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ABSTRACT

AN IMPLEMENTATION OF PROBABILISTIC SEISMIC HAZARD
ANALYSIS IN SELECTION OF SEISMIC COEFFICIENT FOR PSEUDO-
STATIC ANALYSIS OF SLOPE STABILITY

Gedikaslan, Kiibra
MSc. in Earthquake Studies
Supervisor: Assoc. Prof. Dr. M. Tolga Yilmaz
Co-Supervisor: Prof. Dr. Altug Erberik

September, 2017 124 pages

The seismic coefficient, ki, is a seismic design parameter. This parameter defines the
ratio of inertial force acting on a mass to its weight, and is practically used in pseudo-
static analyses of seismic slope stability. This design parameter can be assigned by
the principles of performance-based design after simplifications regarding the
relationship between ground displacement and probabilistic seismic hazard. A widely
used simplification is to consider Newmark's sliding block analogy for estimations of
seismic displacement on sloping ground. Therefore, the permanent sliding-block
displacements (D) corresponding to a set of critical accelerations were computed for
a sample of 70 horizontal-motion accelerograms. A prediction equation was
developed by using the method of least squares. Moment magnitude, Joyner and
Boore distance, style of faulting, average shear-wave velocity in top 30m were
chosen as the parameters necessary for prediction of D. A probabilistic seismic
hazard analysis was performed by implementing this prediction equation. A zone
near Sebinkarahisar district of Giresun province was chosen as a case study. The
results were used for computation of sliding (critical) accelerations corresponding to
the displacements of 1 cm, 10 cm and 100 cm. The return periods of the random

events that these displacement limits are exceeded were calculated. The critical



acceleration corresponding to a particular displacement threshold, related to desired
performances of facilities near to sloping ground, and to a particular return period,
related to intensity of ground motion to be considered in design, was supposed to be
appropriate parameters for final selection of k,. Hence, the spatial distributions of ky,
on the study zone were shown. The ranges of k, were compared with the
topographical and geotechnical characteristics of the area. A criticism on the
prediction equation for D was presented by putting emphasize on the variance of

prediction and on the site effects.

Keywords: seismic coefficient, Newmark sliding block, slope stability, seismic
hazard.
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OLASILIKSAL DEPREM TEHLIKESI ANALIZI iLE SEV
STABILITESININ PSUDO-STATIK ANALIZINDE KULLANILAN SiSMiK
KATSAYININ BELIRLENMESI

Gedikaslan, Kubra
Yiiksek Lisans, Miihendislik Boliimii
Tez Yoneticisi: Dog. Dr. M. Tolga Yilmaz
Ortak Tez Yoneticisi: Prof. Dr. Altug Erberik

Eyliil 2017, 124 sayfa

Sismik katsayi, ky, sismik tasarim parametrelerinden biridir. Bu parametre kiitleye
etki eden atalet yiikiiniin kiitlenin agirligina oranina esittir. Sismik katsayr deprem
sirasinda  sev  stabilitesinin  psiidostatik  degerlendirmesinde  kullanilmaktadr.
Olasiliksal deprem tehlikesi ile deplasman iligkilendirilerek, kn performans temelli
tasarim prensiplerine gore belirlenebilir. Sismik sev deplasmanlarinin hesabi igin
Newmark’in kayan blok analizi kullanilmistir. 70 kuvvetli yer hareketi ivme kaydi
ile farkli kritik ivme degerlerine karsilik gelen kalict blok deplasmanlari, D,
hesaplanmistir. En kiiglik kareler yontemi kullanilarak bir ampirik denklem
olusturulmustur. D parametresinin tahmininde, depremin moment biiyiikliigii, Joyner
ve Boore mesafesi, fay tipi ve zeminde en iist 30 m i¢inde ortalama kesme dalgasi
hizinin parametre olarak kullanilmasi gerekli goriilmiistiir. Bu denklem kullanilarak
olasiliksal sismik tehlike analizi hesaplanmistir. Giresun ili Sebinkarahisar ilgesi
vaka bolgesi olarak belirlenmistir. Sonuglar, 1 cm, 10 cm ve 100 cm deplasman
sinirlarinin  agilmasina karsilik gelen kritik ivme degerlerinin belirlenmesi i¢in

kullanilmistir. Yillik tekerriir siirelerine ve kritik ivme degerlerine karsilik gelen
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deplasman degerleri hesaplanmistir. Kabul edilebilir deplasmana ve tekerriir siiresine
karsilik gelen kritik ivme degeri ile sismik katsay1 belirlenmistir. Bu kritik ivme
degerleri, calisma alaninin ¢evresinde esdeger egriler ile sekil lizerinde gosterilmistir.
Elde edilen degerler, ayrica heyelan sahasinin topografik ve geoteknik o6zellikleri
cergevesinde de degerlendirilmistir. Denklemin standart sapmasmin ve ortalama
kesme dalga hizi parametresinin D’ye etkisi irdelenmistir.

Anahtar kelimeler: sismik katsayl, Newmark analizi, sev stabilitesi, deprem
tehlikesi
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CHAPTER 1

INTRODUCTION

1.1 General

Seismic slope stability is generally analyzed by a pseudo-static approach, such that
transient inertial loads are converted to equivalent static loads for simplified
comparisons of resisting forces with driving forces acting on masses. This
simplification is supposed to provide reasonably safe conclusions about slope
stability. The simplicity in analyses is necessary for faster assessments of numerous
sites involving severe uncertainties about material behavior and ground-water
conditions. The slope stability is usually expressed by the factor of safety, FS,

against failure,

B available shear strength (1.1)
shear stress required to maintain equilibrium

The vertical action of seismic ground motion is generally ignored for practical
reasons because its effects can be both beneficial and detrimental for slope stability
due to the altering direction of load vector (Kramer, 1997). The earliest document on
a pseudo-static seismic slope stability analysis was attributed to Terzaghi (1950) by
Seed (1979). The total horizontal inertial load acting on a possible slip surface (or,
hypothetical failure plane) is proportional to the weight of the sliding mass (W) as
shown in Figure 1.1. The seismic coefficient, kn, depends on the desired level of
safety, the allowable slope displacement, and the mechanical properties of geological
materials forming the sloping ground (Hynes-Griffin and Franklin, 1984; Bray et al.,

1995). There is not any general consensus on the rule for selection of an appropriate



kn for design. Considerable judgement is required for the selection of this parameter
(Kramer, 1996; Bakir and Akis, 2005). Table 1.1 shows several design
recommendations. Hence, this seismic-analysis parameter is frequently considered as
a fraction of peak ground acceleration (PGA), or it is empirically related to the

intensity of ground motion.

If the total inertial load acting on the mass above a sliding surface becomes larger
than the ultimate resistance on sliding surface, this mass will be accelerated by the
unbalanced inertial load. In practice, a range of residual displacement on sloping
ground is allowable during severe seismic events, so that k, can be related to a
displacement limit, and to seismic hazard on a site of interest. Hence, ky can be
determined by the philosophy of performance based design, which is based on a
comparison between the likelihoods of seismic actions and the specific limits for a
performance parameter (Bray and Travasarou, 2011). This approach requires a
reliable relationship between system properties and performance parameter of
interest for any given ground-motion intensity. This performance parameter can be
the total seismic displacement of unstable mass if the seismic performance of sloping

ground is of concern.

The simplest method for estimation of seismic displacement of sloping ground is the
use of the sliding block analogy of Newmark (1965) as shown in Figure 1.2. The
threshold horizontal acceleration that will initiate sliding is named as critical
acceleration, a.. This parameter can be considered as a constant, if vertical
component of transient seismic load and strength degradation of material are both
disregarded. Computation of block displacements for any given a; requires
appropriate selections of ground-motion accelerograms that are related to
characteristics of seismic hazard on a particular site. This is not a feasible procedure

for quick assessments of sloping ground.
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Figure 1.2 Newmark’s sliding block analogy for sloping ground

In this study, a probabilistic procedure to specify ki is discussed. It is supposed that

Newmark’s analogy is appropriate for estimation of total displacement of sloping

ground. The basic principles of performance based design are adopted, such that ky, is
defined as a function of the annual rate of exceedance for any given limit for
displacement. This rate is computed by a conventional probabilistic seismic hazard
analysis (PSHA). A prediction equation that is suitable for PSHA for block
displacement (D) is developed by using a sample of ground-motion records. A zone



around the city of Sebinkarahisar in Turkey is chosen as a case study, because this

particular zone has both severe landslide susceptibility and severe seismic hazard.

Table 1.1 Typical values of k, (compiled by Melo and Sharma, 2004)

K FS Comments Source
0.1 Severe earthquakes
0.2 Violent destructive earthquakes | Terzaghi (1950)
0.5 Catastrophic earthquakes
>1.15 . .
0.15 With a 20% strength reduction Seed (1979)
0.10 >1.00 | Major earthquake U.S Army Corps of Engineers
0.15 >1.00 | Great earthquake (1982)
1/3to 1/2 |>1.00 .
PGA/g Marcuson and Franklin (1983)
Hynes-Griffin and  Franklin
. 0 .
1/2 PGA/g |>1.00 | With a 20% strength reduction (1984)
0.05-0.15 |>100 |otandard of practice, somewhat| v in the United States
larger for critical conditions
0.15-0.25 |>1.00 Standard Of. practice, somewhat Usually in Japan
larger for critical conditions

1.2 Literature Survey

Newmark’s (1965) sliding-block analogy is the simplest method to estimate the total

displacement of sloping ground during a seismic event (Figure 1.2). The rigid block

is mobilized when the component of inertial load parallel to sliding surface exceeds

the frictional resistance on inclined surface. In case the horizontal component of



ground motion is solely taken into consideration in analyses, the threshold (or,
critical) acceleration, a., should be exceeded for mobilization of the block. Hence, a.
is the unique model parameter necessary for computation of total block displacement
D. The accumulating block displacement is related to the difference between the
peaks of transient-acceleration history and a.. Hence, a. should be equal to the peak
ground acceleration (PGA) acting on the mass, if sliding is to be prevented.
Otherwise, the total (or, ultimate) displacement should be computed by numerical
integration. Newmark's analogy is most appropriately applied to the landslides in
fairly stiff material or to relatively thin soil masses that move as a coherent mass
along a well-defined slip surface. The deformability of sliding mass can have a
significant effect on D for deep and soft deposits, such that D due to the assumption
of rigid sliding block can reach to values about two times of the ones computed by
considering the deformability of sliding block (Kramer and Smith, 1997; Gipprich et
al., 2008).

More sophisticated analyses were suggested in literature to account for the fact that
sliding masses are not rigid bodies, but deform internally when subjected to seismic
shaking. A reasonably simple method is decoupled analysis, which involves two
steps of calculation. First, the average seismic acceleration acting on sloping ground
is computed by ignoring yielding. Second, D is computed for any given a; by
numerical integration as it is in the Newmark’s method (Clague and Stead, 2012).
The empirical design charts of Makdisi and Seed (1978) are based on decoupled
analyses of earth structures. These charts are used for estimation of co-seismic
displacements as a function of slope geometry, earthquake magnitude and a. The
studies using linear viscoelastic sliding mass models have shown that decoupled
approximation is unconservative. Lin and Whitman (1983) showed that the
decoupled analyses yield 20% more conservative results than the coupled analyses.
However, Gazetas and Uddin (1994), and Rathje and Bray (2000) showed that this
level of conservatism depends on D, and on the oscillation period of deformable
mass. The decoupled approximation can be particularly unconservative for intense

ground motions for deep soft soil deposits (Kramer and Smith; 1997). Hence, more



accurate estimations of D are possible by using the coupled analyses rather than the
decoupled analyses, but the modeling of hysteretic material behavior can hinder the
simplicity in estimation of D in regional studies. On the other hand, these analyses
may provide site-specific correction factors for the results of simpler sliding-block
analyses.

Several prediction equations to estimate D were proposed in literature. The sliding of
mass in upward direction and the vertical component of ground motion were usually
ignored. These relationships, summarized in Table 1.2, were empirically determined
by using results of a relatively large number of analyses. Since Newmark (1965), D
has been conventionally expressed as a function of the ratio of a;. to PGA. D was
shown to be dependent on the earthquake magnitude (M) as well (Yegian et al.,
1991; Bray and Travasarou, 2007; Jibson, 2007). D also depends on peak ground
velocity (Newmark, 1965; Whitman and Liao, 1985; Cai and Bathurts, 1996), on
significant duration, (Ds.g5 - Makdisi and Seed, 1978; Bray et al. 1998), on equivalent
uniform number of cycles Neq and on predominant period of motion (Tp —Sarma,
1988; Yegian et al., 1991), on source-to-site distances (Ambraseys and Srbulov,
1995; Romeo, 2000), on site conditions (Romeo, 2000), and on Arias Intensity (I, -
Jibson et al., 1998; Hsieh and Lee, 2011). Particularly the parameters Ds.gs, Neg, Tp
and I, are related to M (Seed et al., 1969; Yegian et al., 1991; Wilson, 1993;
Kempton and Stewart., 2006).

The prediction of D requires an estimation of PGA according to the studies presented
in Table 1.2. The variability of the relationships between D and the other set of site-
specific parameters hinders practical estimation of D for any specific level of seismic
hazard. On the other hand, PGA is correlated with a set of seismic parameters such as
event magnitude (M), source-to-site distance (R;), style of fault rupture (SoF), and
seismic site conditions (e.g., Sharma et al., 2009; Bommer et al., 2007). Therefore, a
relationship between D and a. may not require an estimation of PGA, if the seismic

parameters R, M, SoF, and a site parameter are used together as predictors for D.



Probabilistic distribution of D can be computed by a conventional seismic hazard

analysis.

Rathje and Saygili (2009) implemented two prediction equations (Table 1.2) in a
seismic hazard analysis. Because PGA and PGV are the two predictors of these
empirical relationship, these relationships were coupled with the GMPEs of Boore
and Atkinson (2009) in the hazard analysis. Annual probability of exceeding a level
of displacements were computed for a set of a.. The uncertainty in geotechnical
(yield strength) parameters were finally introduced in selection of k, by applying the
probabilistic logic (event) tree approach on a theoretical infinite slope. Bray and
Travasorou (2011) stated that k, used in pseudostatic slope-stability analyses should
be related to seismic hazard, and to seismic displacements that satisfy the seismic-
safety objectives for sloping ground. k, also depends on the source-to-site distance,
and on the magnitude of design earthquake. Therefore, the principles of
performance-based design should be considered in determination of k. Giilerce and
Balal (2016) proposed a procedure to compute the seismic hazard in terms of D, by
joining an empirical relationship between D, a. and PGA, with a ground-motion
prediction equation (GMPE) for PGA, in a probabilistic seismic hazard analysis. The
direction of computed ground motion parameter is also of concern in seismic hazard
analysis. The hazard studies are often performed for geometric mean of two
horizontal components of motion at a site due to the preferences for GMPEs (Baker
and Cornell, 2006a). The standard deviation of logarithm of arbitrary component of
ground motion amplitude is generally larger than that of the logarithm of geometric

mean of two directions (Baker and Cornell, 2006b).

The concept of performance-based seismic design is based on achieving a set of
seismic performance objectives for different levels of ground-motion intensity.
Priestley (2000) suggested four performance levels regarding the limits for structural
damage: fully operational structure (negligible damage), the limited damage on
nonessential services (minor damage), substantially protected life safety (moderate to
extensive damage), and the near-collapse state (extensive damage). The performance



level of a structure for particular ground-motion intensity is calculated by simplified
methods which are based on relationships between displacement of a control point
and overall structural performance. Then, a relationship between spectral amplitudes
of seismic-loading and displacement on a control point of structure is considered.
This relatively simple procedure is known as the capacity spectrum method
(Freeman, 1998). The simplified load vs. displacement relationship for a structure,
namely the capacity (or, pushover) curve, is intersected with the demand spectrum
that is representing a ground-motion intensity to estimate the ultimate displacement
of control point as shown in Figure 1.3. The displacement-based design method of
Kowalsky et al., (1995) provides another simplified procedure. In this method, the
nonlinear response of a structure is reduced to the response of a viscoelastic single-

degree-of-freedom oscillator to compute the seismic displacements.

The conceptual checkerboard for defining acceptable performance levels for any
given intensity of seismic ground motion is shown in Figure 1.4. Levels 1 to 4 depict
seismic performances. The performance objectives for buildings carrying different
levels of risks are also shown in Figure 1.4. Similar objectives can be defined for the
use of performance-based engineering in seismic slope stability, if Newmark’s siding
block analogy is employed for estimation of ultimate slope displacement during a
seismic event. Hynes-Griffin and Franklin (1984) stated that the total displacement
will be limited to figures less than 100 cm, if a is respectively around 0.17 times
PGA. Bozbey and Gundogdu (2011) concluded that this limit will be 30 cm if ac is
around 0.50 times PGA. Hence, ky, to be used in pseudo-static stability analyses can
be related to a; as shown in Figure 1.5 by supposing that the allowable displacement
for a sloping ground is Dy (Rampello et al., 2010). A justified set of D,y pertinent to

specific performance levels is necessary for this approach.
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Figure 1.3 The capacity spectrum method (Freeman, 1998)

Wieczorek et al. (1985) suggested 5 cm as Dy for San Mateo County in California,
because the settlement limit that typical buildings can withstand is between 10 and 30
cm. Keefer and Wilson (1989; quoted by Jibson and Keefer, 1993) suggested 10 cm for
southern California, because the shear strength of soil will be almost reduced to its
residual shear strength, which is usually much lower than the ultimate shear strength in
undisturbed state. According to the State of Alaska’s geotechnical evaluation criteria, the
block displacements of 15 and 90 cm respectively correspond to minor and major
ground adjustments for natural slopes, whereas D = 300 cm means catastrophic ground
failure (Matasovic, 1991). Hence, Dy can be related to the desired seismic performance
of facilities and structures near to the sloping ground. ki, is specified as the limit for a./g
that satisfies the performance objective D < Dy for any specific level of ground-motion

intensity.
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The procedure for prediction of the design parameters related to seismic ground motion
is called Seismic hazard analysis. This procedure can be either deterministic or
probabilistic. In the deterministic procedure, a particular earthquake scenario is
considered (Krinitzsky, 1995). In the probabilistic procedure, the likelihoods of different
scenarios are considered for computation of a weighted average. The probabilistic
seismic hazard analysis (PSHA) basically includes five steps as shown in Figure 1.6
(Cornell, 1968; McGuire, 1978). The first step consists of identification of seismic
sources around the site of interest (Figure 1.6.a). The probabilistic distributions of
earthquake magnitude on each seismic source are modeled in the second step (Figure
1.6.b). In the third step, the probabilistic distribution of distance between site and fault
rupture is modeled for each event magnitude (Figure 1.6.c). The fourth step involves the
use of ground-motion prediction equations (GMPE’s) to compute probabilistic
distribution of a ground-motion parameter for each set of event magnitude and distance
(Figure 1.6.d). Alternatively, this probability-integration problem can be solved by
Monte Carlo simulation of the source activity, and by stochastic modelling ground
motion (Sisi et al., 2017). The final step is the integration of uncertainties in distance,
magnitude, and ground-motion parameter to the probability that a specific level of
ground-motion parameter will be exceeded on a specific site during a presumed interval
of time (Figure 1.6.e). The GMPE’s are empirical regressions of recorded data to predict
a ground-motion parameter as a function of a set of predictor parameters related to
properties of seismic event, such as magnitude of earthquake (M), its distance to site
(Rr), and site conditions. The model coefficients are empirically determined by using
sample gathered from strong motion datasets. The site conditions also effect the ground-
motion parameters. The site term generally depends on near-surface shear-wave
velocity, usually expressed by the average shear-wave velocity in top 30 m of geological
layers (Vs30). This average is calculated by considering the travel time of vertically
incident waves (Borcherdt, 1994).
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Figure 1.4 The relationships between seismic intensity and performance level (National
Research Council, 2003)

all

h 4

ki9/ PGA 1 ‘ac | PGA

Figure 1.5 The relationship between ki, ac and Dy, (Rampello et al., 2010)
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In summary, it is possible to estimate the design value of k, by considering a specific
level of seismic hazard and performance objectives for a sloping ground. The sliding-
block analogy of Newmark can be a tool for simplification of response of a sloping
ground, so that a relationship between k, and the probability of exceeding Dy can be
simply generated by seismic hazard analyses. This procedure requires a prediction

equation for D that is functionally similar to GMPESs used in seismic hazard analyses.
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Figure 1.6 The steps in PSHA (after McGuire, 2004)
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Figure 1.6 (continued)

1.3 Scope

In this study, a procedure for determination of design parameter ky, is developed. For this
purpose, a prediction equation for total displacement of a sliding block (D) is
empirically derived by using a sample of ground-motion accelerograms. This equation is
implemented in a PSHA to produce seismic hazard curves for D. It is shown that the
design parameter k, can be derived from this hazard curve for a specific annual
probability of exceedance and for a specific Dy, so that the concept of performance
based design can be used for simplified seismic assessments of sloping ground. The
application of this procedure is shown for the region around the city of Sebinkarahisar in
Turkey, because the levels of landslide and seismic hazard are severely high in this

region.

In chapter 1, the scope of this study is presented. A literature review on the methods and
concepts that are related to the simplified assessment of seismic slope stability are

presented.
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In chapter 2, the Newmark’s sliding block analysis is summarized. The studies that yield
empirical relationships between the displacement of sliding block (D) and a set of
predictor parameters are presented. Because these relationships cannot be simply
implemented in a seismic hazard analysis, a new empirical relationship that is related to

source and distance parameters is developed.

In chapter 3, the procedure for selection of ki, for a specific displacement limit (Dgy) is
explained, so that a performance objective can be met. The steps of probabilistic seismic
hazard analysis are explained in detail. The seismic hazard is computed for a grid of
coordinates around the city of Sebinkarahisar. The probabilistic modeling of seismic
events on North Anatolian Fault and that of the seismic events on unmapped faults are
explained. The contour maps of k;, for specific probabilities of exceedance in 50 years,
and for a set of displacement limits are developed. These contours are compared with the
spatial distribution of topographical slope around the city. Particular emphasize is put on
the uncertainty of GMPE.

In chapter 4, a summary of this study and its conclusions are presented. The limitations

of the study are discussed. Consequently, the possible future studies are suggested.
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CHAPTER 2

THE PREDICTION OF ULTIMATE DISPLACEMENT OF A SLIDING BLOCK

2.1 Introduction

In this chapter, a new prediction equation for estimation of the ultimate displacement of
sliding block according to the Newmark’s analogy for seismic displacement of slopes
was developed. The functional form and predictor parameters of this relationship are
consistent with those of GMPEs used for seismic hazard analysis, so that a computer
program on seismic hazard analysis can be run in order to express the hazard in terms of
D. For this purpose, a sample of ground motion records was compiled. Then, the

coefficients of this equation were estimated by the principle of least squares.

2.2 Newmark’s Sliding Block Analysis

The total displacement of a block (D) with respect to the frictional surface can be
calculated by a numerical integration of relative acceleration and velocity of sliding
mass with respect to the frictional plane on rigid support (Newmark, 1965). The
integration scheme is demonstrated in Figure 2.1. The acceleration history of frictional
plane is defined by a(t). a(t) is equal to ac, the threshold acceleration for initiation of
sliding block, during sliding. A sample of a(t) recorded during severe earthquakes is

used for computation of D.
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The characteristics of ground motion records used in the studies about the estimation of
D show significant variability. For instance, Hynes-Griffin and Franklin (1984)
conducted sliding block analyses with two horizontal components of 348 ground-motion
and 6 synthetic records. M was smaller than 8.0 for all records. a. was in the range from
0.05 to 0.20g. Ambraseys and Menu (1988) used 50 earthquake records to compile a
sample for D. The range of M was from 6.6 to 7.3. Jibson (1993) used 11 strong motion
records with I, ranging from 0.2 m/sec to 10 m/sec. a. was ranging from 0.02g to 0.4g.
In a sequent study, Jibson (2007) used 555 strong-motion records with PGA ranging
from 0.03g to 1.789. Romeo (2000) used two horizontal components of 95 ground
motion records after baseline correction and digital filtering to expel the noise in the
records. The band-pass frequencies were between 0.2 and 0.5 Hz for high pass filtering.
The figures were 25 and 30 Hz for the low pass filtering. My was between 4.6 and 6.8.
Watson-Lamprey and Abrahamson (2006) used 6158 scaled records with My ranging
between 4.5 to 7.9. Bray and Travasarou (2007) used 688 ground motion records from
41 earthquakes. My, was ranging from 5.5 to 7.6. The maximum rupture length of fault
was limited to 100 km. Consequently, PGA was ranging between 0.002g and 2.7g. Bray
and Travasarou (2007) did not explicitly state any information about digital filtering, but
they stated that the frequency range from 0.25 to 10 Hz had not been filtered out.
Saygili and Rathje (2008) used the two horizontal components of 2000 scaled ground
motion records with a; ranging from 0.05g to 0.3g. Amplitude out frequencies smaller
than 0.25 Hz or greater than 10 Hz were removed. Hsieh and Lee (2011) used two
horizontal components of 746 ground motion records. a. was ranging from 0.01 to
0.40g. The database was processed with baseline correction and band-pass filtering, but
no further information on corner frequencies of digital filters was provided. Possibly, the
corner frequencies were similar to those stated in the studies of Watson-Lamprey and
Abrahamson (2006), that of Bray and Travasarou (2007), and that of Saygili and Rathje
(2008), because the ground motion records used in these studies extracted from same

library records, namely PEER database.
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Figure 2.1 An illustration of the Newmark’s sliding block analysis (Kramer, 1996)

Several mathematical procedures were followed to estimate the coefficients of predictor
functions. Jibson (1993) used linear regression to estimate D by using I, and ac. Bray
and Travasarou (2007) used a probit regression model, because D = 0 in case a. > PGA.
The model coefficients were estimated by the method of maximum likelihood. Bray and
Travasarou (2007) stated that the range D<1 cm is negligible for all practical purposes
and considered the conditional probability that this 1 cm limit is exceeded in the
prediction of D. Nonetheless the data with D<1 cm was lumped at D=1 cm in statistical
analysis. This limit of 1 cm was also supported by Hynes-Griffin and Franklin (1984),
stating that the sliding block model yield poor predictions of displacements smaller than
1 cm. These observations may be related to possible high frequency noise in the records
as well. Hence, a lower limit for PGA can be necessary to limit the bias in predictions.

The consequences of this limit is discussed in Section 2.5.
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2.3 The Empirical Prediction Equation for D

A sample of accelerograms and the method of least-squares were used to develop an
empirical prediction equation for D. This reasonably simple relationship was used for
the computation of seismic hazard for sloping ground in Chapter 3. The sample
properties and the linear model used for the regression of the relationship between D and
a set of seismic source, distance and site parameters are presented in the following

sections.

2.3.1 The Linear Model

The general objective of regression analysis is to develop a statistical relationship
between a set of parameters (predictors) and a variable (Devore and Berk, 2007). In

general, an additive linear regression model equation is
Y=o+ B1X1+ PaXot........ +PBiXkte (2.1)

where Pk are model coefficients, xi are predictors, Y is the (response) variable and ¢
represents random deviations. The mean and standard deviation of € is zero and o
respectively. € is supposed to be uncorrelated with the predictor parameters. The
coefficient of determination (r?), which is computed after estimation of model
coefficients, is interpreted as the proportion of observed variation in Y that can be
attributed to the changes in predictors. r? is between 0 and 1, and becomes closer to 1 by
increasing strength of correlation. The sample size necessary for reasonable estimations
of coefficients is another important question. It is recommended that the number of
observations (xx vs. yx) should be at least 10 to 20 times the number of parameters
(Devore and Berk, 2007).

Strasser et al. (2009) stated that the variability in Y, depicted by the random term ¢, has a
very pronounced effect on the results of seismic hazard analysis. A limited change in

variability in Y can significantly change the seismic hazard, particularly the ground-
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motion amplitudes pertinent to lower probability ranges for being exceeded (Bommer
and Abrahamson, 2006). The statistical properties of € are estimated by computing the
statistics of residuals, which are the differences between predicted Y and observed Y for
any given set of xix. Therefore, ¢ is not only related to the variability in observations, but
also to the choice for predictor parameters, to the functional form of empirical

relationship, and to the method used for estimation of coefficients.

2.3.2 The Sample of Accelerograms

The ground-motion accelerograms were gathered from PEER strong motion database
(http://ngawest2.berkeley.edu/ last access: June 23rd 2013). The PEER database was
providing 3551 three-component ground-motion accelerograms recorded during 173
shallow crustal earthquakes. The event magnitudes were ranging from 4.2 to 7.6. Each
acceleration time series has been corrected by filtering out the high and the low
frequency noise. The lowest limit of usable spectral frequency was determined based on
the type of filter and the filter’s corner frequency. A simple baseline correction was
applied to the records in case the filtering could not remove non-physical trends in the
displacement time series (Chiou et al., 2008). This database was chosen to compile a
coherent sample of accelerograms, since it had been used in a number of studies

regarding Newmark’s sliding block analysis as explained in Section 2.2.

The records compiled for this study were not scaled. Only the records of which PGA of
at least one of two horizontal components is greater than 0.05g was used for this study.
Hence, a significant proportion of records can yield the ranges of D that are important in
engineering applications. The histogram for the distribution of PGA in the sample is
shown in Figure 2.2. The square root of sum of squares (SRSS) of two horizontal
components of each ground-motion record was considered in the statistical analyses of
the parameters related to strong ground motion records. 70 accelerograms recorded

during 46 events between the years 1900 and 2013 were compiled. The catalog
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information about these seismic events are presented in Appendix A. My of these events
is ranging from 4.5 to 7.6. The histogram of My was shown in Figure 2.2. The median
PGA, 0.31g, and the median My, 5.85, shows that a significant part of the sample
constitutes a set of destructive ground-motion records. A reasonable uniform distribution
of PGA and that of My in the sample is not possible because of the limitations of the
sample size. Ry, the closest distance to surface projection of rupture plane (Joyner and
Boore, 1981), was used as the distance parameter in compilation of sample. This
distance parameter is coherent for estimation of ground motion amplitudes, because it
inhibits the artificial significance of hanging wall effect in the events of reverse faults
(Abrahamson and Somerville, 1996). This effect was stated as the tendency of ground-
motion amplitudes recorded on hanging-wall sites of reverse faults to be significantly
greater than the amplitudes on footwall sites (Chang et al, 2004). The upper limit for Rj,
was chosen as 200km. The range for Rj, is narrower for lower My because of the
limitation for PGA. The scattering of Rj, with My is shown in Figure 2.4. Another
parameter related to the properties of seismic source is the style of faulting, SoF. The
events of database were categorized by five different classes of SoF. Figure 2.5 shows
the sample’s histogram for this source parameter. The sample for events on normal
faults is rather limited, which is increasing the uncertainty related to the SoF parameter.
The non-uniform distribution of this parameter in the sample can be attributed to the

likelihood of each SoF among significant seismic events.
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Vs3o IS the parameter depicting the site conditions for the records in PEER database.
Figure 2.6 shows the histogram for Vs in the sample, such that the class intervals are
assigned according to the document NEHRP Provisions (BSSC, 2009). This site
classification system shown in Table 2.1. Almost all site classes in the sample belong to
class D or C, which are consistent with the applicability of Newmark’s analogy (Section
1.2). Class-E sites are on soft soils which may show rapid degradation in yield strength
during severe seismic excitation. The class-A and class-B are respectively pertinent to
rocks and hard rock, which are less likely to be encountered in formations susceptible to

massive slope failures.
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Figure 2.6 The histogram for site conditions in the sample
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Table 2.1. The site classes according to NEHRP Provisions (BSSC, 2009)

Site

Class  S0il Profile Range of V3o (m/s)
A Hard Rock Vs30 > 1500
B Rock 760 < Vs30 < 1500
C Very dense soil and soft rock 360 < Vs39 < 760
D Stiff soil profile 180 < Vs30 <360
E Soft soil profile Vs30 < 180

2.4 The Prediction Equation for D

Sliding block analysis was performed by the computer program SLAMMER—Seismic
Landslide Movement Modeled Using Earthquake Records (Jibson et al., 2013).
SLAMMER was used for building a dataset on the relationship between D and a.. The
sample of strong-motion records were used for sliding block analysis. The ground-
motion files should contain only acceleration values in units of g (the acceleration of
Earth’s gravity) sampled at a constant time interval (digitization interval). A set of ac
ranging from 0.05g to 1.20g was entered in the program. First, the total (final)
displacement of a sliding block was individually computed for two horizontal
components of each ground-motion record. Then, SRSS of two horizontal displacement
components was calculated. This combined displacement was supposed as a sample
observation of D for any given a.. A set of results computed by SLAMMER is shown in
Table 2.2. First column shows identification numbers of earthquake records. The column
headers, starting with 0.05 and ending with 1.20, depict the set of a; in units of g. The
numbers on each column shows computed D in units of cm for any record and a. All
data for D less than 0.0001 cm were truncated to zero. The results of SLAMMER are
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presented in Appendix B. Only the data for D > 0 was used for development of
predictive equations, because the functional forms that were chosen for analyses cannot
yield D = 0, and because the inclusion of the data for zero displacement in the sample is
expected to cause excessive bias in estimations due to the relative scarcity of the data for
D > 0 in the practical range of a.. Consequently, a sample size of 259 was generated for
SRSS of D before the estimation of model coefficients. This final sample size is
supposed to be sufficient for functional forms that involve 6 prediction parameters at

most.

Table 2.2. A sample of D (cm) generated by SLAMMER

ac (9)

NO. 10,05 |0.10|0.15|0.20 | 0.30 | 0.40 | 0.50 | 0.60 | 0.70 | 1.00 | 1.20

1 1.89 |0.07 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00

2 |0.22 |0.00|0.00|0.00 0.00|0.00]|0.00|0.00]|0.00|0.00|0.00

3 15.17 | 7.84 | 4.35| 2.05 | 0.08 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00

The functional forms of a number of GMPE’s were investigated to choose a set of
reasonably simple predictor functions (e.g., Sarma and Free, 1995; Gulkan and Kalkan,
2002; Akkar and Boomer 2007). The distance parameters, Rj, and Ry,; the source
parameters, SOF and Myy; and the site parameter Vs are provided in the PEER database
for each ground-motion record. These parameters and a. are considered as possible
predictors for D. These parameters are positive real numbers, except for SoF. This

categorical parameter was represented by a binary function, f,. f, was set to 1 for reverse
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and reverse-oblique faults, and to O for strike-slip, normal and normal-oblique faults.
This two-class system had been used by Crouse and McGuire (1996). Further separation
in these classes of SoF was not possible due to the limitations in data. Particularly the
records originating from normal faults could not be considered in a separate class,
because of the scarcity of these records. The two distance parameters, R;j,, widely known
as the Joyner and Boore distance, and Ry, the closest distance to fault rupture
(Kaklamanos et al., 2011) were compared to maximize R®. The unit of distance
parameters are km. A constant term was also added to these distance parameters, such as
log(Rjp+C) or log(R;,>+C?)”, in order to increase R* (Cornell et all., 1979; Faccioli, 1979;
Abrahamson and Youngs, 1992; Joyner and Boore, 1981; Akkar et al., 2013). The
constant C was determined by changing this number until R?> was maximized such that C

was truncated to the nearest 1 km.

Several additive linear regression models were examined to maximize r®. These models
are shown in Table 2.3. The model coefficients were determined by the method of least
squares. The number of coefficients to be estimated was limited to 6. Hence, the sample
size of 70 ground motions records were deemed as sufficient. The regression tool of the
computer program MS-Excel version 14 (Microsoft Corporation, 2010) was used for the
analyses. The equations involving the parameter log(Rj) systematically yielded r?
greater than the equations involving log (Rwp). Therefore, log(Rj») was supposed to be a
more efficient parameter than log(Ryp). It was observed that, the improvement of R? due
to the estimator Iog(R,-b2+Cz)‘/2 is not very significant with respect to the estimator
log(Rjp+C). For instance, r’ is 0.720 and 0.716 due to the functional forms #2 and #3 in
Table 2.3 respectively. Therefore, the simpler predictor log(Rj,+C) was preferred for the
final empirical relationship to be used in case study. A number of functions modeling the
possible interaction between estimator parameters were also considered. This interaction
was modeled as the product of two parameters, such as My-log(Vssp). However, no

significant increase in r? was obtained. Table 2.3 also presents the conventional r? and r
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that is adjusted according to the number of predictors in each functional form. Because
r? can be artificially increased by adding unrelated parameters in the estimator function,
the adjusted r® is a more useful parameter in comparisons prediction equations with
different numbers of predictors (Devore and Berk, 2007). Consequently, the coefficients
of prediction equation with the highest adjusted R? are

log(D) =2.753-M,, —1.595- log Vs, ) —0.872-log (R, +3°) —2.441-log (a, ) +0.557 - f,
—0.147-M? —7.756 2.2)

o was estimated as 0.561 for this prediction equation. Nonetheless, a number of
equations, that have a simpler functional form, yield similar figures for r2. Hence, the
contribution of some of the parameters in Equation 2.2 to log(D) is insignificant. For
instance, the adjusted r? of the 4" Equation in Table 2.3 is 0.71, which is very close to

that of 1% equation. The coefficients of this equation are

log(D) =0.933-M,, —1.797-log (Vs ) —2.230- log(R;, +6) —2.409-log(a, ) +0.539- f,
—0.747 (2.3)

o was estimated as 0.572 for this prediction equation. Equation 2.3 was chosen for the
seismic hazard analysis (Chapter 3) because of its simplicity, so that only the most
significant parameters were used in estimation. The effect of differences of two
functional forms on the estimation was supposed to be insignificant and to be sensitive
to the sample size. This equation was further investigated by plotting the response of D

to the changes in predictor parameters.

Figure 2.7 shows the significance of SoF for D. The displacement estimated for reverse
and reverse-oblique type fault ruptures is almost 3.5 times larger than that estimated for
strike-slip, normal and normal-oblique ruptures. This is much larger than the plausible
ranges for spectral acceleration, which are discussed by Bommer et al. (2003). The

reverse faults are generating higher amplitudes for higher frequencies according to Choi
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and Youngs (2008). The effect of SoF on spectral amplitudes is sensitive to event
magnitude, to distance, and to distance measure. Because SoF is sensitive to the
duration of ground motion, the spectral amplifications may not be simply correlated with
D. Nonetheless, Sharma et al. (2009) developed a GMPE that was increasing spectral
accelerations by a factor of 2 approximately for events originating from reverse faulting
with respect to the events on strike-slip earthquakes. This rather extreme amplification
may depict the importance of limitations in data, or the sensitivity of results to the
choices for functions used for prediction equations. On the other hand, observations

supporting the importance of SoF for landslides have been reported in literature.

Kieffer et al. (2006) studied landslides triggered by 2004 Niigata Ken Chuetsu
Earthquake (Mw=6.6) on a thrust fault (a thrust fault is a reverse fault with a low dip
angle; Bolt, 1993). It was stated that the source characteristics of this earthquake show
similarities to those of 1994 Northridge earthquake (Mw = 6.7) in many ways. Great
landslides occurred on the hanging wall (ground above a reverse fault) during both
earthquakes. In both events, most of the triggered landslides were shallow failures. This
observation can be explained by the high frequency shaking (Kieffer et al., 2006), which
is consistent with the arguments of Choi and Youngs (2008). Chen et al. (2012) analyzed
four large landslides triggered by 2008 Wenchuan Earthquake (Ms = 8.0) in China by
using Newmark’s sliding block analysis. The change of style of faulting from reverse-
dominated slip to dextral slip in two segments of fault rupture was observed to have a
significant effect on the maximum distance between the large landslides and the fault. It
was concluded that a reverse fault could cause large landslides in a wider region than a

strike-slip fault.
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Still, a well-supported explanation for the significance of SoF in prediction of D
cannot be given in this study. The hanging-wall effect is not expected to be an
explanation, because the distance parameter was chosen as Rj,. A possible bias in
data may be another reason. Figure 2.4 shows that the distance parameter R, is
generally greater for the records of reverse faults. The figures for the median R;, are
15 km for the reverse and reverse-oblique faults, and 5 km for other styles of faulting
respectively. On the other hand, the median magnitudes for these two SoF classes are
almost equal. The number of ground motion records from strike-slip or normal
ruptures is 41, whereas the figures are 29 for reverse faults. Hence, the ratios of two
SoF in sample are reasonably similar, and their difference is not expected to cause
significant bias in the results. Hence, unless this partial difference in ranges of Ry
provides a better explanation for the effect of SoF on D, the richer high-frequency
content of ground motion after the events of reverse faults (Choi and Youngs, 2008)
may be a sole explanation. This richness is expected to yield an increase in PGA,
which is in turn reducing the a./PGA ratio, and eventually increasing D according to
the studies shown in Table 1.2. Another reason can be the sensitivity of significant
duration of ground motion to SoF, which is not investigated in this study. Hence, the
sample size should be increased to clarify the reason of this observation, and further

studies are necessary.

32



1000

S .....R
100 | le
~ == SS, N
N .
10 N el
S ~——
E ..0 \\ e "“oooo
1 _E.‘ .--_- % S®eeboa,
N = - ~— MW=7.O %
0.1 \;" =
= —
— IVIW=5'0 - “teee.. *viece.
0.01 .
0.05 0.15 0.25 0.35 0.45

a.(g)

Figure 2.7 The relationship between a., D and SoF in case Rj,=10km

Figure 2.8 shows the relationship between Rj, and D in the case that Vs3g is 300 m/s,
ac=0.1 g, and SoF is strike-slip or normal (SS, N). D decreases with increasing Rjp
and with decreasing M,,. Both parameters are observed to have a very pronounced
effect on D. For instance, if My increases from 5.5 to 6.0m, D is increased by a
factor of 2.9. Figure 2.9 shows that the effect of Vs3p on D is also very significant.
Therefore, it is more likely to observe excessive seismic displacements of sloping
ground on deep and relatively soft/loose soils than those on stiffer geological
formations. A sloping loose soil layer resting on excessively weathered rock is
expected to accumulate more seismic displacements than that on hard rock. For
instance, if Vsso increases from 360 m/s to 760 m/s, which are the limits for the site-
class C (Table 2.1), D will be decreased by a factor of 3.8. a. is also a critically
important parameter. Figure 2.9 shows the relationship between a. and D, in the case
that My is 7.0, Rj is 10 km, and SoF is strike slip. D will decrease by 81% in case ac
is doubled.
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The uncertainty in prediction of D appears to be more important than the sensitivity
of D to the prediction parameters. Figure 2.10 shows the variability of D by two
curves enveloping the expected value of D. These curves are obtained adding and
subtracting one o to the predicted value of log(D). o was estimated as 0.572 for
predictions of logD by Equation 2.3. The figures for o according to the equations in
Table 1.2 are presented in Table 2.4. A number of studies yield to the figures for o
that are reasonably close 0.572. Particularly Jibson (2007) report figures significantly
exceeding 0.572. Lower ranges for o reported in literature are supposed to be more
reasonable, because these prediction equations are based on the presumption that
PGA is definitely known before estimation of D, or ignore the relationship between
the variance of PGA and that of D in case PGA is supposed as a variable. On the
other hand, o is ranging almost from 0.28 to 0.55 according to a number of published
studies on GMPEs for log(PGA) (e.g., Joyner and Boore, 1981; Sarma and Free,
1995; Ozbey et al.,2004; Bragato, 2005; Marin et al., 2004). Parameter o for log(D)
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is more similar to the figures reported for the logarithm of peak ground velocity
(PGV). Parameter ¢ was reported as 0.50 by Boore and Atkinson (2007), possibly
due to higher sensitivity of PGV to low-frequency content of ground motion with
respect to PGA. Arias intensity is another parameter used for estimation log(D). This
variable is also very sensitive to duration of ground motion. A number of GMPE
studies on Arias intensity yielded similar ranges for . The figures for standard
deviation of logla are 0.994 according to Lee et al. (2002). These figures are 0.534
and 0.539 respectively for class C and class D sites (Table 3) according to Hwang et
al. (2004), they are 0.679 and 0.520 sites classified as rock and stiff soil respectively
according to Tselentis et al. (2005). The recent study of Sandikkaya and Akkar
(2016) reported (total) o for logl, as 0.624 for the equation employing Rj, as the
distance parameter. Hence, the similarity between variances of 1, and D shows the
importance of duration dependence of D for its variability, and explains why the
variability of D is generally greater than those of the ground-motion amplitude
parameters. An investigation of residuals will depict further information about the

variability of D.

The residuals are shown in Figure 2.11. A residual is the difference between the
observed and the predicted value of response variable (i.e., log(D) in Equation 2.3)
for a given set of parameters. The sum of all residuals is equal to zero. A linear
regression model is not always appropriate for the data, because the deviation for the
expected (mean) may not be completely random, and may show significant
dependence on predictors. Therefore, an examination of the residuals is important
(Devore and Berk, 2007).

A limited relationship between residuals and some of the prediction parameters was
observed. The decrease in the variability of residuals in lower ranges of R, (Figure
2.11.c) and higher ranges of a. (Figure 2.11.d) may be explained by the scarcity of
data in these ranges. Figure 2.11.f shows a relationship between ¢ and D. The
variability of residuals is greater in the range D > 1 cm than that in the range D < 1

cm. Table 2. presents findings supporting this relationship.  Saygili and Rathje
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(2008, 2009) reported the relationships that show increasing variability in logD by
increasing a./PGA. An increase in the ratio a.//PGA implies a consequent decrease in
logD. Nonetheless, these observations can be explained by the limitations of sample,
particularly about its size. An alternative transformation of D instead of log(D), or
weighted least-squares can be used to decrease possible bias in estimated model
coefficients (Devore and Berk, 2007), unless the relationship between log(D) and o

is explained by the limitations of the sample.

Table 2.4. Sample standard deviations of empirical block-displacement predictions

Reference o

Yegian et. al. (1991) 0.450

Ambraseys and Srbulov (1995) 0.580

Jibson et al. (1998) 0.375

Romeo (2000) 0.418

Stewart et al. (2003) 0.350

Bray and Travasarou (2007) 0.286

Jibson (2007) (i) 0.510

Jibson (2007) (ii) 0.454

Jibson (2007) (iii) 0.656

Jibson (2007) (iv) 0.616

Saygili and Rathje (2008) (i) 0.490

Saygili and Rathje (2008) (ii) 0.199+0.243-(a,/PGA)
Saygili and Rathje (2008) (iii) 0.086+0.343(a./PGA)
Rathje and Saygili (2009) (i) 0.317+0.342-(a/PGA)-0.234(a./PGA)?
Rathje and Saygili (2009) (ii) 0.175+0.227-(a/PGA)
Hsieh and Lee (2011) (i) 0.295

Hsieh and Lee (2011) (ii) 0.357

37



2.5

1.5 - ! .
§ 0.5 - g
‘2 .05 Py B
o (nd
oo &
-15 - . 0‘ - 0’
-25 . .

Residual

2.5 2.5

15 - € 15 -
— =
_cgcs 0.5 - 3 0.5 1
o -0.5 $ -0.5
w @
.15 - . -15

24
‘25 T T '25 T
-1 0 1 2 0.01 10
fr Estimated D (cm)

Figure 2.11 The plot of residuals versus (a) Mw, (b) Vsso, (€) Rjp, (d) ac, (e) f;, and (f)
D estimated by Equation 2.3

38



2.5 Discussion

Equation 2.3, which involves a reasonably simple functional form, can be easily
implemented in a conventional probabilistic seismic hazard analysis in order to
develop a relationship between the annual probability of exceedance and D for any
given a.. Hence, a. can be considered as a parameter defining a mechanical system
property, such as the natural period (T) of oscillator considered in prediction of
spectral acceleration. A limitation of Equation 2.3 is that, predicted D is always a
positive real number, so D=0 is never possible. On the other hand, the predicted D

can be as small as 0.01 cm, which can be practically presumed as zero.

Equation 2.3 is also compared with a number of empirical predictors for D in Figure
2.12. Although two horizontal components of D are joined by using different
functions in these studies, it is supposed that all yield to figures practically close to
SRSS of D. The reasonability of this assumption is discussed later in this section.
The prediction equations of Hynes-Griffin and Franklin (1984, abbreviated as HF84),
Ambraseys and Srbulov (1995, abbreviated as AS95), Jibson (2007, abbreviated as
J107 and J207 for equations i and ii respectively in Table 1.2), Saygili and Rathje
(2008, abbreviated as SR08 for equations i in Table 1.2), Bray and Travasarou (2007,
abbreviated as BT07), and Bozbey and Gundogdu (2011, abbreviated as BG11) are
based on the assumption that PGA is known, so that the fraction a./PGA is a
predictor of D. The empirical relationships shown in Figure 2.12 use different
approaches to join the two components of D computed for each ground motion
record in their databases. For the sake of simplicity, each pair of D components were
joined in the sample shown in Figure 2.12. The geometric mean of PGA was
considered for calculation of the prediction parameter a,/PGA for each record.
Therefore, the variability of predictions shown in Figure 2.12 may be biased. The
magnitude limits were also considered in Figure 2.12. These limits are 5.5<Mw<7.6
for BT07, 5.0<Mw<7.9 for SR08, and 5.3<Mw<7.6 for J207. Displacements smaller
than 1 cm were disregarded in the sample for BTO7. By considering the significance
of variability among these relationships, it can be concluded that the predictions of
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Equation 2.3 are similar to the predictions of other relationships in the range a; /
PGA < 0.55, and are particularly located around the predictions calculated by the
relationships BG11 and J207. However, in the range of a; greater than 55% of PGA,
the predicted range of D is significantly different from the predictions of other
relationships, except those of BTO7. This is explained by the uncertainty in
parameter PGA, which is supposed to be known before the use of other six
relationships that are converging to zero as a//PGA reaches to one. The predictions
of BTO7 converges to 1 cm as a. / PGA reaches to 1.0, because of the truncation of D

at 1 cm (Bray and Travasarou, 2007).

The accuracy of Equation 2.3 is also compared with those of five equations in Figure
2.13. Unlike Figure 2.12, PGA of each component was used for calculation of the
parameters a,/PGA for individual predictions of D, except for the prediction equation
BTO7. These predictions were limited by the range of estimations stated by the
researchers. The predictions according to Equation 2.3 tend to overestimate D in the
range D<1 cm. On the other hand, the prediction errors for Equation 2.3 in the range
D>1 cm are generally smaller than those for SR08 and BG11, and comparable to
those according to BTO07, BG11, J207. The significant bias that vyields
underestimation of D in predictions of BT07 can not be explained. Nevertheless, the
figures show that accuracy of predictions of Equation 2.3 is comparable to other
prediction relationships presented in literature, although former estimations of PGA

are not necessary for this equation.

Figure 2.14 shows the difference between the maximum and SRSS of two horizontal
components of D. The largest difference between the SRSS and the maximum is
25%. The average difference is about 9%. The difference between the two sets of
estimations is negligible with respect to the variability of D as shown in Figure 2.10.
Therefore, a more rigorous method to join the two horizontal components of D is not
practically feasible. The consideration of two components of D in analyses separately
will yield a lower prediction for D. This observation is also supporting Equation 2.3

for its practical implementation in seismic hazard analyses. Nevertheless, the
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improvements in functional forms, those in estimation of model coefficients, and in

the sample of accelerograms can decrease ¢ significantly.
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Figure 2.13 The comparisons of predicted D with computed D for a set of prediction

equations
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Figure 2.13 (continued)

The effect of truncation of D at 1 cm as considered by Bray and Travasarou (2007)
needs further investigation to understand the variability in the results of this study. In
case D <1 cm is eliminated from the sample, the functional form of Equation 2.3
yields a new set of coefficients, such as

log(D) =0.652- M,, —1.032-log(Vs;,) —1.372-log(R,, +6) —1.532- log(a, ) +0.262- f,
—0.649 (2.4)

The comparisons of D predicted by Equation 2.4 with D computed by SLAMMER
are shown in Figure 2.15. Equation 2.4 yields smaller residuals in the range (SRSS)
D > 1 cm. r? and o were respectively computed as 0.761 and 0.294. When the data
for (SRSS) D < 1 cm in the sample is eliminated, o becomes similar to the figures

reported by Bray and Travasarou (2007). On the other hand, the number of seismic
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events reduces from 46 to 35, and the number of ground-motion records reduces
from 70 to 48 after this elimination. Therefore, it is not clear whether the reduction in
o is due to the reducing number of useful records in greater ranges of D, or due to
limitations of the functional form of prediction equation. Therefore, it was concluded
that the use of Equation 2.4 can yield to underestimation of seismic hazard, unless
alternative rigorous statistical methods, such as weighted least squares method are
able to suppress the possible relationship between o and logD. This conclusion is
also supported by the variances reported after similar studies on prediction of D, and
by the variances of parameter predictions that are expected to be related to D
(Section 2.4). Therefore, Equation 2.3 was primarily used for computation of seismic
hazard in Chapter 3. Nonetheless, Equation 2.4 was also used for computation of

seismic hazard at specific coordinates to examine the significance of o in these

analyses.
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Figure 2.14 The differences between maximum and SRSS of the two components of
D
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Figure 2.15 The comparison of predicted D with computed D according to Equation
2.4

The significance of parameters were also investigated by testing the null hypothesis

Ho: Bi=0, against the alternative Ha: Bi ~ 0. Hence the null hypothesis suggests that

the i" does not have any effect on the prediction. The P-value, observed significance
level of the test, is the smallest level of significance at which Hy would be rejected by
a given sample (Devore and Berk, 2007). The level of significance is usually
between 0.01 and 0.10 in practical applications. Hence, the rejection of Hy will be a
strong conclusion if P-value is in this range or close to zero (Devore and Berk,
2007). The regression tool of the computer program MS-Excel is also reporting the
P-values for this test. Those P-values are shown in Table 2.5 for a set of equations in
Table 2.3. No.4 corresponds to Equation 2.3. The P-values shows that Hy should be
rejected for all parameters, and each parameter has a significant contribution in

prediction of D. The highest P-value in Table 2.5 was obtained for M, Equation
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No.1 and No.2. Nonetheless, the P-value is rather small, and it was concluded that
the relationship between logD and M,? is rather significant. On the other hand, the
use of Mw? in prediction equations does not improve r? significantly, and the term

Mw? can be ignored until a larger sample is available.

Table 2.5. P-values for a set of equation in Table 2.3

P-value
Parameters No.1 No.2 No.4
My 7.40-107 1.58-10%  5.86:10°°

log(Vsz)) ~ 5.38:10%%  1.40-10%°  3.93-10™°
log(Rpp>+9)  3.43-10™%

log(Rj»+6) 3.04:10%  3.98:-10%
log(ac) 6.01-10°*  4.09:-10° 4.25-10
f, 1.79-10* 1.06:10*  1.49-10™
Mu? 8.44-10° 1.35-107
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CHAPTER 3

A CASE STUDY ON THE USE OF PSHA FOR A DECISION ON SEISMIC

COEFFICIENT

3.1 Introduction

The procedure for determination of k, by a probabilistic seismic hazard study
(PSHA) is explained by a case study near to the town of Sebinkarahisar in Giresun
province of Turkey. The prediction equation for D (Section 2.4) was implemented in
PSHA to develop hazard curves in terms of D. Then the hazard curves were
converted to relationships between k, and return period, Tg, according to the
relationship explained in Figure 1.5. Consequently, the return period of the event that
D exceeds Dy will be equal to Tg, if the slope is marginally stable under the action
of k. This return period will become greater by improving stability. Finally, the
spatial distribution of k, around Sebinkarahisar for a set of Dy and Tg was shown.
An assessment of stability is presented by comparing the allowable slope angles and

the existing slope angles around Sebinkarahisar.
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3.2 Seismic Hazard Analysis

The procedure of PSHA used in this study is based on the frame explained by
McGuire (2004). It is assumed that earthquakes occur randomly within a time
interval. The random occurrences of seismic events are modeled either as Poisson or
as non-Poissonian processes (Cornell and Winterstein, 1986). In a Poisson process
the events are supposed to lack memory, and the probabilistic distribution of these
events is stationary in any interval of time (Devore and Berk, 2007). The Poisson
process is widely used in PSHA because of its mathematically simplicity. On the
other hand, it is an over simplification of consequences of physical processes in
tectonics (Anagnos and Kiremidjian, 1988). This simplification is used in this study

to keep the comprehensibility and comparability in calculation of k, by PSHA.

3.2.1 Integration of Hazard on a Site

PSHA determines the annual probability of exceeding a specific level (y) of a
ground-motion parameter (Y) in a specific time interval at a site of interest. This
probability can be computed by using the total probability theorem. In most
theoretical models, the probabilistic distribution of Y is basically supposed to be
limited to earthquake magnitude (M), and to distance between site and seismic source
(R). The probability density functions for M and R, are defined by the functions
fuwi(m) and fri(m,r) respectively. The hazard integral is defined as (Cornell, 1968)

A :_NZvi [JP[Y > yjm.r]- £, (m)- £ (m,r)-dm-dr (3.1)

where Y is a strong ground motion parameter of concern, y is a threshold value for Y,
fri (r) represents the probability of occurrence of a given earthquake in i seismic
source and at the distance r from the site of interest, f,i(m) describes the probability
of occurrence of each earthquake magnitude in i™ seismic source, Ns is the number
of sources to be considered in seismic hazard analysis, v; is occurrence rate of the

earthquakes in i™ seismic source in a specific interval if time, and Ay describes the
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frequency of exceeding y by Y in a specific interval of time. This specific interval of
time is usually supposed to be a year, so that A, represents the annual rate of
exceedance. The integral in Equation 3.1 is computed by a number of computer
programs. Some of the widely known programs are EQRISK (McGuire, 1976),
FRISK (McGuire, 1978), SEISRISK Il and 111 (Bender and Perkins, 1982 and 1987),
CRISIS (Ordaz et al., 2003). The continuous relationship between A, and y for a site
is usually presented as a graphical function, namely the hazard curve (McGuire,
1993).

3.2.1.1 Description of fgi(m,r)

PSHA requires characterization of all known earthquake sources that can cause
significant ground-motion amplitudes at the site of interest. It is necessary to model
probabilistic distribution of distance between a site and seismic events for estimation
of ground motion parameter. This distance parameter (R) is dependent on geometric
properties of a source, and on possibilities for geometrical extends of a seismic event,
because an event magnitude is dependent on dimensions of a fault rupture (Wells and
Coppersmith, 1994). Basically, two source types considered in source

characterization are line and area.

A line source is generally used for modeling earthquake occurrences on a mapped
fault, in case R is not sensitive to the width of rupture in vertical direction. Faults are
modelled by area sources otherwise. The area sources are also used for modeling
seismic activity which cannot be associated with any mapped fault. In the latter case,
it is assumed that source produces earthquakes randomly at equal likelihood
anywhere within its geometrical extends. Whereas, the probabilistic distribution of R

depends on the magnitude of seismic event in case of a line source (McGuire, 2004).

3.2.1.2 Description of f,;(m)

A basic assumption of PSHA is that the past seismicity is convenient for the

prediction of future seismicity on a region of interest. Expected number of
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earthquake magnitudes occurring in a given period of time is described by a density
function, namely the magnitude-recurrence relationship. These events are generally
supposed to constitute a Poisson (or memoryless) process. There are three general
models of magnitude density functions that are typically considered in PSHA:
exponential model (Gutenberg-Richer), truncated exponential model, and
characteristic-magnitude model as shown in Figure 3.1 (McGuire, 2004).
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Figure 3.1 The magnitude-recurrence models: (a) exponential, (b) truncated

exponential and (c) characteristic

The exponential model is based on Gutenberg-Richter (1944) magnitude-recurrence

relationship. Basically, N(M), the expected number of earthquakes with magnitudes
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greater than M in a specific duration is estimated by

logN(M)=a—-b-M (3.2)
or,
N(M)=v,-e”™M (3.3

where vo=10% and P=b-In(10). Usually, N(M) is normalized, so that this specific
duration is taken as a year. The exponential model assumes that there is no limit on
the maximum possible magnitude, whereas a seismic source, occupying a finite area
on earth’s crust, should have a limit for earthquake magnitude. An improvement to

solve this problem is the truncated exponential model expressed as

N(M) =V, (1 p+ p-e M ™Mm)) Min < M (3.4.2)
where,

-1
p= (LMt ) (3.4.b)

Such that, Mmax is the maximum magnitude that can be hypothetically recorded on a
source modeled by the truncated exponential model, and My, is the minimum
magnitude of concern in analysis and ommin IS a rate of events with magnitudes
greater than Mpin. Mmax is related to the maximum magnitude of events recorded in
past, and to the geometrical characteristics of fault. M, is practically related to the
level of ground motion that cannot cause any type of damage on structures. The
normalization of Equation 3.4.a by owmmin Yields the complementary-cumulative
distribution function for M, and the derivative of this function yields the probability

density function for the truncated exponential model (McGuire, 2004).

frr(1M) — p_ﬂ_e_ﬂ'(M_Mmin) (35)

51



The relationship between Vymin, Mmin, Mmax and the slip rate on a fault is (McGuire,

2004)

- A In(10)-| 1 Mlﬁ "El"’ Mlﬁ '%"’
-A-s-c-In d1— /! . cin _ cin
( ) C- In(lO) 0,max 0,min
Vy = (3.6)

" p-f- eﬁ{MminJr%)

where, A is fault area, s is the slip on fault surface, p is the shear rigidity of the crust
(typically 3-10" N/m?), Momax and Momin are upper and lower bound seismic
moments. These seismic moments respectively correspond to M=Mnax and M=Mpin

by the relationship
log(M,)=c-M+d (3.7)

c and d are the constants of Equation 3.7. These constants are equal to 1.5 and 16.05
dyne-cm respectively, in case scale of M the is moment magnitude, My, (Hanks and
Kanamori, 1979).

The geological investigations on number of active faults show that the displacement
on number of successive segments during a fault rupture is historically repeated. This
is showing that the magnitude of successive major events on a fault is rather uniform
due to the relationship between rupture displacement and M (Schwartz and
Coppersmith, 1984). An event with a magnitude ranging from M. to Mma ONn a
particular fault is widely named as characteristic earthquake. M is supposed to be
the minimum possible magnitude of a characteristic earthquake. Any M smaller than
M. is supposed to be pertinent to non-characteristic earthquakes. These events are
generally modeled by a truncated exponential model as shown in Figure 3.1.c.
Equation 3.6 can also be used for characteristic earthquake modeling after
substitution of =0 and Mpin=M, (McGuire, 2004). M. and Mpax can be related to
dimensions of a fault rupture by the relationships of Wells and Coppersmith (1994),
or they can be estimated by using the catalog of historical earthquakes (Frankel,
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1995). The contribution of magnitudes less than M. on accumulation of seismic
moment on a fault is relatively small because of the logarithmic relationship shown

in Equation 3.7.

The parameter f and the rate of low-magnitude events (i.e., Vmmin), IS usually
estimated by the catalog data of earthquakes. The uncertainty regarding the location
and magnitude was considerable for the events before the period of seismic
instrumentation. Therefore, the use of a catalog of seismic events in the instrumental
period is necessary for estimation of . Nonetheless, there are several important
issues to consider before employing a catalog to develop magnitude-recurrence
relationships. The first is that the magnitude scales used for reporting each event may
not be homogeneous in catalogs. Although recent ground-motion prediction
equations are based on moment-magnitude scale (My), this magnitude scale is not
reported for each event in the catalogs. The second is the incompleteness of lower
magnitude ranges particularly in early periods because of the insufficiency of
instrumentation. The third aspect is the clustering of aftershocks or foreshocks
around the location of a significant seismic event. These clusters violate the
assumption of statistical independence of earthquakes which is a property of Poisson
processes. So, the catalog should be declustered, and the aftershocks and foreshocks
should be eliminated before estimation of model parameters.

When compiling an earthquake catalog for a PSHA, it is also important to take
magnitude conversions into account to build a homogeneous dataset. Magnitude
scales have been developed in the past as a response to different instrumentation
problems in seismology. Local or Richter Magnitude (M), surface wave magnitude
(Ms), duration magnitude (Mp), body-wave magnitude (Mg), and moment magnitude
(M) are among widely used magnitude scales (McCalpin, 2009). My scale is related
to the moment magnitude of a seismic event by substituting c=1.5 and d=16.05
dyne-cm in Equation 3.7 (Hanks and Kanamori, 1979). Because My was considered
in the development of predictor equation for D in Chapter 2, the other magnitude
scales should be converted to M,, in the absence of a report on this magnitude scale.
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A number of empirical relationships between Ms, M, Mg and My were reported in
literature (e.g., Stromeyer et al., 2004; Castellaro et al.,, 2006). Hence, the
correlations between My, and other magnitude scales can be statistically estimated by
the regional data, and can be used for estimation of My to provide homogeneity in
magnitude scale. On the other hand, the magnitude scales other than My, have upper
(saturation) limits which hinder the use of these relationships in greater ranges of
earthquake magnitude. Mg, M, Ms and My scales saturate almost at magnitudes 7.3
(Chung and Bernreuter, 1979), 7.0, 8.0 (Hanks and Kanamori, 1979) and 6.0 (Yenier
et al., 2008) respectively.

After converting a catalog to My, scale, the clusters of aftershocks and foreshocks
can be eliminated. The total seismic moment of each cluster of events should be
added to the moment of its main (independent) event to preserve the seismic moment
accumulating in a seismic source. The process of identification and elimination of
these clusters in a catalog is known as declustering analysis (Stiphout et al., 2012).
ZMAP (Wiemer, 2001) is one of the computer programs that can be used for
declustering of seismic catalogs. The algorithm of Gardner ve Knopoff (1974), which
is based on the limitations for inter-event distances in time and space, is implemented
in ZMAP for the declustering. The events that are located in these limits are
supposed to build clusters, and are eliminated by ZMAP. The event with the
maximum magnitude in each cluster is supposed to be the main event. It’s moment
magnitude is updated according to the computed total seismic moment of event

declusters.

Once dependent evens have been removed from a homogeneous catalog, the catalog
can be assessed for completeness for different magnitude ranges. An earthquake
catalog is complete for magnitude M, within a specific time interval, provided that all
events with magnitude M, is recorded in this interval (McGuire, 2004). The
determination of period of completeness can be rather subjective. The method of
Stepp (1973) is a well-known method on estimation of periods of completeness for

magnitude ranges. Since the sequence of earthquakes is supposed as a Poisonian
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process, the mean rate of occurrence for a magnitude interval should be a constant in
a complete period. This period range is identified by graphically investigating the
relationship between the variance of average rate of occurrences and the time interval
for earthquake records. Alternatively, Nasir et al. (2013) suggested plotting
cumulative number of earthquake-intensity versus time (years) in order to identify
the period of completeness of the earthquake catalog for this particular intensity. A
conceptual explanation of this method, named as “Temporal Course of Earthquake
Frequency” (TCEF), is shown in Figure 3.2. The complete recording of Poissonian
events are expected to yield a linear relationship between cumulative number of
earthquakes and time with a slope steeper than the slope in the period of incomplete
data.

Since statistical estimation of a parameter is sensitive to missing data, f should be
estimated by taking the period of completeness of each magnitude range into
account. The study of Weichert (1980) presents a method to estimate 3 in case the
observation periods of magnitude ranges are not equal. Hence, B can be estimated by

the relationship

i N (3.8)

where, z; is the number of earthquakes with magnitudes in the interval [M;-AMi/2,
Mi+AM;/2] that are completely recorded during a period of time, t; (years). Then, the

total (annual) rate of events with magnitudes greater than My is

Ze_ﬁ.Mi . Zzi
Vit = W (3.9)

Bender (1983) argued that Equation 3.8 will yield biased estimations, and suggested
a method to estimate $ by considering M as a continuous variable. Or, the bias can be

minimized by setting AM=0.1, which is applicable for most earthquake catalogs.
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The magnitude-recurrence relationships in a region can also be justified by historical
records of events, since the duration of instrumental period is considerably short with
respect to the duration between destructive earthquakes. A number of well-known
historical catalogs for seismic events in Anatolia were compiled by Ambraseys and
Jackson (1998), UDIM (2016) and SHARE-CET (Stucchi et al., 2012). The first
record in the historical catalog of Ambraseys and Jackson (1998) involving events on
Turkey was dated as 17 AD. UDIM historical earthquake database provides 98
seismic events between the years 222 BC and 1899 AD. Another historical catalog is
provided by the SHARE-CET database. This database involves earthquake catalogue
for Central and Eastern Turkey between years AD 1000 and AD 2006. The catalog
involves 241 events until 1899 AD, before the instrumental period (Stucchi et al.,
2013). The sizes of historical events are explained by Ms in the catalog of Ambraseys
and Jackson (1998), by their intensity in UDIM catalog, and by My in the SHARE-
CET database.

Cumulative Number of Earthquakes

Period of Completeness Year

Figure 3.2 The determination of period of completeness according to TCEF

(Nasir et a., 2013)
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3.2.1.3 The Concept of Return Period

An alternative and widely used parameter that is expressing the likeliness of the
event that Y exceeds y is the return period, Tg. This parameter can be calculated by
(EN 1998-1, 2004)

T,=— (3.10)

by supposing that the occurrences of event Y > y constitute a Poissonian process.
Then, the probability that the first event will be observed within a specified duration

TL is

P, . (3.11)

due to probabilistic exponential distribution (Kramer, 1996) The substitution of

Equation 3.10 in Equation 3.11 yields

i

Tq :—m (3.12)

which relates the return period of the event Y >y to the probability Pg. T is usually
related to the average life span of a structure. A duration of 50 years is commonly
specified for buildings, and Pg is set to a reference probability of exceedance. For
instance, a return period of 475 years is calculated by supposing Pr=10%, which is
widely used for design of ordinary buildings accommodating people. For the design
of critical structures, such as nuclear power plants, dams, and bridges; smaller ranges
of Pgr are employed (Solomos et al., 2008). A set of combinations of Pg and T, and

Tr frequently considered in seismic-design practice is shown in Table 3.1.
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Table 3.1. Typical values and relationship between Pg, T. and Tg
(after Solomos, 2008)

Pr TL Tr
10% 10 years 95 years
20% 50 years 224 years
10% 50 years 475 years
5% 50 years 975 years
2% 50 years 2475 years
10% 100 years 949 years
5% 100 years 1950 years
2% 100 years 4950 years

According to Bisch et. al. (2011), the document EN 1998-1 proposes two levels of
seismic actions for ordinary building-type structures. (These actions correspond to
seismic intensity in performance based design, explained in section 1.2) The first is
defined by the 10% probability of exceedance in 50 years, which is for prevention of
local collapse in structures. This pair of Pg and T, corresponds to a return period of
475 years (Table 3.1). The second is defined by Pr=10% and T, = 10 years, and shall
be considered for the damage limitation (i.e., serviceability) level. Instead of
specifying different sets of Tr for buildings that impose various post-event risks on
society, EN 1998-1 assigns scaling factors for seismic actions according to the
importance of buildings. This importance factor, y, corresponds to a range of Tg and
depends on the slope of hazard curve. A simplified relationship between logarithm of

Ay and that of y is

log(4,) =k - log(y) + ¢,
(3.13)

where Kk is the slope of the hazard curve, and c; is a constant. k is dependent on
magnitude distribution of events around the site (McGuire, 2004). Substitution of
Equation 3.10 and the definition y = y(Tgr) / y(Tr=Tr) in Equation 3.13 yields,
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TLR -1/k

v (ﬁ) (3.14)

TLr 1s namely implicit return period, and is taken as 475 years for y =1.0 (Bisch et
al., 2011). The relationship between the parameter y, k and Tg are shown for a range
of importance classes in Table 3.2. Tr for buildings of minor importance is in the
range from 200 to 250 years. Tg is between 800 and 1.000 years for buildings such as
schools, assembly halls, cultural institutions.Tr for hospitals, fire stations and power
plants are between 1.100 and 1.800 years (Bisch et al., 2011). This concept is also
employed in Turkish seismic design code (Ministry of Public Works, 2007). y is 1.0
and 1.5 respectively for dwellings and for hospital on this document. Tg is supposed
to be equal to 475 years and 2475 years respectively on this document. These y and
Tr can depict reasonable figures for selection of ky in assessment of seismic stability

of slopes.

Table 3.2. Importance classes and recommended values for y for buildings
(Bisch et al., 2011)

Importance Tr (years)
class ! k=25 k=30 k=4.0
I 0.8 272 243 195
1 1 475 475 475
1 1.2 749 821 985
v 1.4 1102 1303 1825

3.3 The Case Study of Sebinkarahisar

A specific zone involving an extensive territory of severe landslide hazard is chosen
for computation of k, by PSHA. The zone is around Sebinkarahisar town in Giresun
Province of Turkey, which is located on the south of Black Sea. The town is located
on the coordinates 3825°E and 40°17°N. According to the General Directorate of

Mineral Research and Exploration (MTA, 2007), town is close to wide zones that are
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prone to landslide hazard, marked by red and yellow colors on the map shown in
Figure 3.3. According to Aral et al. (1991) the geotechnical index properties of the
soil specimens recovered from landslides show that the soils prone to landslide
hazard is typically classified as SM, SC, MH and CL according to the U.S.
Geological Survey (USGS). The neotectonic activity of North Anatolian Fault (NAF)
and relatively steep topographical slopes played prominent roles in slope failures
(Aral et al., 1991). The average annual precipitation between the years 1981 and
2010 in Giresun is 786.9 mm. Whereas, the average between the years 1981 to 2010
annual precipitation is 574 mm in Turkey (Meterological Service of Turkey, 2017).
Hence, the average precipitation in Giresun has been only 37% higher than the

country average in this period.
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Figure 3.3 Landslide map around Sebinkarahisar (Duman et al., 2007)

Sebinkarahisar is located of a distance of 20 km approximately from North Anatolian
Fault (NAF). The dextral strike-slip NAF is the most significant active tectonic
structure in Turkey. The fault extends from east of Anatolia to the north of Aegean

Sea. The faults consists of several segments, and it has an approximate length of
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1200 km (Barka, 1992). Barka (1992) stated that the age of NAF is a controversial
topic, but it is between the late Miocene and the early Pliocene (~8-4 Ma) according
to the most researchers. Whereas, according to Armijo et al. (1999), this age is
between 5 and 7 Ma. NAF forms the border between Eurasian Plate in the north and
Anatolian Plate in the south. According to Barka (1992), the slip rate between
Erzincan and Niksar is 0.7-0.8 cm/year, and is 0.5-0.6 cm/year between Niksar and
Bolu. Tatar et al. (2012) used remote sensing technique to investigate the slip rate
along the eastern part of the NAF. They concluded that the locking depth of fault
increases from 8.1 km in Erzincan to 12.8 km nearby Niksar. According to their
measurements, the slip rates on the NAF is increasing from 16.3 mm/year on the east
to 24.0 mm/year on the west of fault segments between Erbaa and Niksar. Poyraz
(2016) estimated the locking depth as 12.72 km between Erzincan and Tokat.

During 20th century, a number of destructive earthquakes on NAF were recorded.
The extends of fault rupture during these events are shown in Figure 3.4. The first
two events were located on the west of NAF, namely on its Ganos segment in 1912
(Mw7.4). This is later followed by a sequence of major events beginning from the
eastern segments and proceeding towards the western segments located on the Sea of
Marmara. These events were namely the 1939 Erzincan (Mw7.9), the 1942 Niksar-
Erbaa (Mw6.9), the 1943 Tosya-Ladik (Mw7.7), the 1944 Gerede (Mw7.5), the 1957
Abant (My6.8), the 1967 Mudurnu Valley (Mw7.1). The 1999 Izmit (M\y7.6) and the
1999 Diizce (My7.2) earthquakes are the most recent destructive events on the NAF
(Barka et al., 2002; Syngellakis, 2015). 1939 Erzincan earthquake is the closest
rupture for the study area, and it is also one of the largest earthquakes on NAF. The
magnitude of this event was estimated as 7.9 by Barka (1996) magnitude scale is
unspecified, it was Ms7.9 according to UDIM, or it was Ms8.0 according to Tan et al
(2008). The segments of 1939 Erzincan earthquake suggested by Barka (1996) are
shown in Table 3.3. Total fault length was reported 360 km.
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Figure 3.4 Earthquakes since 1939 on NAF (Barka et al., 2002)

Table 3.3. NAF length and estimated Myy for a rupturing segment of NAF

Segment Length (km) Estimated My
Ezinepazari 90 7.3
Kelkit Valey 100 7.4
Ortakody Su Sehri 45 7.0
Mihar Timekar 65 7.2
Erzincan 60 7.2
Total 360 8.0

3.3.1 Seismic Activity Around Sebinkarahisar

The catalog of earthquakes in the instrumental period (i.e., after the year 1900) is
compiled from UDIM. The database presents the catalog information about events,
including date, time, latitude and longitude of epicenter, depth of hypocenter,
magnitude of event according to the scales Mp, M., Ms, Mg, and a description about
the location of the event. All events in this catalog have magnitudes (for any scale)
greater than or equal to 4.0. The events that have epicenters located within 200 km
radius of the coordinates 38.40°E and 40.20°N between the dates January 1%, 1990

and December 28", 2013 were selected to compile a reduced set of events. This
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reduced catalog involves 245 events. The information on depth was ignored during
selection. A sample of catalog events that are compiled from the UDIM database are
shown in Table 3.4. The complete catalog of selected events is presented in
Appendix C.

M, for 162 events are not reported in the compiled catalog. The duration magnitude
(Mp6.0) of the event located in Erzincan province on 08.11.1941 is considered as
questionable due to possible saturation of this magnitude scale. No other magnitude
scale is reported for this record. On the other hand, any record that can be associated
with this event could not be found in other earthquake databases available on the
web, such as SHARE-CET (Sesetyan et al., 2013) and the catalog of United States
Geological Survey (2014). Therefore, this significant event was eliminated from the

reduced catalog before the hazard analysis.

Table 3.4. A sample of seismic events compiled from the catalog (UDIM, 2014)

Lat. Long. Depth

Time (deg) (deg) (km) Mp M, Mw Ms My
2014 39.2 38.7 4.4 0 43 41 0 0
2014 39.5 37.4 ) 0 43 42 0 0
2013 38.4 38.9 8.4 0 41 40 0 0
2013 38.6 37.3 5 0 40 40 0 0
2013 40.8 36.3 10 0 42 40 0 0
2012 39.5 39.9 5 0 42 0 0 0
2012 39.5 39.9 5 0 40 0 0 0
2012 39.5 40.0 5 0 42 0 0 0

In the absence of My, this magnitude scale was estimated by developing linear
relationships between M,, and the other magnitude scales presented in the catalog of
events around Sebinkarahisar. Figure 3.5 shows the best-fit linear relationships
according to the principle of least squares (Devore and Berk, 2007). The upper limit
for magnitude range shown on each axis in Figure 3.5 depicts the saturation

magnitude for that particular scale. These linear relationships were ranked according
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to the coefficient of determination (r?), and are presented in Table 3.5. My reported
for 83 earthquakes in this dataset. These records were used for developing
relationships. Whereas, only one magnitude scale other than My is reported for 115
events. The solely available magnitude scale was used for estimation of My. Two or
more of magnitude scales other than My were available in the remaining data, so M,
was estimated for these events by using the equation having a higher rank (r?) in
Table 3.5. The estimations for M,, were rounded up or down to the closest multiple of
0.1.

The aftershocks in the dataset of events were eliminated by declustering analysis.
The dataset of events around Sebinkarahisar was declustered by using the computer
program ZMAP (Wyss et al., 2001) and the method of Gardner and Knopoff (1974).
The declustering method identified 18 clusters of earthquakes, and a total of 49
events out of 144 as foreshocks and aftershocks. Figure 3.6 displays the declustered
catalog containing 95 main events. The seismic moment released by the clusters of
fore/aftershocks is about 1.8% of the total seismic moment of the earthquakes

involved in the analysis.

The declustered catalog of events is presented in Appendix D. The range of
magnitudes in the catalog is assessed for completeness according to the method of
Albarello et al. (2001). The annual accumulation of events in each magnitude
interval is shown in Figure 3.7. The period of completeness for each magnitude range
is presented in Table 3.6. The rate of accumulation of events before these periods of

completeness are observed to be significantly lower than the rate in these periods.

Table 3.5. The empirical linear relationships between magnitude scales

Linear Relationship r
Mw=0.81 x Mg +1.10  0.986
Mw=1.03x Mp +0.03  0.982
Mw =1.12 x Mg - 0.41 0.978
Mw = 1.06 x M__- 0.12 0.973
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Figure 3.5 The relationship between magnitude scales: (a) Mg to My, (b) Ms to My,
(c) ML to My, and (d) Mp to Mw

Table 3.6. The period of completeness for magnitude ranges

Mmin Mmax Complete after

4.5 4.9 1954
5.0 5.4 1952
5.5 5.9 1938
6.0 7.7 1904
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3.3.2 Geometric Extends of Seismic Sources around Sebinkarahisar

Line and area sources shown in Figure 3.8.a and 3.8.b were used in this study. Line
sources approximately delineate the location of NAF shown on the active-fault map
of Turkey that was presented by Emre et al. (2011). The modeling of each fault
segment distinctly and consideration of probabilities of cascading ruptures will
improve the accuracy of PSHA, provided that accurate information on the
segmentation and on the distribution of total moment rates on segments is available
(Erdik et al., 2004). However, a simplified continuous model of NAF was preferred
to avoid complexity in analysis due to absence of accurate analysis on the
probabilities of cascading ruptures on eastern NAF. Therefore, it was supposed that
the source of large magnitude events in the region is solely the 352 km-long
continuous linear model of NAF extending between Koyulhisar, Sivas, Refahiye,
Erzincan. It was assumed that the relatively small magnitudes originate from

rupturing of unmapped faults modeled by a relatively large area source.
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Figure 3.8 a) The area, and b) fault sources used in the study.
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Figure 3.8 (continued)
3.3.3 Magnitude-Recurrence Relationships for Sources

An important parameter to be defined for truncated magnitude-recurrence
relationships iS Mmax. Mmax on NAF segments close to Sebinkarahisar is estimated by
considering two methods. In the first method, the geometric properties of fault
segments were taken into consideration. According to Wells and Coppersmith
(1994), the average relationship between surface rupture length (SRL, in km) on a

strike-slip fault, and moment magnitude of an event is

M,, =5.16+1.12-log(SRL) (3.15)

SRL for each segment was estimated by considering the segmentation of 1939
Erzincan rupture suggested by Barka (1996). The estimated My, for each segment,

shown in Table 3.5, was supposed to be representative for Myax On each segment.
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The second method used was based on the historical data on earthquakes. The list of
most significant earthquakes around Sebinkarahisar is presented by Table 3.7. The 26
December 1939 Erzincan earthquake ruptured number of segments that are
consisting about a length of 360 km on NAF (Barka, 1996). My8.0 estimated for a
total length of 360 km is reasonable consistent with the figures (Ms8.0) reported in
section 3.3. Therefore, it was supposed that the maximum earthquake magnitude on
the line source can reach to Mw8.0. Although the sample used for derivation of
Equation 2.3 does not involve events My, > 7.6. It was supposed that this equation is

applicable in the range of My from 7.6 to 8.0.

Table 3.7. The historical and recent destructive earthquakes on the east of NAF

Date Place Magnitude Reference

499 Niksar 7.0 Ambraseys and Jackson,1998
1045 Erzincan 6.8 SHARE-CET

1668 Amasya 7.9 Ambraseys and Jackson, 1998
1939 Erzincan 7.9 Syngellakis, 2015

1942  Niksar Erbaa 6.9 Syngellakis, 2015

1943 Tosya 7.7 Syngellakis, 2015

The minimum limit for magnitude of significant earthquakes on line source (NAF) is
assigned similarly by using the geometric properties of fault segments, and by using
the historical data. The estimated M,, for rupture of 45 km long Ortakéy Su Sehri
fault is 7.0. On the other hand, the estimated M for the historical event in the year
499 is as low as 6.0 according to the study of Ambraseys and Jackson (1998).
Considering the uncertanty in magnitudes reported for historical events, My6.5 is
supposed to be a reasonable lower limit for significant earthquakes on the line model
of NAF. The magnitudes of characteristic events on line source were supposed to
range from 6.5 to 8.0. The details of segmentation and probabilities of cascading
fault ruptures were not considered. The recurrence relationship on the line source
was modeled by using truncated exponential function (Equation 3.4.a), after

substuting =0. The slip rate is supposed as 20 mm/yr for 360 km long successive
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segments of NAF around Sebinkarahisar, and width of faulting (or, interlocking
width) was supposed as 10 km. These figures are reasonably consistent with slip rate
and locking depth on Giresun according to the study of Tatar et al. (2012). At first,
the seismic activity has been calculated by Equation 3.6. However, it was observed
that the annual rates of large-magnitude events become much larger than the rates
depicted by historical events. This can be explained by the almost continuous creep
of the mature fault that does not result in seismic moment accumulation on fault,
which was observed by remote sensing on western segments of NAF (Cakir et al.,
2012; Rousset et al., 2016). A better agreement among the historical events and
magnitude recurrence relationships was observed in case the rates on line source was
decreased by about 40%. Hence vmmin for line source was estimated as 6.0- 102 . This
40% decrease in estimation of seismic moment accumulation on active faults has
been also suggested by Paradisopoulou et al. (2010) in a study on seismic hazard
assessment in western Turkey. The magnitude recurrence relationship is compared

on the catalog data of earthquakes in Figure 3.9.

The recurrence relationship on area source was modeled by using truncated
exponential function (Equation 3.4). The seismic activity within 100km radius of
Sebinkarahisar was considered for the area source. The magnitudes on the area
source was supposed to range from 4.5 to 6.4. Hence, the events with magnitudes
less than 4.5 were supposed to have an insignificant contribution to seismic hazard.
There are 26 earthquakes with My > 4.5 in the dataset of declustered events which
are located within 100 km radius area around Sebinkarahisar. The parameter 3 was
determined according to method of Weichert (1980), and by supposing a magnitude
interval of AM=0.1 in the use of formulas of Bender (1983). B and vmmin Were
respectively computed as 1.84, and 1.43. All events were supposed to be shallow
earthquakes. Figure 3.9 compares the theoretical magnitude recurrence relationship

for area source with the declustered catalog of events.

The relatively small difference between the magnitude-recurrence relationship of

area source and the declustered events can be explained by the incompleteness of
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catalog data particularly in the lower ranges of My. The magnitude-recurrence
relationship is slightly conservative for the rates of large magnitude events modelled
by line source. This can be explained by the uncertainty regarding My, of historical
events, which consequently effects Mpn of characteristic model. Hence, the model
for total seismic activity (Figure 3.9) around Sebinkarahisar was supposed to model
rate of large magnitudes reasonable but can be improved by further detailing of

seismic activity.
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Figure 3.9 The magnitude-recurrence relationship used in analyses
3.3.4 Seismic Hazard Analysis in terms of D

In this study, the computer program CRISIS 2007 (Ordaz et al., 2007) was used for
PSHA. In this program, the seismic sources can be geometrically defined as a point,
a fault (combination of lines), and an enclosed area. The seismic source model can be

Poissonian, and the magnitude recurrence relationships can be truncated exponential
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(Equation 10). A grid of sites for computation of PSHA was defined. Source

geometries were defined as a fault and an area source. The explanations for these

input parameters are explained in the following bulleted list.

Latitude (deg.)

A 0.005°-interval grid of sites was generated as shown in Figure 3.10.

Line and area sources were defined as shown in Figure 3.8.

Source seismicity for area source was defined according to Figure 3.9.

The data table defining the attenuation relationship (GMPE) was defined by
using Equation 2.3 for applicable ranges of the parameters ac, Vsso, Rjp and
Mw.

40.80
A AN AN AN AN N AN AN AN AN A A AA

40.60 A A AN AN AN AN N AN AN AN AN A A AA
A AN AN AN AN N AN AN AN AN A A AA
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Figure 3.10 The calculation (grid) points shown by triangles

CRISIS basically computes the seismic hazard in terms of (spectral) acceleration.

The ground-motion prediction equations predicting spectral acceleration amplitude

for a regularly spaced set of magnitude, distance and oscillator period should be
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defined numerically. Then the program uses interpolation techniques for calculation
of acceleration for any arbitrary selection of these parameters. The use of magnitude
and distance parameters for estimation of sliding block displacement D (Chapter 2) is
similar to that for similar acceleration. Whereas the input for oscillator period was
substituted by the parameter a.. The parameter Vssg is explicitly defined, such that a

new set of prediction equations is to be defined for any Vsso considered in analyses.

Eight different values of a. were chosen for analysis: 0.05g, 0.075g, 0.10g, 0.15g,
0.20g, 0.30g, 0.40g, 0.50g. Seismic hazard was computed for nine levels of seismic
intensity depicted by Tr=98, 140, 475, 975, 2475, 4975, 9975, 14980, and 24980
years. This set of Tg respectively corresponds to 40%, 30%, 10%, 5%, 2%, 1%
0.333%, and 0.2% probabilities of exceedance in 50 years (Equation 3.11). The set of
Tr is reasonable consistent with the set of Solomos (2008) shown in Table 3.1, and
involves a set of large numbers for graphical completeness of hazard curves.
Basically, Vs30=300 m/s, which represents the site conditions for stiff dense soils,
was considered in all analyses except for those in which the effect of Vs3p on seismic
coefficient was investigated. The output file consists of hazard computed in terms of
D on each grid point for the defined set of a.. The hazard was computed for the grid
shown in Figure 3.10. The results for the grid point on coordinates 38.40°E and
40.30°N are presented on Figure 3.11.b. The use of this figure is explained in the
next section. In a separate PSHA, the ground motion prediction equation proposed by
Akkar and Boomer (2007) was also used to compute the hazard in terms of PGA for
a continued assessment of results. Sisi et al. (2017) also used this GMPE to compute

PSHA on spectral coordinates closely located to eastern segments of NAF.

3.3.5 The selection of Seismic Coefficient

The seismic hazard expressed in terms of D on the coordinates 38.40°E and 40.30°N
for a set of ac, ranging from 0.05g to 0.50g, is shown in Figure 3.11.a. Figure 3.11.b
is useful for selection of ky, provided that Dy, and the probability (Pr) of exceeding

this limit (D > Dyy) in a duration, T, have been prescribed. Dy is related to desired
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performance level for the facilities that can be effected by the sliding ground. T, can
be related to the service duration of effected facilities, and Pr can be related to the
consequences of failure. In the absence of clear descriptions of T and Pg, a selection
of Tr among widely used figures (e.g. Table 3.1) is possible, so that the level of
seismic intensity can be compared with those specified for design of typical
buildings. Reasonable limits for D employed in previous studies are presented in

section 1.2.

An example for selection of kj, is shown in Figure 3.11.b. Two specific levels of D
were supposed to be critical. The first is that slope is supposed to be unstable in case
D exceeds a threshold around 1 cm. This limit can be considered if the shear strength
on failure plane is very sensitive to D, or if the limit for D is related to the
performance of a facility that is extremely sensitive to ground displacement such as a
rail road. The second limit was chosen as 10 cm, which may be considered if there
are buildings on mat foundations that can tolerate to relatively large foundation
displacements (Wahls, 1981). Tr was chosen as 475 yr, which is typical in
probabilistic estimation of spectral accelerations for design of dwellings. The
parameter a; was determined as 0.22g and 0.08g on Figure 3.11.b respectively, so
that the probability of exceeding the displacement thresholds 1 cm and 10 cm in 50
years is 10%. Consequently, k,=0.22 and k,=0.08 are respectively the seismic
coefficients to be considered in analysis of seismic safety of sloping ground on these

coordinates according to the concept of performance based design.

A regional map of k, can be prepared by using this procedure. First, the hazard
curves in terms of D are computed for all grid points by considering specific Vszo.
Second, the relationship between allowable limit for (i.e., D=Dy;) and a. is built for a
range of Tr as shown in Figure 3.11.b. Finally, k; is determined by considering a set
of Tg and Dg. The contour maps are developed according to variation of k;, among
grid points. The contour map of k, around the area prone to landslides is shown in
Figure 3.12 for the set of parameters: Tr=475 yr, D=1 cm and Vs3,=300m/s. The
spatial variability of ky, in the case D=10 cm is shown in Figure 3.13 for comparisons.
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ki, decreases with increasing distance from NAF. The choice for Dy has a very
pronounced effect on ky, such that the figures for the case D=1 cm are almost three

times the figures for the case D=10 cm.

Figure 3.14 shows k, for the set of parameters D=10 cm, Tr=2475 yr and
Vs30=300m/s. The figures for k, shown in Figure 3.14 are about two times those
shown in Figure 3.13. This will correspond to y=2 for Tr=2475 years if y=1 is
supposed for Tr=475 years. Certainly y is dependent on the models of seismic

activity and the variance of prediction equation.
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Figure 3.11 The relationship between T, a.and D for coordinates 38.40°E and
40.30°N a) to convertion b) to selection

75



1000

- &3 TR=98yr =9« TR=140yr
8::15}%:.-_ weofyees TR=4T5Yr e TR=975yr
4{43‘:‘ eXes TR=2475yr  --@-- TR=4975yr

100 T~ o Fe |- 4 TR=QQ75Yr v TR=14980yr
KRBT B N TR=24980yr
S e e
10 A R
\O?, [§<> A .... Ko é .....................
e, . ..'A' ....................
Ble., e A
1 B % P
o
0.01 Y T T T Y T T T T '
005 010 0415 020 025 030 035 040 045
aC
(b)

Figure 3.11 (continued)

A set of v is calculated is shown in Table 3.8 for comparison with Table 3.2. y=1.0is
assigned for Tr=475 years in the cases Dy=1 cm and Dy =10 cm. Because Dy=100
cm yields practically very small figures for ky, in case Tr=475 years, the return period
corresponding to y=1 for this extreme limit of D all was chosen as 2475 years. The
comparisons between Table 3.2 and Table 3.8 in terms of the relationship between Tg
and vy suggest that Tr=689 years (Pr=7%, T =50 years) for y=1.2 and Tr=975 years
(Pr=5%, T =50 years) for y=1.4 are reasonable for K, in case Dy is limited with 10
cm. Tr=2475 years corresponds to y=2.0. It is observed that the range Tr > 2475

years should be considered for unpredictable consequences of extremely large slope

displacements.
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Table 3.8. The calculated relationship between the importance factor (y) and Tg for

the coordinates 38.40°E and 40.30°N

Ty (years)
Y Dy=1lcm D4=10cm D ;=100 cm

0.80 322

1.00 475 475 2475
1.20 713 709 3760
1.40 1011 1043 5173
2.00 2252 2689 14905
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The relationship between annual rate of exceeding Dy and a. on the coordinates
38.40°E and 40.30°N is shown in Figure 3.15. Figure 3.15 is useful for a reasonable
selection of k;, through a trade-off between Tr and Dg. The displacement limit for a
specific performance is also relevant to the mobilized shearing resistance on the
interface between sliding block and rigid support, representing the plane of failure on
a possible landslide. For instance, if a system that is sensitive to residual ground
displacements is of concern, a return period of 475 years will yield k,=0.22. This ki
is close to 0.20, which has been practically used in regions of severe seismic activity
(Table 1.1). On the other hand, a lower probability of exceeding this displacement
threshold can be desired, because of the consequences of failure. In that case,
Tr=2475 years will yield ky,=0.47, allowing considerably low slope angles in
practice. Consequently, either geotechnical solutions that improve the shear strength
on potential failure planes should be developed, or sensitivity of facilities to residual
ground displacements should be reduced. k,=0.05 can be reasonable choice for slopes
that are not close to facilities hypothetically located on these spatial coordinates,
because Dy=100 cm can be practical limit, possibly due to the unpredictable
consequences of such large ground displacement and Tg=2475 years will a failure
probability that is comparable to that considered for the design of critical structures
such as hospitals.

The effect of Vszp on ky was investigated by repeating the analysis for a set of Vsso.
Figure 3.16 shows the effect of Vs on D. The analysis show that Vsz has a
pronounced effect on D, and consequently on k,. This is explained by the
significance of the coefficient of the term Vszg in the equation 2.3. D increases by a
factor of 3.75 when Vs is reduced from 700 m/s to 300 m/s. These figures can
correspond to soft rock and stiff soil sites respectively. a; should be greater than
0.30g in order to limit the displacement to figures less than 1 cm if Vsz is as low as
200 m/s. Therefore, a reasonable decision on Vszo is critically important before
selection of ki Figure 3.17 shows the spatial variability of k, for the sites
characterized as Vs3=700m/s in the case that the parameters are chosen as D4;=1.0

cm and Tg=475 years. The comparison of Figure 3.17 with Figure 3.12 shows that kj,
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reduces almost by a factor of 2 for failure of discontinuous on rock that can show

brittle response to displacements.

Annual Rate of Exceedance

0.1
-++fx-+ Dall=1cm
. --®-- Dall=10cm
0.01 - AA .-+ Dall=100 cm
‘o, T
0.001 - ..'@--. °°°°°°° Do
ol o
0.0001 “m ; — o : : :
005 010 015 020 025 030 035 040 045 0.50

a; (9)

Figure 3.15 The annual rate of exceedance versus a; for Dy=1cm, Dy =10cm and
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Figure 3.16 The relationship between D and Vs3p on the coordinates 38.40°E and

40.30°N in case Tr=475 years
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3.3.6 Mapping Critical Slopes

A next step after mapping spatial distribution of k, can be the identification of
locations that are prone to seismic slope failure. The shear strength of geological

materials is frequently modelled by Mohr-Columb failure criteria.
1, =C+0,-tan(¢) (3.16)

where 1, is ultimate shear resistance on a failure plane, c is cohesion, ¢ is internal
friction angle, and o, is normal stress acting on a failure plane. However, a critical
decision on the shear strength parameters ¢ and ¢ is not straightforward, because
mobilized shear strength of geological material depends on shear displacement
(Skempton, 1964). This is illustrated in Figure 3.18. The peak strength is to be
reached for initiation of failure. Whereas, the mobilized shear strength drops down to

residual shear strength by increasing shear displacement. According to Skempton
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(1964), the residual shear strength is mobilized in a ring shear or direct shear test,
when the total shear displacement reaches to 5 cm approximately. The geological
material shows almost no cohesion (c=0) during mobilization of residual strength.
Therefore, the residual shear strength can be supposed to be mobilized if Dy is

chosen as 10 cm in remoulded clays.

Peak Strength

Residual
Strength

Shear Stress

4

Shear Displacement

Figure 3.18 Residual shear strength of soil (after Skempton, 1964)

1, =0, -tan(¢,) (3.17)

where ¢, is defined as residual friction angle. Stark et al. (1994) stated that residual
shear strength strongly depend on type of clay mineral and on quantity of clay-size
particles. Therefore, ¢ is empirically related to plasticity index (PI) of clays. Pl is the
difference between Atterberg limits, liquid limit (LL) and plastic limit (PL),
determined in laboratory (Knappett and Craig, 2012). Figure 3.19 shows a picture of
the clayey soil deposits that were mobilized by a recent cut to open a path through a
landslide route on approximately 5 km east of Sebinkarahisar. The specimens
recovered from this site were tested for their Atterberg limits (Zemar, 2015). Pl was
reported to be ranging from 20 to 44 approximately for specimens recovered from

first 15 m depth in three boreholes. The sample ranges for LL and PL was observed
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to be 35-60 and 3-19 respectively. An empirical relationship between Pl and ¢ is
(Knappett and Craig, 2012)

$=93-(PI) "™ (3.18)

Figure 3.19 The clayey deposits on an unstable cut on landslide zone near
Sebinkarahisar

Supposing that PI>30 for soil deposits that are prone to landslides, ¢, = 14° was
considered as a reasonable first estimation for residual shear strength. It was also
supposed that all such clay deposits in the area rest on failure planes that have been
mobilized in the past during landslides. Because of the relatively high precipitation
rates in the province of Giresun, the seepage of ground water was supposed to be a

more important mechanism in triggering landslides than earthquakes.

In the absence of information about thickness of soil deposits and their geotechnical
properties, a first order map showing the topographical opportunity for landslides can
be prepared by simplifications. The infinite slope assumption (Abramson, 2001)
provides simple formulas for threshold topographical slope. It was supposed that,
either an excessive seepage in these soils or a severe seismic event can cause failure
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of land masses but the probability of simultaneous occurrence of two events is

negligible.

The infinite slope will be mobilized on the sliding plane that is extending parallel to
the ground if horizontal inertial load, equal to W-ac/g exceeds the ultimate shearing
resistance on failure plane. According to principles of performance-based design, a
level of displacement can be deemed as acceptable for a desired performance of
facilities located on areas prone to landslides. A simplified regional analysis is
possible by substituting ac/g=k, and ¢=¢, in the stability equations for an infinite

slope (Figure 3.20), such that yielding

N =W-cos(6)—-W-k, -sin(6)

w-rﬁg_l T =W-sin(8)+W-k, -cos(6)

e T <N-tan($) for stability

Figure 3.20 The forces acting on a section of an infinite slope

< cos(0)-tan(¢)—sin(6)
sin(6)-tan(¢)-+cos(6)

K, (3.19)

In equation 3.19 the parameter 6 denotes the slope of ground. The upper limit for 6
satisfying the inequality in Equation 3.19 can be considered as allowable range of
topographical slope for a given k, unless geotechnical data depict a more competent
formation. It should be stated that, the soils are supposed to be unsaturated in

derivation of Equation 3.19.

As a second assumption, it was supposed that soils deposits on sloping ground are

marginally stable, and any increase in saturation of soil mass due to a rise in ground
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water table after rainy seasons would result in temporary loss of stability. A criticism
of this assumption can be the possible increase in shear strength on old failure planes
(Stark and Mussain, 2005). Mesri and Huvaj-Sarihan (2012) showed that a change in
on due to compression or swelling after mobilization of residual shear strength causes
formation of peak strength before remobilization at the residual. Nonetheless, this
peak is often last after small shear displacements. Therefore ¢=¢, was supposed to be
reasonable assumption in the analysis of past landslides around Sebinkarahisar.

Therefore, the limit for topographical slope is
tan (0) <tan (¢) (3.20)

according to the assumption of infinite slope. The simplified regional analysis
proceeds with the following assumptions :

1) All soils in the landslide areas have already mobilized the residual shear
strength (¢=h,=14°) and marginally stable.

2) Equation 3.20 shows the criteria for locating clay deposits that have been
moved to their location by landslides in the past.

3) D<10 cm for Tr=475 years is an appropriate performance limit for facilities

that can be affected by seismic slope failures.

Consequently, spatial distribution of k, shown in Figure 3.13 was converted to the
limit for topographical slope in percentages (i.e., 100-tan(¢)) by using the inequality
in Equation 3.19. The spatial distribution of this limit is shown in Figure 3.21. The
topographical slopes steeper than 17% were supposed to be prone to severe
displacements, and they are unacceptable for facilities nearby, provided that the
shallow deposits consist of clays. The topographical slope is also limited by Equation
3.20, because any significant increase in ground water table after rainy seasons will

trigger landslides, which will move deposits to flatter grounds.

Figure 3.21 shows the locations where topographical slope are flatter and steeper

than tanl14° (=25%). The topographical slopes were calculated by 250m resolution
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SRTM digital elevation data (Jarvis et al., 2008). The computer tool Vertical Mapper
v2.5 (Northwood Geoscience Ltd., 1999) was used for calculations of slope on each
grid point of the digital elevation data. Basically, there are three important zones that

can be identified on Figure 3.21.

1) The zones with topographic slopes greater than 25% are likely to involve
more competent material than soft remoulded clays (i.e., ¢>0 and $>9°).

2) The zones with topographical slopes less than 17% are not critical for
assessment of seismic slope failure. The return period of D > 10 cm is longer
than 475 years on these slopes grounds.

3) The zones with topographical slopes between 17% and 25% are critical for

further investigation of seismic slope stability.

Further improvements in this approach will be possible, if the spatial analysis is

supported by further geotechnical and geological data. (%)
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Figure 3.21 The limit for 6(%) corresponding to ky in Figure 3.13 (continuous
black lines) and the spatial distribution of topographical slope (colored fill) around
Sebinkarahisar.
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3.4 Discussion

For an assessment of computed range of kj, in the case study, the seismic hazard in
terms of peak ground acceleration, PGA, was computed for the coordinates 38.40° E
and 40.30° N. The GMPE developed by Akkar and Bommer (2007) was
implemented in computer program CRISIS2007 v7.6 for analysis. The site condition
was supposed as soft soil corresponding to the range 180m/s < Vszp <360m/s.
Consequently, PGA for Tg=475 years was computed as 0.31g. k, was computed as
0.22 and 0.08 respectively for Dy=1 cm and for Dy=10cm (Figures 3.12 and 3.13).
Therefore, ky, is equal to 72% of estimated PGA/g in case 1.0 cm is the allowable
limit for ground displacements. This ratio is above the range 1/2 - 1/3 suggested by
Marcuson and Franklin (1983) and can be explained by the limitation in Dgy,.
Whereas, k;, is equal to 25% of PGA/g, which is slightly lower than 1/3, in case
Dai=10 cm. These figures for kn-g/PGA also depend on GMPE implemented for
calculation of PGA. On the other hand, the effect of magnitude-recurrence
relationships on PGA, and that on duration of shaking, which has a significant effect
on D, may not be very similar. This is supported by the studies involving event
magnitude as a prediction parameter for D (Section 1.2). Hence, these results support
that the determination of k, though a PSHA in terms of D, can be critically

important to achieve a probabilistic uniformity in assessment of slopes.

In chapter 2, the very significant effect of Vs, was reported. The relationship
between Vs3o and D can be computed compared by the figures reported by Giilerce
and Balal (2016), computing probabilistic seismic hazard in terms of D by using the
vector-valued analysis method. This method was implicitly joining hazard expressed
in terms of PGA and PGV with a relationship between PGA, PGV and D. Giilerce
and Balal (2016) studied the hazard for 5 sites close to the western segments of NAF,
located at about 530 km distance on the west of Sebinkarahisar. The effect of Vg3 On
hazard was demonstrated for the site #3, which is located at a distance of 5 km from
NAF. For Tgr=2475 years and a.=0.1g, D was reported as 48cm, 88cm and more than
100 cm in the site conditions Vs30=760 m/s, Vs30=560m/s, and Vs30=270 m/s
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respectively. Thus, the amplification factors for D with respect to the site condition
described by Vs3=760 m/s are 1.83 and more than 2.0 for Vs3=560 m/s and
Vs30=270 m/s respectively. The second factor is observed to be around 3.3 according
to the extrapolation of the curves shown in Figure 2.5 of Giilerce and Balal (2016).
For comparison, the grid point of coordinates 38.40°E and 40.15°N was chosen
(Figure 3.10). The distance between NAF and this grid point is about 5 km. D was
computed as 8.12 cm, 13.35 cm and 58.23 cm respectively in cases Vszp was set to
760 m/s, 560 m/s and 270 m/s respectively for Tr=2475 years and a.=0.1g. Hence,
the amplification factors are calculated 1.64 and 7.17 for Vs3,=560 m/s and Vs3,=270
m/s respectively. The first factor is consistent with the factor 1.83 calculated by the
data of Giilerce and Balal (2016). However, the factor 7.17 is much larger than 3.3.
Therefore, further studies are necessary for justification of amplification factors
computed by implementing Equation 2.3 in PSHA. It is likely that this equation is

under predict D for rock sites.

The eliminating the data in the range D < 1 cm yielded a pronounced effect on the
prediction equation (Section 2.5). The consequences were also related to the
sensitivity of k, to Vs30=300 m/s and to the variance of prediction. Figure 3.22 shows
the spatial distribution of kj, calculated by using Equation 2.4 instead of Equation 2.3
in the case Tg is 475 years, Vsgo is 760 m/s and Dy is 10 cm. A comparison of Figure
3.22 with Figure 3.13 depicts that elimination of this range of D does not change kj
significantly. A similar comparison can be made between Figure 3.23 and Figure
3.14 by considering Tg = 2475 years. These two figures also show that k;, is not
significantly affected by this elimination in the case Dy is 10 cm. However, this
observation is not valid in case Dy is 1 cm as expected. The differences between
Figure 3.24, based on Equation 2.4, and Figure 3.12, based on Equation 2.3, shows a
factor of 2 approximately between the k;, ranges. That means that eliminating or
truncating small displacements in the sample for D as done by Bray and Travasarou
(2007) can yield in biased estimations for ki if Dy is small. Certainly, these
conclusions are related to statistical method and the data employed for the

development of prediction equation. Nevertheless, the difference between Equation
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2.3 and Equation 2.4 is to be investigated further for their site amplification factors.
In the case a. is 0.1g and Tg is 2475 years, D will be computed as 65 cm, 22 cm and
15 cm respectively if Vszo is 270 m/s, 560 m/s and 760 m/s at a spatial coordinate
that is 5 km away from NAF. Hence, the amplification of D will be 4.3 if Vs3 is
reduced from 760 m/s to 270 m/s. That amplification factor is more consistent with
the factor 3.3, calculated according the results of Giilerce and Balal (2016), than the
factor 7.17, computed by using Equation 2.3. Therefore, the site amplification factor
for ky that is calculated by using Equation 2.4 in PSHA can be more reasonable than
those calculated by Equation 2.3. Further studies on site amplification factors for kj
are deemed as necessary. Nonetheless, the use Equation 2.4 is limited to the ranges

of D that are greater than 1.0 cm due to the elimination of data.
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Figure 3.22 The spatial distribution of ky, for D, =10 cm, Tr=475 yr, and Vs30=300
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The hazard curves computed by implementing Equation 2.4 in PSHA are compared
with those due to Equation 2.3 in Figure 3.25, for the spatial coordinates 38.40°E and
40.30°N, and for the site condition Vs3=300 m/s. The elimination of data for the
range D < 1 cm vyields a significant change in variance of prediction. Nonetheless,
the hazard curves are similar in the range 5 cm < D < 25 cm approximately for
Tr=475 years and for Tg=2475 years. Equation 2.3 yields greater hazard in the range
D > 25 cm for these coordinates. It can be stated that Equation 2.3 can be used
conservatively for higher ranges of D until a greater data set and a more rigorous
prediction equation is made available for analysis. This study shows that k, can be
estimated by the principles of PBD by implementing the simple procedure explained
in this study. Because the ultimate displacement of Newmark’s sliding block is
observed to be significantly dependent on magnitude, on site conditions, and on style
of faulting, it is necessary to develop prediction equations that can be practically
implemented in probabilistic seismic hazard analysis. The relationships between
Newmark’s analogy and true sliding displacements of deformable earth structures are

certainly necessary for selection of Dy, in the analyses of sloping ground.
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CHAPTER 4

SUMMARY AND CONCLUSIONS

4.1 Summary

Newmark’s sliding block analogy can be used for the selection of seismic coefficient
(kn), such that the principles of performance based design can be employed in
assessment of seismic stability of sloping ground near to facilities, and in design of
earth fill structures. A set of empirical equations were developed to predict the
ultimate displacement of sliding block (D) by using moment magnitude (M), style
of faulting (SoF), Joyner and Boore distance (R;y), average shear wave velocity in top
30m of soil profile (Vs3), and the critical amplitude of acceleration that can be
sustained without sliding of block (a;). A set of unscaled ground motion
accelerograms were compiled from the PEER database. The computer program
SLAMMER was used to build a sample for D. The coefficients of prediction
parameters were estimated by the method of least squares. One of the equations that
provide a relatively high coefficient of determination (r?), with a simple functional

form was implemented in probabilistic seismic hazard analysis.

The magnitude recurrence relationships for seismic sources were modelled by
considering the slip-rate estimations of NAF, and earthquake catalogs. The activity
on NAF consisting of magnitudes in the range 6.5< My <8.0 were modelled by a
characteristic magnitude relationship, and the activity on unmapped faults, consisting
of magnitudes in the range 4.5< My <6.5 were modelled by truncated exponential

model. The computer program CRISIS was used to computed the relationships
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between D, and return period (Tg) for a given a.. k, was defined as the critical
acceleration limiting D to a specific allowable value (Dg) for an intensity of ground
motion that is specified by Tr. Consequently, the relationships between k, and Tg for
three specific Dy have been developed by considering specific coordinates near
Sebinkarahisar town in Giresun province. These relationships allow a trade-off
between seismic safety (i.e. the probability of exceeding D,) and cost of

geotechnical measures.

As an example for map applications, the spatial distribution of k, around
Sebinkarahisar was presented for a set of limit for Tr and D. The limits for
topographic slopes (6) were calculated and mapped by considering remolded clay
deposits around Sebinkarahisar. The theoretical relationship between limits for 6 and
kn, was based on an infinite slope model. The results were compared with the slope
data originating from 250m-resolution digital elevation data. The computed results
for kn was criticized by examining the effect of variance of the prediction equation on
seismic hazard and by comparing k, with other studies presented in literature.

4.2 Conclusions
The conclusions of this study are summarized in the following bulleted list.

e Itis possible to calculate seismic hazard in terms of ultimate displacement of
Newmark sliding block analogy for analysis of seismic stability of sloping
ground and earth structures by implementing prediction equations for this
displacement in conventional seismic hazard analysis.

e The earthquake magnitude and style of faulting was observed to have a very
significant effect on block displacements. The sensitivity of block
displacement to these source parameters depict the necessity for
determination of ki, by probabilistic seismic hazard analysis.

e The site parameter Vszp has a pronounced effect on predictions for block

displacements. Therefore, emphasis should be put on the estimations for

94



shear wave velocity in the competent geological formation beneath a sliding
plane.

e The method for joining two components of block displacements that are
computed separately for two horizontal components of ground motion is
relatively unimportant with respect to uncertainties regarding prediction
parameters.

e The concept of importance factor can be employed for practical seismicity if

seismic hazard in terms of seismic coefficient is mapped on a large region.

4.3 Future Studies

e The prediction equation for estimation of ultimate block displacement can be
improved by using larger database containing My up to 8.0.

e The coupled effect of vertical ground motion on ultimate block displacement
can be investigated.

e The rules for appropriate selection of allowable block displacement can be
developed.
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APPENDIX A

THE LIST OF SEISMIC EVENTS

Table A.1. List of declustered events

Date

Time

No Event Name (M/D/Y) (H:M) M SoF
1 ANZA 02/25/80 10:47 5.19 SS
2 BIGBEAR 06/28/92 15:05 646 SS
3 CAPE MENDOCINO 04/25/92 18:06 7.01 R
4 CHALFANT 07/31/86 07:22 544 SS
5 CHI-CHI 09/20/99 17:47 7.62 RQ
6 COALINGA 05/02/83 23142 636 R
7 COALINGA 05/09/83 02:49 509 R
8 COALINGA 07/09/83 07:40 5.18 R
9 COALINGA 07/22/83 02:39 577 R
10 COALINGA 07/22/83 03:43 489 R
11 COYOTE LAKE 08/06/79 17:05 5.74 SS
12 DUZCE 11/12/99 16:57 7.14 SS
13 FRIULI 05/06/76 20:00 6.50 R
14 FRIULI 09/15/76 03:15 591 R
15 GILROY 05/13/02 05:00 490 SS
16 HECTOR MINE 11/16/99 02:46 7.13 SS
17 IMPERIAL VALLEY 10/15/79 23:16 6.53 SS
18 IMPERIAL VALLEY 10/15/79 23:19 5.01 SS
19 IRPINIA 11/23/80 19:35 620 N

20 KOBE 01/16/95 20:46  6.90 SS

21 KOCAELI 08/17/99 03:01 7.51 SS

22 LIVERMORE 01/24/80 19:00 5.80 SS

23 LIVERMORE 01/27/80 02:33 542 SS

24 LOMA PRIETA 10/18/89 00:05 693 RQ
25 LYTLE CREEK 09/12/70 14:30 5.33 RQ
26 MAMMOTH LAKES 01/07/83 01:38 534 SS
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Table A.1. (continued)

Date

Time

No Event Name (M/D/Y)  (H:M) M SoF
27 MAMMOTH LAKES 01/07/83 03:24 531 SS
28 MAMMOTH LAKES 05/25/80 16:34 6.06 NQ
29 MAMMOTH LAKES 05/25/80 16:49 5.69 SS
30 MAMMOTH LAKES 05/25/80 20:35 591 SS
31 MAMMOTH LAKES 05/27/80 19:01 4.73 SS
32 MAMMOTH LAKES 05/31/80 15:16 450 SS
33 MAMMOTH LAKES 05/27/80 14:51 594 SS
34 MANAGUA 12/23/72 06:29 624 SS
35 N. PALM SPRINGS 07/08/86 09:20 6.06 RQ
36 NORTHRIDGE 01/17/94 04:30 5.13 RQ
37 NORTHRIDGE 03/20/94 21:220 528 R
38 OROVILLE 08/08/75 07:00 4.70 N
39 PARKFIELD 06/28/66 04:26 6.19 SS
40 PTMUGU 02/21/73 14:45 565 R
41 SAN FERNANDO 02/09/71 14:00 6.61 R
42 SAN FRANCISCO 03/22/57 19:44 528 R
43 VICTORIA 06/09/80 03:28 6.33 SS
44 WESTMORELAND 04/26/81 12:09 590 SS
45 WHITTIER 10/01/87 14:42 599 RQ
46 WHITTIER NARROWS 10/04/87 10:59 527 RQ
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APPENDIX B

THE LIST OF D SAMPLES

Table B.1. List of D samples

Event . Ry Vs3o PGA;, PGA
No Station Name (k IJIl ) (km) © © y
1 PINYON FLAT 12.0 7249 0.11 0.13
1 RANCHO DE ANZA 18.1 3454  0.10 0.09
2 SAGE - FIRE STATION 63.1 6229 0.17 0.17
2 WINCHESTER 58.4 6849 0.08 0.06
3 CAPE MENDOCINO 0 513.7 1.50 1.04
3 PETROLIA 0 712.8  0.59 0.66
4  BISHOP LADWP SOUTH ST 24.0 2714  0.18 0.12
5 CHYO080 0.1 680 0.97 0.90
5 HWAO003 52.5 15258 0.14 0.05
5 TAPO12 100.1 201  0.10 0.06
6 PARKFIELD 23.8 2714  0.21 0.27
7  ANTICLINE RIDGE FF 2.2 376.1 0.58 0.67
7  ANTICLINE RIDGE PAD 2.2 376.1 045 0.41
8 ANTICLINE RIDGE PAD 53 376.1 0.38 0.26
9 CHP 7.0 338.5 0.32 0.61
9 OIL CITY 24 376.1 0.87 0.45
10 CHP 7.9 3385 0.15 0.20
11 GILROY ARRAY #1 10.2 1428.0 0.10 0.13
12 LAMONT STATION 375 39 4248 0.97 0.51
12  LAMONT STATION 531 8.0 659.6 0.16 0.12
13 TOLMEZZO 15.0 424.8  0.35 0.30
14 FORGARIO CORNINO 14.7 4124 0.26 0.21
15 GAVILAN COLLEGE 2.0 729.6  0.21 0.25
16 AMBOY 41.8 2714  0.18 0.15
16 FRINK 118.5 3454  0.07 0.07
16 HEC 10.3 6849 0.27 0.34
17 BONDS CORNER 0.5 223 0.59 0.77
17 CHIHUAHUA 7.3 2745 0.27 0.25
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Table B.1. (continued)

Event . R ib Vs30 PGAX PGA
No Station Name & ljll ) (km) © © y
17 EL CENTRO ARRAY 5 1.8 205.6 0.52 0.38
17 EL CENTRO ARRAY 8 39 206.1 0.60 0.45
18 EL CENTRO ARRAY 5 8.6 205.6 0.24 0.24
18 EL CENTRO ARRAY 6 7.4 203.2 0.19 0.37
19 BISACCIA 14.7 1000.0 0.07 0.08
19 RIONERO IN VULTURE 22.7 530.0 0.10 0.09
20 TOT 119.6 609 0.08 0.08
21 DUZCE 13.6 276 0.31 0.36
21 EREGLI 141.4 659.6 0.11 0.09
22 DEL VALLE DAM 23.0 338.5 0.13 0.23

23 LIVERMORE FAGUNDES RANCH 0.6 3385 0.26 0.23
24  EMERYVILLE - 6363 CHRISTIE 76.9 198.7 0.26 0.21

24 POINT BONITA 834 13159 0.07 0.07
24 SF INTERN AIRPORT 58.5 190.1 0.24 0.33
25 DEVILS CANYON 179 6849 0.15 0.15
25 WRIGHTWOOD 109  486.0 0.16 0.20
26 CONVICT CREEK 6.5 338.5 0.15 0.17
27  CONVICT CREEK 7.4 338.5 0.10 0.15
28 CONVICT CREEK 1.1 3385 0.34 0.44
29  MAMMOTH LAKES HS 1.4 370.8 0.39 0.44
30 LONG VALL DAM UPPL 86 3454 048 0.19
31 GREEN CHURCH 29 3385 0.17 0.17
32 FIS 3.8 3385 0.28 0.15
32 MAMMOTH ELEM SCHOOL 7.5 338.5 0.10 0.09
33 FIS 6.8 3385 040 0.40
34  MANAGUA, ESSO 3.5 288.8 0.33 0.42
35 TEMECULA CDF FIRE 64.7 370.8 0.12 0.10
36  CASTAIC OLD RIDGE ROUTE 203 4503 0.11 0.06
37  LOS ANGELES 177 316.5 0.29 0.11
38 DWR GARAGE 0.0 6229 0.14 0.21
38  JOHNSON RANCH 74 4383 0.19 0.10
38 OROVILLE AIRPORT 86 4383 0.05 0.06
39 CHOLAME 5 9.6 289.6 0.37 0.44
40  PORT HUENEME 147 2979 0.11 0.08
41 CASTAIC OLD RIDGE ROUTE 193 4503 0.32 0.27
41 LAKE HUGHES 12 14.0  602.1 037 0.28
41 SANTA ANITA DAM 30.7 6849 0.15 0.21
42 GOLDEN GATE 96 874.0 0.10 0.11
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Table B.1. (continued)

Event . R; b Vs30 PGAX PGA
No Station Name (& ljll ) (km) © © y
43 CERRO PRIETO 13.8 659.6  0.29 0.29
44 FIRE STATION 6.2 193.7 0.37 0.50
45 STUDIO CITY-COLDWATER 26.9 2942  0.18 0.23
46 116TH ST SCHOOL 18.9 301.0 0.17 0.15
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APPENDIX C

UDIM CATALOG FOR EVENTS

Table C.1. List of UDIM catalog for events

Event Station

No No ac (g) Dy (cm) Dy (cm) Dgrss (cm)

1 1 0.05 0.04 0.08 0.09
1 2 0.05 0.20 0.07 0.21
2 3 0.1 0.04 0.07 0.08
2 3 0.05 1.27 1.22 1.76
2 4 0.05 0.02 0.00 0.02
3 5 0.05 170.62  21.64 171.98
3 5 0.1 53.82 8.02 54.42
3 5 0.15 32.04 4.11 32.30
3 5 0.2 22.53 2.30 22.64
3 5 0.3 13.30 1.02 13.34
3 5 0.4 9.85 0.61 9.87
3 5 0.5 7.74 0.37 7.75
3 5 0.6 6.11 0.21 6.11
3 5 0.7 4.83 0.13 4.83
3 5 1 2.15 0.01 2.15
3 5 1.2 0.94 0.00 0.94
3 6 0.05 7791  86.71 116.57
3 6 0.1 3540 41.21 54.33
3 6 0.15 18.68  22.17 28.99
3 6 0.2 9.65 13.53 16.62
3 6 0.3 1.63 5.88 6.10
3 6 0.4 0.24 2.19 2.20
3 6 0.5 0.05 0.35 0.35
3 6 0.6 0.00 0.04 0.04
4 7 0.05 1.98 0.38 2.01
4 7 0.1 0.32 0.01 0.32
4 7 0.15 0.03 0.00 0.03
5 8 0.05 300.16 219.79 372.03
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Table C.1.(continued)

Event Station

No No ac(g) Dx(cm) Dy(cm) Dsgss (cm)

5 8 0.1 165.18 125.65 207.54
5 8 0.15 104.08  84.93 134.33
5 8 0.2 71.88  61.26 94.44
5 8 0.3 3596  34.64 49.93
5 8 0.4 18.34  18.82 26.27
5 8 0.5 9.96 8.48 13.08
5 8 0.6 5.05 3.16 5.96
5 8 0.7 2.02 0.96 2.24
5 9 0.05 8.91 0.00 8.91
5 9 0.1 0.93 0.00 0.93
5 10 0.05 0.12 0.04 0.13
6 11 0.05 1335  24.61 27.99
6 11 0.1 2.56 9.36 9.70
6 11 0.15 0.53 3.96 3.99
6 11 0.2 0.01 1.28 1.28
7 12 0.05 5.25 7.10 8.83
7 12 0.1 2.48 3.76 4.50
7 12 0.15 1.04 222 245
7 12 0.2 0.25 1.23 1.25
7 12 0.3 0.00 0.28 0.28
7 12 0.4 0.00 0.01 0.01
7 13 0.05 7.62 7.22 10.50
7 13 0.1 4.16 3.42 5.38
7 13 0.15 232 1.90 3.00
7 13 0.2 1.15 0.98 1.51
7 13 0.3 0.23 0.10 0.25
7 13 0.4 0.02 0.00 0.02
8 13 0.05 8.04 4.78 9.36
8 13 0.1 3.42 1.49 3.73
8 13 0.15 1.24 0.37 1.29
8 13 0.2 0.37 0.06 0.37
8 13 0.3 0.01 0.00 0.01
9 14 0.05 4.87 8.88 10.13
9 14 0.1 1.82 4.36 4.72
9 14 0.15 0.53 2.53 2.58
9 14 0.2 0.13 1.59 1.59
9 14 0.3 0.00 0.77 0.77
9 14 0.4 0.00 0.28 0.28
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Table C.1. (continued)

Event Station

No No ac(g) Dx(cm) Dy(cm) Dsgss (cm)

9 14 0.5 0.00 0.06 0.06
9 15 0.05 32.07 14.59 35.23
9 15 0.1 19.51 6.54 20.58
9 15 0.15 13.58 3.56 14.04
9 15 0.2 9.54 1.78 9.70
9 15 0.3 4.97 0.28 4.98
9 15 0.4 2.63 0.00 2.63
9 15 0.5 1.21 0.00 1.21
9 15 0.6 0.40 0.00 0.40
9 15 0.7 0.06 0.00 0.06
10 14 0.05 0.15 0.79 0.80
10 14 0.1 0.00 0.30 0.30
10 14 0.15 0.00 0.07 0.07
11 17 0.05 0.22 0.09 0.24
12 18 0.05 23.94 104.65 107.35
12 18 0.1 7.66  58.10 58.61
12 18 0.15 3.00 34.76 34.89
12 18 0.2 1.38 2137 21.42
12 18 0.3 0.30 6.99 7.00
12 18 0.4 0.04 1.59 1.59
12 18 0.5 0.00 0.08 0.08
12 19 0.05 3.16 3.73 4.89
12 19 0.1 0.10 0.22 0.24
13 20 0.05 13.04  30.97 33.61
13 20 0.1 3.71 13.64 14.14
13 20 0.15 1.41 4.98 5.18
13 20 0.2 0.52 0.89 1.03
13 20 0.3 0.03 0.00 0.03
14 21 0.05 2.84 4.01 4.91
14 21 0.1 0.88 0.71 1.13
14 21 0.15 0.29 0.13 0.32
14 21 0.2 0.07 0.01 0.07
15 22 0.05 0.26 0.39 0.47
15 22 0.1 0.01 0.12 0.12
15 22 0.15 0.00 0.04 0.04
15 22 0.2 0.00 0.01 0.01
16 23 0.05 8.49 6.04 10.42
16 23 0.1 0.44 0.21 0.48
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Event Station

Table C.1. (continued)

No No ac(g) Dy(cm) Dy(cm) Dsgss (cm)
16 23 0.15 0.03 0.00 0.03
16 24 0.05 0.76 0.19 0.78
16 25 0.05 17.73 61.42 63.93
16 25 0.1 3.22 17.78 18.07
16 25 0.15 0.61 3.72 3.77
16 25 0.2 0.13 0.80 0.81
16 25 0.3 0.00 0.02 0.02
17 26 0.05 66.80 117.08 134.80
17 26 0.1 26.54 55.35 61.38
17 26 0.15 11.43 33.26 35.17
17 26 0.2 522  21.37 21.99
17 26 0.3 1.12 8.66 8.73
17 26 0.4 0.15 3.70 3.71
17 26 0.5 0.00 1.56 1.56
17 26 0.6 0.00 0.49 0.49
17 26 0.7 0.00 0.09 0.09
17 27 0.05 2420 2547 35.14
17 27 0.1 3.75 4.18 5.62
17 27 0.15 0.43 0.86 0.96
17 27 0.2 0.00 0.17 0.17
17 28 0.05 29.31 102.03 106.16
17 28 0.1 7.53 29.54 30.49
17 28 0.15 2.62 12.84 13.11
17 28 0.2 0.98 3.97 4.09
17 28 0.3 0.04 0.17 0.18
17 29 0.05 67.23 31.52 74.25
17 29 0.1 25.50 8.28 26.81
17 29 0.15 8.48 3.39 9.13
17 29 0.2 3.68 1.25 3.89
17 29 0.3 0.96 0.11 0.97
17 29 0.4 0.36 0.01 0.36
17 29 0.5 0.09 0.00 0.09
18 28 0.05 1.28 1.64 2.08
18 28 0.1 0.16 0.05 0.17
18 28 0.15 0.02 0.00 0.02
18 30 0.05 1.61 6.93 7.12
18 30 0.1 0.23 3.11 3.12
18 30 0.15 0.02 1.70 1.70
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Event Station

Table C.1. (continued)

No No ac(g) Dy(cm) Dy(cm) Dsgss (cm)
18 30 0.2 0.00 0.94 0.94
18 30 0.3 0.00 0.13 0.13
19 31 0.05 0.43 0.28 0.51
19 32 0.05 096 43.45 43.47
20 33 0.05 0.44 0.32 0.55
21 34 0.05 41.02  43.54 59.82
21 34 0.1 9.64 18.78 21.12
21 34 0.15 1.48 7.18 7.33
21 34 0.2 0.03 2.80 2.80
21 34 0.3 0.00 0.13 0.13
21 35 0.05 0.59 0.32 0.67
22 36 0.05 0.27 2.00 2.02
22 36 0.1 0.00 0.84 0.84
22 36 0.15 0.00 0.30 0.30
22 36 0.2 0.00 0.04 0.04
23 37 0.05 2.31 2.46 3.38
23 37 0.1 1.01 0.67 1.22
23 37 0.15 0.36 0.22 0.42
23 37 0.2 0.07 0.03 0.08
24 38 0.05 50.63 10.35 51.68
24 38 0.1 15.43 1.77 15.54
24 38 0.15 2.95 0.44 2.98
24 38 0.2 0.23 0.01 0.23
24 39 0.05 0.03 0.89 0.89
24 40 0.05 13.12 18.26 22.48
24 40 0.1 3.61 4.72 5.95
24 40 0.15 0.99 1.23 1.58
24 40 0.2 0.07 0.18 0.19
25 41 0.05 0.37 0.72 0.81
25 41 0.1 0.02 0.03 0.04
25 42 0.05 1.59 1.35 2.09
25 42 0.1 0.16 0.04 0.16
26 43 0.05 3.25 3.85 5.04
26 43 0.1 0.43 0.36 0.56
27 43 0.05 0.68 0.37 0.77
27 43 0.1 0.01 0.00 0.01
28 43 0.05 30.37  25.25 39.49
28 43 0.1 10.47 8.53 13.51
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Event Station

Table C.1. (continued)

No No ac(g) Dy(cm) Dy(cm) Dsgss (cm)
38 54 0.15 0.01 0.00 0.01
38 55 0.05 0.00 0.01 0.01
39 56 0.05 14.66 8.51 16.95
39 56 0.1 5.19 3.72 6.39
39 56 0.15 2.53 1.95 3.19
39 56 0.2 1.41 1.07 1.77
39 56 0.3 0.37 0.11 0.39
39 56 0.4 0.02 0.00 0.02
40 57 0.05 1.89 0.04 1.89
40 57 0.1 0.07 0.00 0.07
41 58 0.05 7.13 16.72 18.18
41 58 0.1 2.41 431 4.94
41 58 0.15 0.96 1.20 1.53
41 58 0.2 0.35 0.21 0.41
41 58 0.3 0.01 0.00 0.01
41 59 0.05 8.21 5.90 10.11
41 59 0.1 2.41 2.32 3.35
41 59 0.15 0.95 0.71 1.18
41 59 0.2 0.37 0.12 0.39
41 59 0.3 0.03 0.00 0.03
41 60 0.05 1.00 1.43 1.75
41 60 0.1 0.06 0.18 0.19
41 60 0.15 0.00 0.02 0.02
42 61 0.05 0.07 0.25 0.26
43 62 0.05 29.96 12.75 32.56
43 62 0.1 6.18 2.95 6.85
43 62 0.15 1.49 0.69 1.64
43 62 0.2 0.25 0.22 0.33
44 63 0.05 57.68 41.18 70.88
44 63 0.1 22.53 18.07 28.88
44 63 0.15 7.36 8.69 11.38
44 63 0.2 1.54 4.12 4.40
44 63 0.3 0.00 0.64 0.64
44 63 0.4 0.00 0.05 0.05
45 64 0.05 4.11 4.73 6.27
45 64 0.1 0.71 1.14 1.35
45 64 0.15 0.03 0.36 0.36
45 64 0.2 0.00 0.05 0.05
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Table C.1. (continued)

Event Station

No No ac(g) Dx(cm) Dy(ecm) Dggss (cm)
46 65 0.05 1.45 0.57 1.56
46 65 0.1 0.34 0.08 0.35
46 65 0.15 0.01 0.00 0.01
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APPENDIX D

THE LIST OF DECLUSTERED EVENTS FOR BACKGROUND
SEISMICITY

Longitude Latitude

Table D.1. List of declustered events

Chosen Depth

(deg) (deg)) Year Month Day Mw (km) Hour  Min
38.4 40.3 1904 2 16 53 30.0 3 45
39.0 39.0 1905 12 4 6.5 30.0 7 4
40.4 39.3 1907 4 6 52 300 0 0
38.0 40.0 1909 2 9 6.2 60.0 11 24
37.0 39.0 1909 2 22 58 30.0 14 14
40.0 39.0 1909 3 5 55 300 12 16
36.8 40.3 1916 1 24 6.7 10.0 6 55
36.4 40.1 1923 4 29 59 10.0 9 34
37.9 40.2 1929 5 18 6.0 10.0 6 37
37.0 41.0 1929 8 21 4.6 5.0 1 24
38.8 40.3 1929 9 15 53 50.0 13 10
39.3 39.6 1930 4 9 53 10.0 5 27
39.2 39.7 1930 12 10 57 300 10 31
39.6 41.0 1931 7 31 52 10.0 0 25
36.6 40.3 1934 2 25 47  40.0 16 26
40.4 39.9 1937 12 7 49  60.0 9 31
38.0 39.0 1938 11 25 49  30.0 4 10
39.5 39.8 1939 12 26 7.7 20.0 23 57
38.1 40.0 1939 12 27 56  50.0 2 48
37.0 405 1939 12 28 58 40.0 3 25
38.5 40.5 1940 1 21 4.7 10.0 16 5
38.5 415 1940 1 26 49 10.0 20 56
36.5 40.9 1942 12 20 6.7 10.0 14 3
38.1 419 1945 11 29 48  40.0 12 3
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Table D.1. (continued)

Lo(r(lj%ggde Lfgét;(;e Year Month Day Crll/lo\i/en I?Eg;[)h Hour  Min
40.6 39.6 1949 8 17 54 600 20 45
38.3 39.8 1951 5 8 49 300 13 28
38.4 40.0 1953 10 8 5.2 100 10 26
40.0 40.0 1954 10 24 48 30.0 0 44
39.7 38.7 1957 4 18 49 10.0 5 25
40.5 39.4 1957 7 7 53 60.0 5 58
38.8 39.8 1959 12 13 4.7 10.0 2 7
38.8 40.2 1960 1 26 59 200 9 52
36.4 39.4 1960 3 12 4.7 50 21 25
39.1 39.6 1960 4 24 45 10.0 6 0
37.8 38.9 1960 6 19 47 70.0 2 29
37.3 40.6 1960 7 26 48 400 12 36
38.8 41.4 1963 4 22 55 60.0 15 38
38.3 39.0 1963 8 25 49 50.0 6 11
40.3 399 1964 2 24 47 570 11 32
37.6 41.1 1964 9 21 45 330 18 7
40.3 395 1964 11 16 5.2 16.0 5 27
36.5 395 1964 12 15 46  30.0 7 0
40.4 395 1967 7 26 59 30.0 18 53
40.2 39.8 1969 1 10 46  56.0 1 23
37.2 38.9 1969 9 5 45 470 17 53
38.8 39.6 1970 9 3 54 220 5 32
37.1 41.2 1971 4 17 4.9 33.0 16 37
40.0 39.3 1971 5 29 45 330 12 6
40.3 40.0 1973 3 19 45 330 12 20
39.2 38.8 1974 6 23 48 750 21 6
38.8 38.8 1974 8 21 46 11.0 13 36
40.0 395 1976 10 2 49 530 10 6
38.9 40.1 1976 10 19 45 390 23 8
40.1 399 1977 2 21 50 330 13 2
39.9 39.7 1978 2 15 47  48.0 3 17
39.6 39.9 1979 1 19 51 11.0 23 36
40.2 39.6 1980 4 30 47  33.0 2 28
40.3 39.9 1980 10 18 53 37.0 3 14
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Table D.1. (continued)

L(J(ré%'gtgde L?(]tlét;.(;e Year Month Day C}I]\;\i/en I?Eg;[)h Hour  Min
38.0 40.0 1981 6 23 4.6 33.0 17 3
40.4 395 1983 1 1 4.6 33.0 23 6
39.4 39.8 1983 11 18 5.0 37.0 1 15
394 39.8 1984 5 15 4.7 10.0 17 41
38.0 38.8 1984 7 15 4.7 100 20 0
40.0 40.2 1985 6 28 5.1 00 18 19
40.2 41.2 1986 11 1 4.9 29.0 3 18
40.2 40.0 1987 5 14 5.0 100 22 24
40.2 39.6 1989 5 20 5.4 340 20 44
40.1 40.1 1990 4 20 4.9 220 23 30
38.4 39.6 1990 5 3 4.7 240 21 5
39.6 39.7 1992 3 13 6.6 23.0 17 18
38.4 39.6 1993 6 14 4.7 26.0 19 59
36.5 395 1995 7 31 4.7 0.0 3 26
40.2 39.4 1995 12 5 5.7 33.0 18 49
39.6 39.1 1995 12 6 4.6 0.0 7 49
38.0 39.6 1996 6 6 4.5 00 15 33
36.4 40.5 1997 3 3 5.2 00 16 0
40.2 39.1 1998 11 10 4.8 1.0 8 42
38.2 39.3 1999 4 6 5.3 0.0 0 8
39.2 385 1999 4 13 4.9 10.0 9 47
36.7 39.5 1999 6 11 5.0 9.0 5 25
40.1 39.1 1999 8 22 4.5 100 11 12
40.2 39.3 2002 10 22 4.9 100 15 52
39.8 39.5 2003 1 27 6.1 10.0 5 26
38.2 39.6 2003 9 24 4.6 2.0 8 13
38.5 39.6 2004 9 30 4,5 10.0 9 42
37.3 40.4 2005 5 12 5.1 9.6 9 25
39.1 38.8 2005 10 18 4.6 5.0 7 17
38.9 41.2 2008 6 20 4.5 12.0 8 23
40.0 40.0 2008 9 17 4.9 50 12 8
40.5 40.4 2009 4 15 4,5 101 22 21
39.8 39.6 2009 7 30 5.0 3.3 7 37
38.0 39.6 2010 2 1 4,5 5.9 4 1
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Table D.1. (continued)

Longitude Latitude Chosen Depth

(deg) (deg) Year Month Day M (km) Hour  Min

40.0 39.5 2011 8 24 4.5 5.0 15 47
38.9 39.8 2011 9 22 55 5.0 3 22
37.4 386 2012 2 16 5.0 5.0 11 1
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