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Critical Ground Motion for Resilient
Building Design Considering
Uncertainty of Fault Rupture Slip

Koki Makita, Kyoichiro Kondo and Izuru Takewaki *

Department of Architecture and Architectural Engineeringsraduate School of Engineering, Kyoto University, Kyotdapan

The process of theoretical ground motion generation consts of (i) the fault rupture
process, (ii) the wave propagation from the fault to the ednquake bedrock, (iii) the
site ampli cation. The uncertainty in the site ampli catiom was taken into account in the

previous research lakita et al., 2018. On the other hand, the uncertainty in the fault
rupture slip (slip distribution and rupture front) is dealvith in the present paper. The
wave propagation from the fault to the earthquake bedrock iexpressed here by the

stochastic Green's function method in which the Fourier amfitude of the ground motion

at the earthquake bedrock from a fault element is representéby the Boore's model and

the phase angle is modeled by the phase difference method. Tehvalidity of the proposed

method is investigated through the comparison with the exigng simulation result by
other methods. By using the proposed method for ground motimm generation and for

optimization under uncertainty in the fault rupture slip, anethodology is presented for

deriving the critical ground motion imposing the maximum rgponse of an elastic SDOF
model at the earthquake bedrock or at the free ground surfacelt is shown that the

critical response exhibits the SDOF response several timdarger than that due to the

average fault rupture slip model. Furthermore, the robusess evaluation with respect
to the uncertain fault rupture slip and the uncertain faultupture front is presented for
resilient building design. Since the critical ground motioproduces the most detrimental

building response among possible scenarios, the proposed rethod can be a reliable tool
for resilient building design.

Keywords: critical ground motion, worst input, stochastic G reen's function method, fault rupture, wave
propagation, phase difference, site ampli cation, resilien ce

Many peculiar earthquake ground motions have been obsenvéke world, e.g., Mexico (1985),
Northridge (1994), Kobe (1995), Chi-chi (1999), Tohoku 125} Kumamoto (2016). To model
these ground motions from their occurrence mechanismsesdvmodels have been proposed.
The whole process of ground motion generation consists ath@)fault rupture process, (ii) the
wave propagation from fault to the earthquake bedrock, (hig site ampli cation. These models
can be classi ed generally into the theoretical approach, thmerical analysis approach, the
semi-empirical approach and the hybrid approach. In the thecetapproach and the numerical
analysis approach, the wavenumber integration method andrie di erence method are the
representatives and are suitable for the generation of tiigcpulses and surface waves with the
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predominant period longer than 1-2 8¢uchon, 1981; Hisada worst building response among possible scenarios, the proposed
and Bielak, 2003; Yoshimura et al., 2003; Nickman et al3)201 method can be a reliable tool for resilient building design.
On the other hand, the semi-empirical approach is suitable for

the generation of random ground motions with the predominant STOCHASTIC GREEN'S FUNCTION

period shorter than 1-2 s and can generate a large ground nmotioM ETHOD FOR GROUND MOTION
in terms of small-size ground motions using the scaling l&w OGENERATION

fault parameters. The empirical Green's functioivé€nnerberg,
1990 and the stochastic Green's functioriéada, 200gare often In a previous research by the authorsiakita et al., 2018 a
used in the semi-empirical approach. The hybrid approach is the . !
method which combines the random ground motions of shorter}lcoom_Source model of the fault rupture was assumed and t_he
predominant period with the waves of longer predominant ault rupture process could'not bg taken into account. In this
period by using a matching Iter. paper, the stochastic Green's function method based on a plane-

- . source model of the fault rupture is introduced. The methodl wi
Although most of the previous approaches of ground motion . - . .
) . . . be explained in the following section.
generation were aimed at generating ground motions for a

xed set of parameters, several parameters should be treated @round Motion Generation Using Scaling
uncertain numbers (aleatory or epistemic) to make the approac

more reliable Abrahamson et al., 1998; Lawrence Livermor . . .
. ] . . he generation of ground motions using the plane-source model
National Laboratory, 2002; Morikawa et al., 2008; Cottonlet a i L
of the fault rupture is conducted by dividing the fault plane

2013. . .
. into many fault elements and considering the delay of the
As for researches on the e ect of uncertainty of parameter T
ault element rupture initiation in the fault rupture process.

on response var|ab|I|tyTan|guch| and Takewak|.(2.0151)er|ved The stochastic Green's function method is used for genegatin
the bound of earthquake input energy to building structures : .
S S - a small ground motion resulting from the rupture of a fault
by considering shallow and deep ground uncertainties anld so clement
structure interactionOkada et al. (201roposed a new interval Assur.ne that the fault plane is divided intd N
analysis technique for a soil-pile-structure interactiowadel by . P L . LW
Lo . . . - . fault elements N.: number of divisions in the longitudinal
taking into accou_nt the uncerta|r_1ty n soil pr_op_ertleMakna_ direction, Nw: number of divisions in the width direction)
et al. (2018)considered a base-isolation, bundlng-connectlonand the ,slip in one fault element is divided infdp slips. It
hybrid structural system\(lurase et al., 2013, 2014; Kasagi et al. . )
2016; Fukumoto and Takewaki, 2QJand took into account the Wwas made clear byikura (1983) that Ni, Nw, and Np can
T . S be regarded almost equal to the cubic root of the product
uncertainty in the site ampli cation. They treated the faals of the ratio of the seismic momen¥o, of the whole fault
a point source. On the other hand, the uncertainty in the fault o
. L . . to the seismic momeniMgs of the fault element and the
rupture slip (slip distribution and rupture front) Is dealt wi ratio of the stress dropl s of the fault element to the
In the present paper. Th? wave propagation from the.fault tOsl;ress dropl | of the whole fault. In the stochastic Green's
the earthquake bedrock is expressed by the stochastic @reeﬂnction method, this scaling law is usually used and is
function method (rikura, 1986; Yokoi and lIrikura, 1991in exoressed b '
which the Fourier amplitude at the earthquake bedrock from a P y
fault element is represented by the Boore's moéeldie, 1988
and the phase angle is modeled by the phase di erence methad w, D, _ | MoL 1=
(Yamane and Nagahashi, 200&he validity of the proposed To° WP B <P T (=1 o/Mos Ni. Nw. No
method is investigated through the comparison with the enggst 1)
simulation result by other methods.

By using the proposed method for ground motion generation
and for optimization under uncertainty inthe fault rupturésla  wherel, W, D, denote the fault length, fault width, fault slip,
methodology is presented for deriving the critical groundtion  ise time (fault slip time), respectively, and (.,] )sindicate
causing the maximum response of an elastic SDOF model @ie quantity related to the whole fault and that to the fault
the earthquake bedrock or at the free ground surfége=(ick, element.
1970; Takewaki, 20).7The uncertainty in the fault rupture slip is When1l =1 g D 1, the ground motion displacement

treated by using an interval analysis in which the slip disttion Uj .t/ due to one fault element is produced By slips ui .t/
and rupture front are modeled as interval parameters, i.e, thand is expressed by

parameters in the certain prescribed range can take any value

in a non-probabilistic senseBgn-Haim, 200% It is shown Uj.t/ D f.t/ uj.t/
that the critical ground motion imposes the maximum SDOF o
response which may be several times larger than that computed D ui t ok 1 i )

under the average fault rupture slip model. Furthermore, the Np
robustness evaluation with respect to the uncertain faystuve
slip and the uncertain fault rupture frontis presented foriiest ~ whereij indicates thej sub-element in one fault element angl

building design. Since the critical ground motion producés t is the rise time of thg sub-element. Furthermork.t/ is the slip

kD1
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correction function specifying the initiation of slips in oriault
element and is expressed by

X ,
f.t/D t k 1L
kD1

®)

where (t) is the Dirac delta functionFigure 1A shows the
conventional slip functiorD(t) and slip correction functiori (t).

wheretpjj: the propagation time from the fault element to the
recording point at the earthquake bedroc;: the slip initiation
time in the fault element (the slip initiation time of the itiating
point D 0), rj: the distance from the fault element to the
recording point at the earthquake bedrock,: the distance from
the slip initiation point in the whole fault to the fault element

: the shear wave velocity of the groun|; the slip propagation
speed in the fault.

From these preparations, the ground motion displacemenSmall Ground Motion From Element Fault

U .t/ due to the whole fault may be expressed by

Rw R
U.t/ D ft ot uj.t/
iD1 jD1
o R o ”.
D Uj t k 1 Ne 4)
iD1 jD1 kD1 D

In this paper, the slip correction functiofi(t) revised byirikura
(1986)and Yokoi and Irikura (1991)s used and is described by
1 .Np( 1/n0 !
f.t/D .t/C — Ui
no )
kD1

k 1

.ND ]Jno

®)
Irikura (1986)introduced the numben®of re-division to remove
the e ect of arti cial periodicity due to the equal-size elente
division. Figure 1B presents the slip functiorD(t) and slip
correction functionf (t) revised byirikura (1986)and Yokoi and
Irikura (1991) Irikura (1994)introduced the following constraint
in the setting oin®

7>2fH

(6)

wherefy is the upper bound of the e ective frequency.
Finally the ground motion displacement .t/ due to the

whole fault can be expressed in terms of the ground motion

displacements;; .t/ due to the fault elements.

XL Nw
Uu.t/D uj t ot
i
R Rw Ny n° 1
(] o R)uij tt
[ K

k 1

1/ n0

No @)

A small ground motion (acceleration) at the earthquake betiro
due to the slip of a fault element can be derived by setting a
point source at the center of the fault elemeBbre, 1988 The
Fourier amplitude spectrum of the ground motion acceleration
at the earthquake bedrock can be expressed by
Asijj.! / D Source! / Pass!/ 9)
where Source! / is the term related to the source (fault) and
Pass! / is the term related to the wave attenuation in the pass
from the fault element to the earthquake bedrock.
In Boore (1983)Source! / andPass! / are set as

R FS PRTITN
Source! / D — 12N .1/ (10)
#
1 frij
Pass! / D —exp (11)
i Qf

whereR : radiation pattern coe cient,FS ampli cation due to
the free surfacdX2), PRTITN reduction factor that accounts for
the partitioning of energy into two horizontal components,:
mass density of earthquake bedrock; shear wave velocity of
earthquake bedrock f : Q-value. Furthermorelf.! / is the
source spectrum and is expressed by

Mgij 2 f 2

M./ 22D .
1C f=fejj

P f 1fmaX (12)

whereMygjj is the seismic moment of the fault elemépandfcj;

is the corner frequency of the fault elemen®P f,fnax isa lter

for reducing the higher frequency components and is expressed
by

P f,fmax D qiil (13)

1C ffmax "

The concept of the stochastic Green's function method used in

the present study is illustrated Figure 2

where fnax is the cut-o frequency for higher frequency

Assuming that the fault rupture develops in a concentricallycomponents anan D 4 is assumed according Enore (1983)

tj can be expressed by

tj D tpjj C trj

o
Dlc !

v ®)

In this paper, the phase di erence method due Yamane
and Nagahashi (2008 used for expressing the phase of ground
motion. The standard deviation of the phase di erence due ® th
fault elementjcan be expressed by

j= D 0.06C 0.0008; (14)
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FIGURE 1 | Slip functionD(t) and slip correction functionf(t), (A) Conventional ones,(B) Revised ones bylrikura (1986)
Free-ground
i, (¢ Site surface
““““ One-dimensional
wave propagation theory
Earthquake Slflp ch:ralcterlstlcs
Slip distribution D;; . bedrock atieach element
D(1) 4
C . D,
...//y
/ R
RU ptu re trij tnj +Tij Tlme
3 t
propagation 70y
N, i 1
‘ k , Mg
- t,; +7; Time
FIGURE 2 | Concept of stochastic Green's function method used in the pesent study.

This relation refers to inland earthquakesidkita et al., 2018  elementj. N is the number of adopted frequencies. Furthermore,
In this paper, the near-fault ground motion is assumed in which is the mean of the phase di erence argdis the Gaussian
the e ect of the rupture directivity is small. With this standh random number with 0 mean and unit standard deviation. In
deviation of the phase di erence, the phase spectrum is degtrib¢his paper, a constant value of is assumed in all the fault

by elements.
The Fourier transformAg;j;.! / of the acceleratioag;j. t/ atthe
kc1i D kijCl yjj (kD1,2:::,N=2 1) earthquake bedrock due to the fault elemégntan be expressed
14D Cs j (15) by

where | jj is the k-th phase spectrum of the fault elemeint _
and 1 j is the k-th phase dierence spectrum of the fault Asij.! I D Asj.!/ ¢ it (16)
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TABLE 1 | Similarities and differences between this research and behmark test.  and the ampli cation of the ground motion is evaluated by
one-dimensional wave propagation theory.

This research Benchmark test The fault plane is divided intdlyy N elementsNy D 4 is
Superimposing method  {rikura, 1986; Yokoi and Irikura, 199} setin the fault width direction antll. D 8is setin the faultlength
Amplitude Boore (1983) direction. The area of sub-fault & D 1 (km?). The seismic
Phase angle Yamane and Nagahashi Boore (1083) moment in each fault elemenMpgg) is 5.40 10°Nm and the

(2008) stress dropl o) is assumed to be 13.95(Mpa). The dbg of

each sub-fault is 0.167(m) fromlgs D SsDsandNp D 6
from the ratio of fault plane to sub-fault (1/0.167 m). Thus the
seismic moment after superimposing the small earthqualkie9(
The inverse Fourier transform ofAgj.!/ leads to the iscalculated ab®D Ny N Np Mgs 1.04 10'¥(Nm),
acceleratiorag jj.t/ at the earthquake bedrock due to the faultwhich is the same alg. The corner frequencyf{g is 2.33 Hz
elementij. Finally, the substitution of thigsj.t/ into Equation  from Equation (19) and the radiation patteriR( ) is set to 0.63,
(7) (di erence of displacement and acceleration does not eratt which is a uniform value in the frequency domain. As for the
provides the acceleratiam.t/ at the earthquake bedrock due to phase angle, the standard deviation of phase di erencgs ()

the whole fault. are calculated from Equation (14) and its mean in each point

is setto 0.140 at Point (a), 0.125 at Point (b) and 0.130 at
VERIFICATION OF THE METHOD OF Point (c). Regarding the horizontal component of superimposing
GROUND MOTION GENERATION USING wave, only the SH wave is generated by set®RRITENto

1 for simpli cation. Each small earthquake is generated by
disassembling into the NS direction component and the EW
direction componentTable 3summarizes the source parameters
Rthe fault plane and sub-faults.

As described above, the ampli cation of ground motion at
éhe above control points of the soil surface is evaluated t®r on

phase di erence method for representing the phase. Therefor imensiqnal wave propagation theory._ In this mode_l, Fhe numbe
the proposed method was validated against the above benchmacgml‘"’l?./er Its (r)]ne dang tgi trta;]nsffelrl fuf‘:“o” fo;_ d§§crlb|ng gndu
test. Table 1 shows the similarities and di erences between the® P! cation 1s de ned by the foflowing equation:
proposed method and the method used in the benchmark test. 1

The fault plane and three recording points for the model Hg.!/ D

S21 used in the benchmark testto et al. (2011are shown in

Figure 3 The recording points are three points (@), (b), (C)- They herek H, and  are the complex wave number, the thickness
fault plane is assumed to be vertical and the fault type is tie+i of layer and the complex impedance, de ned by the following
lateral strike-slip fault. The fault lengbr8000m, fault widthD equations:

4,000 m, fault slip quantitp 1 m, the seismic momeridbMg D
1.04 10'Nm, strike angle , dip angle and rake angle are
(90,90, 180). The hypocenter is located at (0, 1,000, 4,000 m)
and the fault rupture is propagated concentrically with ruptureG andG are the shear modulus and the complex shear modulus.

velocityV, D 3000(m/s). The hypocenter of each sub-fault is - ) - . .
assumed to be located at the center. Furthermore is the hysteretic damping ratio of soil. In the

In Somerville et al. (1999 shelby (1957 andBrune (1970) gz”mchnmafk tfitér?p S gven. s ':‘:Leed ;ha:hs'”le;hbeegagf;'ot';e
the areagkm?) of the fault, the stress drod of large ping IS ta into account a arthqua rocx,

. ampli cation divergence does not occur.
earthquakes and the corner frequenigyare described by the . ;
following equations: Figure 4shows the comparison between the proposed method

and the abovementioned benchmark test{o et al., 201)1 The
upper one inFigure 4presents the acceleration at the free ground

PHASE DIFFERENCE METHOD

The benchmark test was conductedgto et al. (2011and the
model S21 is used for comparison. The benchmark test uses g
empirical envelope function of acceleration time histori©s

the other hand, the method proposed in this paper employs th

(20)

coskH Ci sinkH

_ P p_—_
kp1" =6, 6 Dc2)G D' 16 = G @1)

v 322 15
SD2.23 Mo 10 10 (17 surface at three points. The lower onekigure 4illustrates the
1 D Mo 10 4 (18) pseudo velocity response spectrum. The numbers 1, 2, 3 in gure
16 R legend indicate the di erence of uniform random numbers for
Fv. L = phase angles in Hisad&to et al., 201)land the di erence of
fcD 4.9 10°Vs Mo (19) Gaussian random numbers for phase di erence (Equation 15) in

Makita et al. (2018)It can be observed from these gures that,
whereR(km) is the e ective radius$D  R?). In these equations, while the acceleration time histories exhibit somewhat démet
the unitofVsis km/s, thatoflL  is bar and thatoMgis dyne-cm. properties, especially inits envelope, the pseudo velocity nsgpo
From Equations (17-19)1 D 13.95(Mpa) andfe D  spectra of both approaches correspond fairly well. This result
0.404(Hz) are calculated, then D 2=f; 5.0(s) is set from supports the validity of the method used in this paper. A less-
Boore (1983) The soil conditions are summarized ifable2 damped response (acceleration time history) by the proposed
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Point (a)
-010 +000
-y - el e o
1km
2km ﬁ\‘\.

X(North)
+010 Point (c)

I ub
Radial
Transverse

Y(East)
TS~~<_Medium 1

Z Medium 2
(Down) Source(0,1,4)km
FIGURE 3 | Fault plane and three recording points replotted based orkato et al. (2011)
TABLE 2 | Soil conditions.
TABLE 3 | Source parameters.
Layer Thickness Shear wave Mass Q-value
H.m/ velocity Vs.m/s/ density (kg/m3) Q. / SCALING PARAMETERS
1 1000 2000 2600 - Along the fault width directionNy 4
' ' ' 10 Along the fault length directionN_
2 (half-space) — 3,464 2,700 70+

method with respect to the benchmark test case may result froff!!t 'en9thw

the fact that, while an envelope function is used in the benahm

test, such function is not used in the proposed method. However

such di erence does not cause serious di erence in the strattu
response because the envelope function in uences only thalini
and ending parts of acceleration time histories with sliglkice
on the maximum structural response.

CRITICAL FAULT RUPTURE SLIP
MAXIMIZING THE STRUCTURAL
RESPONSE

Concept of Critical Setting of Fault Rupture
Slip Distribution and Fault Rupture Front
Maximizing the Structural Response at the
Earthquake Bedrock and Free-Ground

Surface
The soil model and the fault model treated in section Vertioa

Along the slipNp

FAULT PARAMETERS FAULT ELEMENT PARAMETERS

4 km Area of fault elementSg 1 km?
Fault width L 8 km Seismic momentMys  5.40 10%°Nm
Area of fault planeS 32 km? Slip Dg 0.167 m
Earthquake focal depth 4 km Stress dropM g 13.95 Mpa
Seismic momentMo  1.04 10'8Nm Radiation patternR 0.63
SlipD im Cutoff frequencyfy 6 Hz
Stress dropM | 13.95 Mpa - -
Rupture velocityV, 3000 m/s - -

maximizing the structural response at the earthquake bddroc
and free-ground surface (Case A: elastic SDOF model at the
earthquake bedrock, Case B: elastic SDOF model at freexgrou
surface)T is the natural period of the SDOF model ahds the
damping ratio. The fault rupture front includes the fault rupgur
initiation time tyj; (related to the rupture propagation velocity in
the fault) and the rise timejj of the slip in each fault element.
More speci cally trj and j are treated as independent uncertain
parameters in the latter uncertainty modeling. The uncentyin

of the Method of Ground Motion Generation Using Phasethe fault rupture slip distribution (quantity of slip) for thexed

Di erence Method (Tables 2 3) are used again in this section.

fault rupture front (concentrically) is treated in sectiorritical

Although the soil model used in this section (the same as & thSetting of Fault Rupture Slip Distribution and the uncertainty

benchmark test) seems rather simple, it is noted that the jpatc

in the fault rupture front ¢yj and j) for the xed fault rupture

objective of this paper is to pay attention to the in uence ofslip distribution is dealt with in section Critical Settirgf Fault
the fault rupture process on the response of structures on thRupture Front.

surface ground. More detailed examination of the e ect of the A genetic algorithm (GA) has been used for optimization
soil properties above the earthquake bedrock will be made in th@oldberg, 198p i.e., the maximization of the response for

future as discussed in the previous papdekita et al., 2018

uncertain parameters. In this paper, a candidate model of thi fa

Figure 5presents the conceptual diagram of the critical settingupture slip distribution or the fault rupture front are treafe

of the fault rupture slip distributiorDjj and the fault rupture front

as chromosomes, and the parameters of each fault element
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FIGURE 4 | Comparison between the result due to the present method andhe result due to the benchmark test [partly fronKato et al. (2011]).

Period [s]

(c) Point of +1.0km (normal
side of rupture direction)

are treated as genes. First, we generate a number of caedid&ritical Setting of Fault Rupture Slip

models ( rst generation), in which fault parameters are chad  Djstribution

randomly. Then, we evaluate these models and generate thfee quantities of the fault rupture slip in fault elements

next generation by selecting elite individuals, do mutateoxd  are selected as uncertain parameters. The fault rupture
conduct crossover. In this GA, the Elitist expected value etod initiation time tg; and the rise time j of the slip in

is used in which the population size is 200, the number of eliteach fault element are xed to the nominal values in

individuals is 2 and the probability of crossover is 0.8. haged  this section, i.e., the fault rupture develops from the

that global and local search of the optimal solution is possiblénitiation point concentrically. The ( § denotes the
via GA. nominal value and is the uncertain parameter. The
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Critical Response Analysis Evaluating Wave and Response . _
Case B : Analysis at . 7=05,1.0,2.0[s], n=0.05 '
Ground surface : i

T 1

1

Case A : Analysis at
Earthquake bedrock

Slip distribution Dij

. Fault element ~ Rupture time

Initiating point

—
Rupture propagation Rupture front
(1) Critical setting of slip distribution (1) Critical setting of rupture front

_____________________________________________________________

FIGURE 5 | Conceptual diagram of critical setting of fault rupture gidistribution and fault rupture front maximizing the struwiral response at the earthquake bedrock
and free-ground surface (Case A: SDOF model at the earthquakbedrock, Case B: SDOF model at free-ground surface).

TABLE 4 | Parameters of interval analysis. Time—HiStory of Wave

Figure 6 shows the critical ground surface acceleration and

deformation of the SDOF modell(D 0.5s) at three points for

Case A (earthquake bedrock motion) and Case B (free-ground

surface motion) with respect to uncertain fault rupture slip

distribution. Furthermore Figure 7 presents the critical ground

surface acceleration and deformation of SDOF moddb 1.0,

2.0s) atthree points for Case A (earthquake bedrock motiod) a

| c c ) ) Case B (free-ground surface motion).

D'D Oy~ 1 Dij'DiJ Cidy iD1, Nw,jD1, N It can be observed frorigures § 7 that the ampli cation of

(22) the ground motion acceleration and the deformation respoofse

the SDOF model off D 0.5, 1.0s is larger than those BfD
2.0s. This means that the e ect of the criticality in the urte@mty

The over-bar indicates the upper-side value and the under-b&2f the fault rupture slip is larger in the model of shorter nedl

does the |ower-side Va|ue. The parameters Of the intervaya'na perIOdST D 05, 1.0s.1In Othel' WOI’dS, the deV|at|0n Of StI’UC'[UI’a|
are shown iriTable 4 response between the critical and the nominal case is laager f

In this section, the quantities of the fault rupture slip in the natural periods of the SDOF model®D 0.5sandr' D 1.0s

fault elements are varying in accordance with the followingzompared to the case whefeD 2.0s.
condition.

Figure 8 shows the Fourier amplitude of critical ground-surface
D [0.167(m) 0.3 0.167(m) 0.167(mf 0.3 0.167(m)] acceleration at three points for three SDOF mod&l$(0.5, 1.0,
D [0.117(m) 0.217(m)] (23) 2.0s) for Case A (earthquake bedrock motion) and Case B-(free
ground surface motion). The broken line indicates the natur
Furthermore, the rise time is settoD W=2V,) D 0.6&from  frequency of the SDOF model. It can be observed that the Eouri
Day (1982because D 5.Gsis too long in this model as shown amplitude of critical ground-surface acceleration is ampli ed
in Kato et al. (2011) much around the natural frequency of the SDOF model. This

D% 0.167 (m) 30 (%)
1D 0.167 (m) 1D 0.167 (m)

interval parameters of the fault rupture slip can be
expressed by
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FIGURE 6 | Critical ground surface acceleration and deformation of SOF model T D 0.5s) at three points for Case A (earthquake bedrock motiorgnd Case B
(free-ground surface motion).

phenomenon is remarkable in the SDOF modelloD 0.5s at 1.0, 2.0s) at three points for Case A (earthquake bedrock
Point (c). It may be concluded that the critical setting ofth motion) and Case B (free-ground surface motion). The
fault rupture slip quantity makes the SDOF model resonant teseismic moment is indicated at the top of the gures. It

the input. can be observed that the seismic moment of the critical
) o _ fault rupture distribution exhibits a value close to the value
Phase Difference Distribution for the nominal modelMg D 1.04 10*Nm. It can also

Figure 9 presents the phase dierence distribution of critical be seen that the critical fault rupture distributions are
ground-surface acceleration at three points for three SDOHierent in Case A and Case B. This may be because the
models T D 0.5, 1.0, 2.0s) for Case A (earthquake bedrockite ampli cation is included in Case B in the process of
motion) and Case B (free-ground surface motion). It can kense criticality.
that the standard deviation= at Point (c) is the smallest and Figure 11A shows wave superimposing tintg (from the
that at Point (a) is the largest. This may be related to theveod ~ fault rupture initiation in the fault to the arrival at the
directivity e ect. Furthermore=  of the critical model is larger earthquake bedrock) for each fault element at three points and
than that of the nominal model at Point (b) and that is smallerFigure 11B presents the grouping of fault elements with large
than that of the nominal model at Point (c) except (i) of Case Bslip maximizing the response of two SDOF models 1.0,
In addition, = of the critical model becomes larger than that of 2.0 s) at three points for Case B (free-ground surface motion)
the nominal model. This means that the critical setting af thult  The triangle in Figure 11A indicates the rupture initiation
rupture slip quantity makes the acceleration time historlaged.  point and the numbers abov€&igure 11B indicate the mean

of wave superimposing timéj at grouping fault elements.
Fault Rupture Slip Distribution It can be observed fronFigure 11B that the mean of wave
Figure 10 illustrates the fault rupture slip distribution superimposing timetj at grouping fault elements is slightly
maximizing the response of the three SDOF moddlsD( 0.5, shorter than the natural period of the SDOF model. This
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FIGURE 8 | Fourier amplitude of critical ground-surface acceleratioat three points for three SDOF modelsT D 0.5, 1.0, 2.0s) for Case A (earthquake bedrock
motion) and Case B (free-ground surface motion).

may lead to the fact that the acceleration input re ecting theCritical Setting of Fault Rupture Front

critical fault rupture slip distribution contains the compent  The fault rupture initiation timet;; and the rise time jj of the
resonant to the natural period of the SDOF model and ampli esslip in each fault element are selected as uncertain parasiete
the structural response. In other words, the Fourier amplitudel N quantities of the fault rupture slip in fault elements areed
spectrum at the ground surface is ampli ed in the frequencyt® the nomir_lal values in this section. (C)Jlen_otes the nominal
range of the critical mean of wave superimposing time avalue and is the uncertain parameter. The interval parameters
grouping fault elements resonant to the natural period ofgfthefaultruc?tgjremmanonumeandthe rise time of theégkan
the SDOF model. In addition, the slip of the fault element € expressedby

with the wave superimposing time of 3.71s becomes large c c ) )

and this may induce a pulse-type wave. Furthermore, the slip * i~ 1 Lﬁj' ti-C 1% iDL NwjD1 N
distribution in Figure 11B may be regarded as an asperity

(24)
distribution and this distribution can be used as a tool for | . c _ _
setting an asperity in the characteristic model of the fault rD §~ 1 - ClN iDL, Nw, jD1, N
rupture. (25)
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FIGURE 9 | Phase difference distribution of critical ground-surfacacceleration at three points for three SDOF modelsT(D 0.5, 1.0, 2.0s) for Case A (earthquake
bedrock motion) and Case B (free-ground surface motion).
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FIGURE 10 | Critical fault rupture slip distribution for three SDOF maels (T D 0.5, 1.0, 2.0s) at three points for Case A (earthquake bedrdcmotion) and Case B
(free-ground surface motion).
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FIGURE 11 | Wave superimposing timetjj for each fault element and grouping of fault elements with tge slip, (A) Wave superimposing time for each fault element at
three points for Case A and Case B(B) Grouping of fault elements with large slip maximizing the sponse of two SDOF models T D 1.0, 2.0 s) at three points for
Case B (free-ground surface motion).

where TABLE 5 | Parameters of interval analysis.
1t D t, ijC’ 1 Nij D trijC tr ijc Concentrically distributed
rij 30 (%)
1_D1_D 1 N§D1ND ;€ (26) 1t i
I Lirj tri©
. L . i© 0.67 (s)
As explained before, the over-bar indicates the upper-sidgeval 30 (%)
and the under-bar does the lower-side value. Furtherniote ) 067 (8)
indicates the parameter for normalization of variation. Thelj 0'67 @

parameters for interval analysis is shownTable 5

Time—History

Figure 12 presents the critical ground surface acceleration andcceleration record at Point (c) is ampli ed much as a pulggety
deformation of three SDOF model3 O 0.5, 1.0, 2.0s) at three one and those at Point (a) and (b) are also ampli ed largely.
points for Case B (free-ground surface motion) with respect tdt can also be seen that, while the uncertainty in the quantity
uncertain fault rupture front. It can be observed that thetical  of the fault rupture slip increases the response for the nomina
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FIGURE 12 | Critical ground surface acceleration and deformation of tiee SDOF models T D 0.5, 1.0, 2.0's) at three points for Case B (free-ground surfae motion)
with respect to uncertain fault rupture front.

parameters up to about two times as observed in the previodsourier Amplitude of Ground-Surface

gures, the uncertainty in the rupture propagation velocitytie  Acceleration

fault and the rise time of the slip ampli es the response selverarigure 13A presents the Fourier amplitude of ground-surface
times. This phenomenon is remarkable in the modeTdD 0.5,  acceleration at three points maximized for fault rupture front
1.0s. However, this is less obvious ToD 2.0 s at Point (c). for three SDOF modelsT( D 0.5, 1.0, 2.0s) and Case B

Frontiers in Built Environment | www.frontiersin.org 15 November 2018 | Volume 4 | Article 64



Makita et al. Uncertainty in Fault Rupture Slip

FIGURE 13 | Critical ground surface acceleration at three points withespect to uncertain fault rupture front for three SDOF modslI(T D 0.5, 1.0, 2.0s) and Case B
(free-ground surface motion)(A) Fourier amplitude,(B) Phase difference distribution.
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FIGURE 14 | Critical fault rupture front obtained for three points andhree SDOF models T D 0.5, 1.0, 2.0 s) corresponding to Case B (free-ground surfae motion),
(A) wave superimposing timetj; at each fault element,(B) Rise time jj at each fault element.
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FIGURE 15 | Robustness function with respect to deformation of three S®F models T D 0.5, 1.0, 2.0 s) at three points corresponding to Case B (freground
surface motion),(A) Uncertain quantity of fault rupture slip(B) Uncertain quantity of fault rupture front.

(maximization for free-ground surface motion). The brokenfront for three SDOF modelsT(D 0.5, 1.0, 2.0s) and Case B
line indicates the natural frequency of the SDOF model. It carffree-ground surface motion). It can be seen that the statida
be observed that, as seen in the case of the uncertainty deviation = of the critical one is larger than that of the
the fault rupture slip, the Fourier amplitude of ground-suréac nominal one. On the other hand, the standard deviatien
acceleration is ampli ed much around the natural frequendy o of the critical one becomes smaller than that of the nominal
the SDOF model. This phenomenon is remarkable at Point (chpne at Point (c). It may result from the fact that, while
and this may be related to the fact that the critical accélena the duration time at Point (a) and (b) becomes longer, the
record at Point (c) is amplied much as a pulse-type oneduration at Point (c) becomes shorter as a result of pulse-
in Figure 12 Furthermore, the ampli cation is larger than type ground motion. In addition,= becomes larger as a
that considering the uncertainty in the quantity of the faul result of criticalization of the rupture front (the uncertgy
rupture slip. It should be remarked that the natural periodin the rupture propagation velocity in the fault and the rise
of the SDOF model does not coincide with the ampliedtime of the slip). This phenomenon was also observed in
range of the Fourier amplitude for the moddl D 2.0s at considering the uncertainty in the quantity of the fault rupéu
Point (c). This may cause the lower response ampli cation oElip.

the modelT D 2.0s at Point (c) inFigure 1Jiii) than other

models. Critical Fault Rupture Front
) o _ Figure 14 presents the wave superimposing tirge(from the
Phase Difference Distribution fault rupture initiation in the fault to the arrival at the edrtjuake

Figure 13B shows the phase di erence distribution of ground- bedrock) at each fault element and the rise tinjeat each fault
surface acceleration at three points maximized for fault mupt element characterizing the critical fault rupture front masized
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for three points and three SDOF model$ O 0.5, 1.0, 2.0s) The process consists of (i) the fault rupture process, (i) the
corresponding to Case B (free-ground surface motion). Thevave propagation from the fault to the earthquake bedrock,
triangle in Figure 14 indicates the rupture initiation point. It (iii) the site ampli cation. The uncertainty in the fault rupter

can be observed frorfRigure 14Athat the fault element rupture slip has been dealt with in the present paper, i.e., the quantity
occurs in a concentrated manner corresponding to the timeof the fault rupture slip, the rupture propagation velocity in
interval of the natural period of the SDOF model. In addition, the fault and the rise time of the slip. The wave propagation
the rupture directivity e ect can be observed in the modeTdd  from the fault to the earthquake bedrock has been expressed
1.0, 2.0s at Point (c) and it may be related to the fact that theéy the stochastic Green's function method in which the Feuori
pulse-type input induces larger responses. Furthermore, ibean amplitude at the earthquake bedrock from a fault element has
observed fronFigure 14Bthat, while the rate ofjj around the been represented by the Boore's model and the phase angle
nominal value is large in the model df D 0.5s, j moves to has been modeled by the phase di erence method. The validity
the lower limit around jj D 0.47-0.49 s in the model 8fD 1.0, of the proposed method has been investigated through the

2.0s. comparison with the existing simulation result by other medis

. . incorporating the empirical envelope function of acceleration
Robustness Evaluation for Uncertain Fault time histories. By using the proposed method for ground motion
Rupture Slip Distribution and Uncertain generation and for optimization under uncertainty in the fau
Fault Rupture Front rupture slip, a methodology has been presented for deriving

Figure 15A shows the robustness functiof proposed bysen-  the critical 'ground motion causing the maximum response
Haim (2006) with respect to the deformation of the SDOF Of an elastic SDOF model at thg earthquake bedrock or at
model for uncertain parameters of quantity of fault rupture the free ground surface. A genetic algorithm (GA) has been
slip for Case (B). Once the valu®in the vertical axis is used for optimization, i.e., the maximization of the response
xed, the corresponding deformation of the SDOF model infor uncertain parameters. The following conclusions havenbe
the horizontal axis indicates the maximum value for variegderived.

uncertain parameters (quantity of fault rupture slip) presedb (1) while the uncertainty in the quantity of the fault rupture
by Q In particular, the deformation of the SDOF model for = * g|i increases the response for the nominal parameters up to

O D 0 indicates the maximum response for the nominal  ghqyt two times, the uncertainty in the rupture propagation
parameters. It can be observed that the robustness becomes ,gocity in the fault and the rise time of the slip ampli es the

the smallest for the model at Point (b). This is because the tegponse up to 1.7-8.0 times.

response of the SDOF model is the largest at Point (b). They) The response at the epicenter becomes larger than that at
slope of the robustness function indicates the degree of the " ,iner recording point.

robustness. As the slope becomes steeper, the model becorp@s The setting of the objective function for criticality,ei,

more robust. the maximum response of an elastic SDOF model at the

Figure 15Bpresents the robustness functi@with respect to earthquake bedrock or at the free ground surface, does not
the deformation of the SDOF model for uncertain parameters g oct largely the result of the critical excitation problem.
of fault rupture front (slip initiation time and rise time) fo In other words, the ground above the earthquake bedrock
Case (B). Once the valu® in the vertical axis is xed, plays a role as a lter of ground motions and it does not
the corresponding deformation of the SDOF model in the 5 gctthe critical nature of ground motions at the earthquake
horizontal axis indicates the maximum value for varied utai® bedrock.

parameters (slip initiation time and rise time) prescribed @y
It can be observed that the robustness becomes the smaitest Since the critical ground motion produces the worst building
the model at Point (b) as iffigure 15A Compared to the case response among possible scenarios, the proposed method can be
in Figure 15A the slope of the robustness function becomed reliable tool for resilient building design.
small.
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