. (25). Then, this is
compared by CSRn/MSF, where MSF is determined according to Eq. (10). and
CSRy is calculated due to Eq. (22). CSRN/MSF is compared with CSRm7.5 in Figure
16. It is observed that both methods yield compatible results in the mean sense, but
the variability is very significant as also depicted by the low coefficient of
determination, R? in Figure 16. GMPEs are developed to estimate CSRx and CSRm7 5

based on both methods in Section 3.4.
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Figure 16. Comparison of magnitude corrected CSRs.

34 Predicting CSRs

In this section, empirical prediction equations for CSRn and CSRwy7 5 are constructed.
The functional form of AB10 model is simplified for use in the nonlinear regression
fit in Eq. (31). Before constructing the prediction equations for CSR, the prediction
of AB10 is compared with the actual amax values from the records. The results are
presented in Figure 17, categorized for earthquake magnitudes between 5.5-6.5, 6.5—
7.5 and 7.5-7.8. The majority of the amax values from the records fall within the
prediction interval of AB10 model. This prediction range relies on the standard
deviation for amax at T=0.0s provided by Akkar and Bommer (2010). This
observation is particularly valid for larger magnitudes and shorter distances.
However, some data points are found to lie outside this range, particularly at R, >
10 km for moment magnitudes between 5.5-7.5. Therefore, AB10 predictions are
rather biased for prediction of maximum ground accelerations of the sample, and
tend to predict lower figures for lower ranges of amax. Therefore, a simplified model,
Eq.(31), based on the functional form of AB10, is regressed to obtain model

coefficients that are more reasonably consistent with the data.

42



10

§ °
- °
g : +—* % .‘. o
3 o e B A T e S0
£ eRe ey .~ 0y See
S ° e O VPR o
=~ 1 @ ;. L4 F 4 .~ ..‘ 3 .t' o
e T TR TT T T R T TS T T FY TP T Y PR T Ty VT ST T P T TP AP P TV S T
5] . .
(&)
g . 3
s 01
1 10 100
ij
(a)
® (ma/0ma(AB10)  eeeee 9
10
g o o
it{é I IS T.‘....-..f. CL - .'.. - 'o?..s'.
CE 1 L e * = il :.o ° .‘. ° '..
" - - ————————=c=c=
S}
(&)
e
= 0.1
1 10 100
ij
(b)
e Uma/Ama(AB10) ]
10
o
o
<
EE I ....... ........... ... ........ .. ........... ™ ; ....... ;..........
= e o o ® e
o e e e e
o
(&)
L
BE 0.1
1 10 100
ij
(c)
®  Onal0na(AB10)  veeee o

Figure 17. Comparison of actual and predicted amax values based on AB10 model

for moment-magnitude intervals (a) 5.5-6.5, (b) 6.5-7.5, and (c¢) 7.5-7.8.
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Two GMPEs are developed by employing nonlinear regression on data to comply
with the functional form Eq. (31) as previously explained in Section 2.4. These
models estimate CSRn and CSRwm7s and referred to as “MSN” and “MSwm7s”

respectively. The coefficients for both GMPEs are presented in Table 9.

Table 9. Coefficients of GMPEs.

GMPE b1 b2 b3 b4

MSn -6.2274 1.7016 -0.11294 -0.38859

MSwm7.s -8.0836 2.0969 -0.13245 -0.5089
bs be b7 bs

MSn -0.04112 61.90 -0.15777 -0.023972

MSwm7.s -0.023276 165.98 -0.069087 -0.085979
c

MSn 0.185

MSwm7.s 0.206

The comparisons of calculated CSRx and CSRwm7 s values based on Eq. (22) and Eq.
(25) with the predictions for strike slip faults are presented in Figure 18. It is
observed that the majority of the CSRn values lie within the prediction range of the
model MSx, but the scattering of CSRm7 5 is wider. Hence, the variability of CSRwm7 s,
which is related to both the variability of amax and that of duration (or, number of
acceleration cycles), is more significant than that of CSRn. That is also showing the
extreme simplicity in using techniques like disaggregation for determination of M,,

to be used in liquefaction potential analysis.
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3.5 Effect of V30 on Prediction Equations

As explained in Section 2.4, the functional form of Akkar and Bommer (2010) was
utilized to develop prediction models. Due to the maximum limit for V39 as 300 m/s,
the coefficients associated with soil conditions in the prediction models were set to
either 1 or O (Section 3.2). However, to examine the influence of V3o on the

conditional estimations of cyclic stress ratio, an additional term for Vi3 was

incorporated into the prediction model.

lOg(CSRN) = b1 + sz + b3M2 + (b4_ + bsM)log ’Rjzb + b6 + b7FN
+bgFg + bglog(Vysp) + €0

The regressed coefficients of the prediction models for CSRn and CSRm7 5 are

respectively presented in Table 10.

Table 10. Coefficients of GMPEs including Vi3o.

GMPE b1 b2 b3 b4

MSn -6.3907 1.7156 -0.11392 -0.38501

MSwm7s -7.8956 2.0805 -0.13134 -0.51306
bs be b7 bs

MSn -0.04185 63.049 -0.15767 -0.026007

MSwm7s -0.022166 161.29 -0.069138 -0.083493
bo c

MSn 0.049099 0.185

MSwm7s -0.056869 0.206

A comparison of the standard deviations in Table 10 with those in Table 9 reveals
that there is no change in the standard deviation of prediction error (o). This indicates
that V30 does not significantly affect the predictions. This is explained by the
narrowness of the range of V3¢ in the sample, such that median of V39 is 257 m/s

whereas its range is 116.3 m/s to 300 m/s (Section 3.2). Consequently, the majority
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of Vs3o values lie between 250-300 m/s, resulting in very narrow range of this
parameter for the majority of the dataset. The standard deviation can be reduced if a

more rigorous regression analysis for nonuniform sample is used.

3.6 The Comparisons of CSR Equations

The comparison of results between the MSn/MSF and MSwm7.5s models at different
earthquake magnitudes based on strike slip fault type are presented in Figure 19.
Both the MSm7.5 and MSy models exhibit reasonably consistent median predictions

at varying distances.

—— CSRy/MSF (M,=5.5)
------ CSRy,s  (M,=5.5)
—— CSR,/MSF (M,=6.5)
------ CSRyys  (M,=6.5)
.................................................................... —— CSR,/MSF (M,=7.5)

--------- CSRyys  (M,=7.5)

Magnitude Corrected CSR
o
[EY

0.01
1 10 100
ij

Figure 19. Comparison of median predictions for CSRN/MSF and CSRwm7 5 by the

models MSx and MSwy s respectively.

The estimated ground motion intensity in AB10 model, which is amax, is replaced
with CSRy due to Eq.(31)(19). This modification does not affect any of the original
coefficients of the AB10 model but the constant. Then, the modified AB10 model is
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compared with the MSy model with moment magnitudes equaling to 5.5, 6.5 and 7.5
for strike slip fault type. The results are presented in Figure 20.
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—-- AB10(M,=7.5)
— CSRy (M,=7.5)

0.001

1 10 100

Figure 20. Comparison of median predictions for CSRn by the models AB10 and
MSn respectively.

The predicted stress ratio values begin to diverge steeply after R > 10 km. However,
the rate of divergence decreases as the earthquake magnitude increases. It is also
evident that MSn model reveals higher CSRy values for Rj» > 10 km distances. The
disparity is mainly because of the difference in the sample, as shown in Figure 12. It
is also supporting that consistent GMPE shall be used in calculation of significant
MSF, or earthquake magnitude to be used in liquefaction analysis. The dependences
of median predictions for CSRn/MSF and that for CSRwm7.5 on earthquake magnitude
are presented in Figure 21. Figure 21 also indicates that both prediction models MSx
and MSwm75 yield consistent results, except for large magnitude events (M,,>7) at
short distances (Rj»<10 km). Since the effect of model variances are not included in
this simple comparison, the hazard analyses can yield general conclusions about the
agreement between two methods on the choice for average magnitude to be used in

liquefaction potential assessment. These analyses are presented in Section 4.
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Figure 21. Comparison of median predictions for CSRn/MSF and CSRwmy7 5 by the
models MSn and MSw7 .5 respectively for M,,.
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CHAPTER 4

SEISMIC HAZARD ANALYSIS

A probabilistic seismic hazard analysis is performed in the computer program R-
Crisis (http://www.r-crisis.com/) by considering two generic faults as simple seismic
sources. The sources 1 and 2 are fictitious line sources with 240 km and 60 km
lengths respectively. These sources will be referred to as the long source (fault) or
the short source (fault) respectively. Fault lengths were determined based on the
relationships between fault length and earthquake magnitude proposed by Wells and
Coppersmith (1994). Nevertheless, uniform seismicity along the faults is ensured
during the analysis. These faults striking parallel to each other are 55 km away from
each other. 7 calculation points are located between these faults as illustrated in

Figure 22.

~- 240 km -

Source #1

R=44.0 kn—@)— Grid #7
R=38.5 km Grid #6
Q R=33.0 km—@)— Grid #5
R=27.5 km—@)— Grid #4
R=22.0 km—@)— Grid #3
R=16.5 km—@)— Grid #2
R=11.0 km—@)— Grid #1

Source #2 L

= 50 km e

Figure 22. The generic faults and calculation (grid) points included in seismic

hazard analysis.
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Two different magnitude recurrence relationships that are explained in Section 2.5.2
are used in the analyses. Both sources are assigned with the same GMPE and
magnitude-recurrence relationship in each analysis, except for the maximum
magnitude of events on each source. The seismic hazard is computed for six
combinations of different models, and for a practical set of probabilities of exceeding
the intensity parameter in 50 years. The intensity parameter is CSR in general. In the

following sections, a brief explanation of the analysis parameters is presented.

4.1 Intensity Parameters

The intensity parameters are chosen as CSRn, CSRm7s, and CSRN/MSF. The
prediction equations MSn and MSw7.s are used for the prediction of the first two
intensity parameters respectively, whereas Eq. (10) is used for applying magnitude
correction on CSRy, such that the prediction by MSk is divided by MSF for the
respective seismic model. These prediction equations are presented in Section 3.4.
A standard error is calculated for the prediction equations, as shown in Table 7.

However, it is omitted in the hazard analysis for simplicity.

4.2 Magnitude-Recurrence Relationships

Seismic hazard analyses are performed by using the characteristic and the truncated
exponential magnitude-recurrence relationships to see the significance of
magnitude-recurrence model on average magnitude. The theoretical explanations of

these models are presented in Section 1.2.4.

For the truncated exponential magnitude-recurrence relationship, the seismicity
parameters assigned to each source within the computer program are presented in
Table 11. These magnitude-recurrence relationships are graphically presented in

Figure 23.
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Table 11. Source seismicity parameters for truncated exponential magnitude-

recurrence relationship.

Source 1 (240 Source 2 (50

Parameter km fault) km fault)

Threshold magnitude for the selected source, My 4.0 4.0
Average annual number of earthquakes with

! . 6.5 0.26
equal or higher magnitude than My, 4,
Expected value of Beta, /3 2.07 2.07
Coefficient of variation of Beta for the source, 0 0
covg
Number of magnitudes to be used in the hazard 50 50
integration process, #
Expected value of the maximum magnitude for
8.0 7.0
the source, M,
Uncertainty range (+/-) 0 0
1.0E+01 1.0E+01

% 1.0E+00 % 1.0E+00

oc o

(] [}

Q © 1.0E-01

© 1.0E-01 ]

- 5
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Earthquake Magnitude Earthquake Magnitude
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Figure 23. Exponential magnitude recurrence relationship for (a) the long source

and (b) the short source.

For the characteristic magnitude-recurrence relationship, the seismicity parameters
assigned to each source within the computer program are presented in Table 12.

These magnitude-recurrence relationships are graphically presented in Figure 24.
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Table 12. Source seismicity parameters for the characteristic magnitude-recurrence

relationship.

Source 1 (240

Parameter ree 2 km fault
ete km fault) Source 2 (50 ult)
Median value of the time between 125 400
characteristic earthquakes,
Standard deviation of the magnitude 10 10
of the characteristic earthquakes, s ' ’
Minimum possible magnitude of a 70 6.0
characteristic earthquake, My ' '
Maximum magnitude of the
characteristic earthquake to be used 8.0 7.0
in the integration process, M,
Number of magnitudes to be used in 9 9
the hazard integration process, n
D (EM when F is set to 0.) 8.0 7.0
F 0
Time elapsed, 700 1 1
1.0E-02 1.0E-02

2 o)

g k:

[¢}]

E % 1.0E-03

= 5

g 10803 g

(] ()

5 S 1.0E-04

= =

] g

1.0E-04 1.0E-05
70 72 74 76 78 80 60 62 64 66 68 7.0
Earthquake Magnitude Earthquak(ebl)vlagnitude

(a)

Figure 24. Magnitude recurrence for (a) long source and (b) short source due to the

characteristic magnitude-recurrence relationship.

Figure 25 illustrates the use of truncated exponential magnitude-recurrence models,

which are configured to generate a minimum earthquake magnitude M,, of 4.0 for
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both sources. The maximum magnitudes are capped at 8.0 for the long source and
7.0 for the short source. For the case of characteristic magnitude-recurrence
relationship, minimum magnitude is set 7.0 for the long source and 6.0 for the short
source with maximum magnitudes similarly restricted to 8.0 and 7.0, respectively.
The parameters of truncated exponential and characteristic magnitude-recurrence

relationships are adjusted to ensure identical moment rates for each source.

1.0E+01 +
—=Characteristic L0E+od —=Characteristic
Relationship Relationship
—Exponential —Exponential
% 1.0E%00 ReFl)ationshi % HOER00 Re’iationshi
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g 1.0E-01 o
- 5
b g 1.0E-02
o o
© 1.0E-02 [}
k] k]
2 S 1.0E-03
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1.0E-03 1}
= = 1.0E-04
1.0E-04 1.0E-05
4.0 5.0 6.0 7.0 8.0 4.0 5.0 6.0 7.0
Earthquake Magnitude Earthquake Magnitude

(a) (b)

Figure 25. The comparison of magnitude recurrence rates for (a) long source and

(b) short source.

4.3  The Results of Seismic Hazard Analysis

4.3.1 Truncated Exponential Magnitude-Recurrence Relationship

The hazard analysis is performed by using the MSn, and MSwm7.5s models separately.
Intensities of CSRn, CSRN/MSF and CSRwm7.5 for exceedance probability of 10% in
50 years at each calculation points are presented in Figure 26. The hazard curves for
the intensity parameters CSRn, CSRN/MSF and CSRwm7s at the distances of 11.0,
27.5 and 44.0 km are shown in Figure 27. For a given exceedance probability, CSRn
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exceeds the magnitude-corrected intensities on all calculation points. For all the
calculation points, the hazard curves for the CSRm7.5 and CSRN/MSF intensities align
closely. This indicates that the b value derived in Eq. (10) to develop the GMPE for
CSRwm7.5 has minimal influence on the exceedance probability for a given intensity.
This suggests that the two different magnitude-correction methods for CSR would

yield nearly identical magnitude effects at all calculation points.

0.280
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e CSRM7.5
0.240
e CSRN/MSF
0.200 o
oc
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0.160 H
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) : -
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11.0 16.5 22.0 27.5 33.0 38.5 44.0

Calculation Points (km)

Figure 26. The variation of CSRx, CSRwm7.5, and CSRn/MSF between short and

long fault in the case of truncated exponential magnitude-recurrence relationship.
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Figure 27. The hazard curves for the intensities CSRn, CSRN/MSF and CSRw7 5 at

the distances of (a) 11.0 km, (b) 27.5 km, and (c) 44.0 km from the short seismic

source in the case of truncated exponential magnitude-recurrence model



4.3.2 Characteristic Magnitude-Recurrence Relationship

The hazard analysis is performed using MSny and MSwm7.5 ground-motion models
separately. The intensities of CSRn, CSRn/MSF and CSRwmzs for exceedance
probability of 10% in 50 years at each calculation points are presented in Figure 28.
The hazard curves for the intensity parameters CSRn, CSRn/MSF and CSRw7 5 at the
distances of 11.0, 27.5 and 44.0 km are shown in Figure 29. At shorter distances
from the short seismic source, CSRy yields higher exceedance probabilities when
the intensities exceed 0.10. This disparity reduces as the calculation points approach
the larger source, since the average magnitude for the longer fault is about 7.5, so

that the magnitude correction becomes insignificant.

The curvature of the hazard is not smoothly changing particularly on the calculation
point located at 11.0 km, and undulations in the hazard curve is very significant
particularly for CSRn. This is explained by the discontinuity in the magnitude-

recurrence relationship, since a limited range of magnitudes can be generated by both

sources.
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Figure 28. The variation of CSRx, CSRwm7.5, and CRSn/MSF between short and

long fault in the case of characteristic magnitude-recurrence relationships.
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Figure 29. The hazard curves for the intensities CSRn, CSRN/MSF and CSRw7 5 at
the distances of (a) 11.0 km, (b) 27.5 km, and (c) 44.0 km from the short seismic

source in the case of characteristic magnitude-recurrence relationship.

59



4.3.3 Comparison of Hazard among two Magnitude-Recurrence Models

The results of the seismic analysis performed by using characteristic and truncated
exponential-recurrence relationships for CSRm7s and CSRn for exceedance
probability of 10% in 50 years are presented in Figure 30. Both relationships yield
similar results for distances shorter than 27.5 km from the short source, but the
truncated exponential magnitude-recurrence model yields greater hazard on points

close to longer fault.
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Figure 30 Hazard results for (a) CSRm7.5 and (b) CSRx
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4.4 Disaggregation of Seismic Hazard

The seismic hazard is disaggregated to identify the dominant fault and earthquake
magnitude contributing to the CSRy at each grid. The program R-Crisis is capable
of disaggregating the seismic hazard for the intensity parameter used. In Section 4.5,
the average magnitude scaling factors are calculated for the 10% exceedance
probability in 50 years. Then, the average scaling factor is converted to M,, by using
Eq. (10). Finally, the magnitudes derived from the disaggregation technique in R-

Crisis are compared with the average magnitude.

The disaggregation of hazard for CSRy at 11.0 km distance from the short fault is
presented in Figure 31 for the case of truncated exponential magnitude-recurrence
relationship. The legend on the figure corresponds to exceedance probability rates
for the magnitudes indicated in the chart in 50 years. This graphical presentation
produced by the program shows the relative contributions of different magnitudes
and distances to the seismic hazard at R=11.0 km. Figure 31 indicates that this
calculation point is primarily influenced by magnitude M,, 6.4 earthquakes for R;»
between 0.0-20.0 km. Therefore, for this example, the short source is the

predominant seismic source on this point.

61



8.00
7.75
7.50
725
7.00
6.75
6.50
6.25
6.00
5.75
5.50
525
5.00
475
450
425

apmiubepy

0.000E+00

0 20 40 60 80 100 120 140 160 180 200
JyB distance (Km)

Figure 31. The disaggregation chart for CSRn on the grid point at distance of 11.0

km in the case of truncated exponential magnitude-recurrence relationship.

The disaggregation of hazard for CSRn at 11.0 km distance from the short fault is
presented in Figure 32 for the case of char