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ABSTRACT

Local wave amplification due to strong seismic mwos in surficial multilayered solil is
influenced by several parameters such as the veddgiplarization and the dynamic properties
and impedance contrast between soil layers. Theeptaesearch aims at investigating seismic
motion amplification in the 2011 Tohoku earthqu#éike®ugh a one-directional three-component
(1D-3C) wave propagation model. A 3D nonlinear ¢ibuatsve relation for dry soils under cyclic
loading is implemented in a quadratic line finitereent model. The soil rheology is modeled by
mean of a multi-surface cyclic plasticity model tbk Masing-Prandtl-Ishlinskii-lwan (MPII)
type. Its major advantage is that the rheology haracterized by few commonly measured
parameters. Ground motions are computed at thacudf soil profiles in the Tohoku area
(Japan) by propagating 3C signals recorded at rogtcrops, during the 2011 Tohoku
earthquake. Computed surface ground motions ar@aed to the Tohoku earthquake records
at alluvial sites and the reliability of the 1D-3@bdel is corroborated. The 1D-3C approach is
compared with the combination of three separate-dimeetional analyses of one motion
component propagated independently (1D-1C approddig 3D loading path due to the 3C-
polarization leads to multiaxial stress interactithrat reduces soil strength and increases
nonlinear effects. Time histories and spectral #@omes, for the Tohoku earthquake, are
numerically reproduced. The 1D-3C approach alldvesavaluation of various parameters of the

3C motion and 3D stress and strain evolution adirdakie soil profile.

INTRODUCTION
One-directional wave propagation analyses are ay ®ay to estimate the surface ground

motion, even in the case of strong seismic ev&asmic waves due to strong ground motions



47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

propagating in surficial soil layers may both reelsoil stiffness and increase nonlinear effects.
The nonlinear behavior of the soil may have beradfior detrimental effects on the dynamic
response at the surface, depending on the enesgipdiion rate. The three-dimensional (3D)
loading path also influences the stresses intedileand thus its seismic response.

The recent records of the 9 Mw 11 March 2011 Tohelathquake, in Japan, allow to
understand the influence of incident wave polaiazat This event is one of the largest
earthquakes in the world that has been well recbrdehe near-fault zone. According to the
Japanese database of the K-Net accelerometer me(gee Data and Resources Section), the
main feature of the Tohoku three-component recdisat the vertical to maximum horizontal
component ratio appears close to one for sevenapsiiles and the peak vertical motion can
locally be higher than the minor horizontal companef ground motion. This is an interesting
observation because earthquake vertical componastneglected in structural design codes in
the recent past. The vertical to horizontal rgti@viously considered trivial, becomes essential
to characterize 3D loading effects and multiaxiaéss interaction in strong ground motion

modeling.

In order to investigate site-specific seismic hdzgrast studies have been devoted to one
directional shear wave propagation in a multilagieseil profile (1D-propagation) considering
one motion component only (1C-polarization). Selvene-directional models and related codes
were developed, to investigate one-component groesgdonse of horizontally layered sites,
reproducing soil behavior as equivalent linear (B#ASchnabeét al., 1972; EERA, Bardetdt

al., 2000), dry nonlinear (NERA, Bardet al., 2001) and saturated nonlinear (DESRA-2, Lee
and Finn, 1978).

Soils are complex materials and a linear approgcioi reliable to model their seismic response
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to strong earthquakes. The continuous improveméntlymamic test apparatus allows to
measure dynamic soil properties over a wide rarfgstrains, showing the highly nonlinear
deformation characteristics of soil and the sigaifit variation of shear modulus and damping
ratio with the amplitude of shear strain under yldading (Seed and Idriss, 1970a; Hardin and
Drnevich, 1972a, 1972b; Kim and Novak, 1981; Lefebst al., 1989; Vucetic and Dobry,
1991; Vucetic, 1994; Ishihara, 1996; Hsu and VucetD04, 2006). At larger strain levels, the
nonlinearity may reduce the shear modulus and &aserdhe damping. Observations in situ
enabled to undertake quantitative studies on tidimesar response of soft sedimentary sites and
to evaluate local site effects (Seed and Idrisg0h9 Satolet al., 1995; Bonillaet al., 2002; De
Martin et al., 2010).

A nonlinear site response analysis accounting ysteresis allows to follow the time evolution
of the stress and strain during seismic events tandstimate the resulting surface seismic
ground motion at large strain levels. The nonlireezalysis requires the propagation of a seismic
wave in a nonlinear medium by using an approprcaestitutive model and integrating the
wave equation in the time domain. Inputs to thesdyaes include acceleration time histories at
bedrock and nonlinear material properties of theous soil strata underlying the site. The main
difficulty in nonlinear analysis is to find a coitstive model that reproduces faithfully the
nonlinear and hysteretic behavior of soil underlicyloadings, with the minimum number of
parameters.

Considering the 3D loading path means represemti@@D hysteretic behavior of soils, which
is difficult to model because the yield surface npagsent a complex form. The nonlinear 3D
constitutive behavior depends on the 3D loadingh.pdihe three motion components are

coupled, due to the nonlinear 3D constitutive b&raand they cannot be computed separately
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(Li et al., 1992; Santisi d’Avilaet al., 2012). Li (1990) incorporated the three-dimenalon
cyclic plasticity soil model proposed by Waegal. (1990) in a 1D finite element procedure
(SUMDES code, Liet al., 1992), in terms of effective stress, to simuldte one-directional
wave propagation accounting for pore pressure éenshil. However, this complex rheology
needs an excessive number of parameters to ch@zadtee soil model.

In the present research, the nonlinear soil behasiaepresented by the so-called Masing-
Prandtl-Ishlinskii-lwan (MPII) model, according (8egalman and Starr, 2008), or lwan’s model
(lwan, 1967). It is a multi-surface plasticity madsm for cyclic loading and it depends on few
parameters that can be obtained from ordinary &boy tests. Material properties include the
dynamic shear modulus at low strain and the vamatif shear modulus with shear strain. This
rheology allows the dry soil to develop large stsan the range of stable nonlinearity, where the
shape of hysteresis loops remains unvaried inithe. tDue to its three-directional nature, the
procedure can handle both shear wave and compnegsive simultaneously and predict not
only horizontal motion but vertical settlement too.

The implementation of the MPII nonlinear cyclic stitutive model in a finite element scheme
(SWAP_3C code) is presented in detail by Santiavida et al. (2012). The authors analyze the
importance of a three-directional shaking problergluating the seismic ground motion due to
three-component strong earthquakes, for well-kn@tratigraphies, using synthetic incident
wavelets. The role of critical parameters affectihg soil response is investigated. The main
feature of the procedure is that it solves the ifipebree-dimensional stress-strain problem for
seismic wave propagation along one-direction amyng a constitutive behavior depending only
on commonly measured soil properties.

In the present research, the goal is to asseseglihbility of the model proposed by the authors
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(Santisi d’Avilaet al., 2012) and confirm, through actual data, the figdi of the parametric
analysis previously done using synthetic waveldtavas observed that the shear modulus
decreases and the dissipation increases, for a graimum strain amplitude, from one to three
component unidirectional propagated wave. The nadtarength is lower under triaxial loading
rather than for simple shear loading. The shageysteresis loops remains unvaried in the time,
for one-component loading, in the strain range table nonlinearity. In the case of three-
component loading, the shape of the hysteresisslocbhpnges in the time for shear strains in the
same range. Hysteresis loops for each horizontattibn are altered as a consequence of the
interaction between loading components. The mdferdnce between three superimposed one-
component ground motions (1D-1C approach) and thegpgsed one-directional three-
component propagation model (1D-3C approach) isarkatle in terms of ground motion time
history, maximum stress and hysteretic behavioth wmore nonlinearity and coupling effects
between components. This kind of consequence is mneeident with decreasing seismic
velocity ratio in the soil and increasing verti¢al horizontal component ratio of the incident
wave.

The 1D-3C propagation model and the main featufethe applied constitutive relation are
presented. The validation of the 1D-3C approadamidertaken comparing the three-component
records of the 2011 Tohoku earthquake with numktioze histories. Seismic records with
vertical to horizontal acceleration ratio highearth70 % are applied to investigate the impact of
a large vertical to horizontal peak acceleratiatioralhe simultaneous propagation of a three
component input signal, in a system of horizontal kyers, is studied using the proposed
model. The case of three components simultanequspyagated (1D-3C) is compared with that

of three superimposed one-component ground mofidnslC), to understand the influence of a
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3D loading path and input wavefield polarizatiomeTinfluence of the soil properties and quake
features on the local seismic response is discussetie case of multilayered soil profiles in

the Tohoku area (Japan).

ONE-DIRECTIONAL THREE-COMPONENT PROPAGATION MODEL

The three components of the seismic motion aregmajed along one direction in a nonlinear

soil profile from the top of the underlying elasbedrock. The multilayered soil is assumed

infinitely extended along the horizontal directionShear and pressure waves propagate

vertically in the z-direction. These hypotheses yield no strain viamain x- and y -direction.

At a given depth, soil is assumed to be a contisu@and homogeneous medium.
Transformations remain small during the process thedcross sections of three-dimensional

soil elements remain planes.

Spatial discretization

Solil stratification is discretized into a systemhafrizontal layers, parallel to they plane, by
using a finite element scheme (Fig. 1). Quadraiie €lements with three nodes are considered.
According to the finite element modeling, the deter form of equilibrium equations, is

expressed in the matrix form as
MD +CD +F,, =F 1)
where M is the mass matrixD and D are velocity and acceleration vectors, respegtiies.

the first and second time derivatives of the disphaent vectorD. F . is the vector of nodal

int

internal forces andr is the load vectorC is a damping matrix derived from the chosen

absorbing boundary condition. The differential éguum problem (1) is solved according to
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compatibility conditions and the hypothesis of ti@is variation in the horizontal directions, to
a three-dimensional nonlinear constitutive relatitor cyclic loading and the boundary

conditions described below.

Discretizing the soil column intm, quadratic line elements and consequently into2n, +1

nodes (Fig. 1), having three translational degmfefreedom each, yields &n-dimensional
displacement vectoD composed by three blocks whose terms are theadispient of then

nodes inx-, y- and z-direction, respectively. Soil properties are assdngonstant in each
finite element and soil layer.
The minimum number of quadratic line elements pgei n! is defined considering that =10

is the minimum number of nodes per wavelength touitely represent the seismic signal
(Kuhlemeyer and Lysmer, 1973; Semblat and Bri@8@0) and it is evaluated as
. _H,pf

minn, =7JF\)/—S 2)
where H, is the thickness of layer (Fig. 1), f is the assumed maximum frequency of the
input signal andv, is the assumed minimum shear velocity in the medilihe seismic signal
wavelength is equal te,/f . The assumed minimuna, is related to the assumed maximum
shear modulus decay and allows to account for me@iities. In this studyy, corresponds to a
70% reduction of the initial shear modulus. The maximfrequency f , used to assess the
minimum number of elements per layel, is assumed to bE5Hz as an accurate choice.
The assemblage céan 3n) -dimensional matrices argh-dimensional vectors is independently

done for each of the threfnxn)-dimensional submatrices ana-dimensional subvectors,

respectively, corresponding to-, y - and z-direction of motion.



183 Boundary conditions

184 The system of horizontal soil layers is boundethattop by the free surface and at the bottom
185 by a semi-infinite elastic medium representing $kesmic bedrock. The stresses normal to the
186 free surface are assumed null and the followingditom, implemented by Joyner and Chen

187 (1975) and Joyner (1975) in a finite differenceniatation and used by Bardet and Tobita

188 (2001) in NERA code, is applied at the soil-bedraaderface to take into account the finite

189 rigidity of the bedrock:

190 -p'e=c(v-2v,) (3)
191 The stresses normal to the soil column base abebleock interface arp” ¢ andc is a (3x3)
192  diagonal matrix whose terms apgv,,, p,Vy, and p,v, . The parameterp,, v, andv, are

193 the bedrock density and shear and pressure waweeitkes in the bedrock, respectively. The
194 three terms of vectov are the unknown velocities ir-, y- and z-direction, respectively, at
195 the interface soil-bedrock (node 1 in Fig. 1). Taens of the3-dimensional vectow, are the
196 input bedrock velocities, in the underlying elastieedium in directionsx, y and z,
197 respectively. Boundary condition (3) allows enetgybe radiated back into the underlying
198 medium.

199 The three-component bedrock velocity can be obdaibg halving seismic records at
200 outcropping bedrock. The incident bedrock wavestheehalf of outcropping seismic waves
201 (Fig. 1), due to the free surface effect in linelastic medium such as rock.

202 If borehole records are used, the halving operasiarot necessary, because records are applied
203 as incident bedrock signals. The bedrock is assuetastic in the proposed model, with
204 absorption and reflection of waves at the soil-bekrinterface, according to equation (3).

205 However, the borehole input signal contains incidand reflected waves. The absorbing
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condition in equation (3) is commonly used also wib®rehole records are applied (NERA
code,Bardet and Tobita, 2001), but an imposed motiaeatsoil-bedrock interface (first node)
would more properly represent the borehole boundangition. The implementation of such a
boundary condition, adopted when borehole recorelsaalyzed, will be a future improvement

of the proposed procedure.

Time discretization

The finite element model and the soil nonlineangguire spatial and time discretization,
respectively, to permit the problem solution (Hugh&987; Crisfield, 1991). The rate type
constitutive relation between stress and straiinisarized at each time step. Accordingly,

equation (1) is expressed as
MAD, +C AD|, +K | D} =[F, 4)
where the subscripk indicates the time stefj and i the iteration of the problem solving

process, as explained below.

The step-by-step process is solved by the Newnlgdkithm, expressed as follows:

aDi =Y api -Yp +(1 ——yj AD,

BAt B 2p
(5)
1 1. 1 ..
AD, = AD, - D,,—D
k BAtZ k BAt k-1 2B k-1

The Newmark's procedure is an implicit self-staytumconditionally stable approach for one-
step time integration in dynamic problems (Newmd59; Hilberet al., 1977; Hughes, 1987).

The two parameterfd =0.302t and y =0.6 guarantee unconditional stability of the time
integration scheme and numerical damping propettesamp higher modes (Hughes, 1987).

Equations (4) and (5) yield

10
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KLADL:AFK+AK—1 (6)

where the modified stiffness matrix is defined as

Ri=—t M+ Ycw, (7)
BA BNt

and A, is a vector depending on the response in pretimesstep, given by

A= {LM +XC }D k-1 '{iM _{_V - j AC } k-1 (8)
Bat B 2B 203

Equation (4) requires an iterative solving, at etiste stepk, to correct the tangent stiffness

matrix K| . Starting from the stiffness matrik; =K , ,, evaluated at the previous time step, the
value of matrix K| is updated at each iteration (Crisfield, 1991). After evaluating the

displacement incremetD, by equation (6), using the tangent stiffness matiresponding to

the previous time step, velocity and acceleratiamaments can be estimated through equation

(5) and the total motion is obtained according to

D, =D, +AD, D, =D, ,+MD, D =D, , +} (9)
where D, D, and D| are the vectors of total displacement, velocityl acceleration,
respectively. The strain increments are then ddrfv@m the displacement increments, terms of
vector AD, . Stress increments and tangent constitutive matexobtained through the assumed
constitutive relationship. Gravity load is imposesistatic initial condition in terms of strain and

stress at nodes. The modified stiffness makfix is calculated and the process restarts. The

correction process continues until the differenetwieen two successive approximations is

reduced to a fixed tolerance, according to

‘DL - Dik‘l‘ < a‘DL‘ (10)

11
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wherea =107 (Mestat, 1993, 1998). Afterwards, the next timepst analyzed.

FEATURES OF THE 3D NONLINEAR HYSTERETIC MODEL

The three-dimensional constitutive model for s@kd to model the propagation of a three-
component earthquake, in stratified soils, is a iMa®randtl-Ishlinskii-lwan (MPII) type
constitutive model (Segalman and Starr, 2008), sstgg by Iwan (1967) and applied by Joyner
(1975) and Joyner and Chen (1975) in a finite ceifiee formulation. It is used in the present
work to properly model the nonlinear soil behavioa finite element scheme (Santisi d’Avéa

al., 2012).

The so-called Masing rules, presented in 1926, riesthe loading and unloading paths in the
stress-strain space, reproducing quite faithfuily hysteresis observed in the laboratory. Prandtl
proposed, in 1928, an elasto-plastic model withisthardening, re-examined by Ishlinskii in
1944, obtained by coupling a family of stops ingtlat or of plays in series (Bertotti and
Mayergoyz, 2006). Iwan (1967) proposed an extensiothe standard incremental theory of
plasticity (Fung, 1965), by introducing a family wkld surfaces, modifying the 1D approach
with a single yield surface in the stress spacemddeled nonlinear stress-strain curves using a
series of mechanical elements, having decreasifigestses and increasing sliding resistance.
The MPII model takes into account the nonlineartdngdic behavior of soils in a three-
dimensional stress state, using an elasto-plaspioach with hardening, based on the definition
of a series of nested yield surfaces, accordingptoMises’ criterion. The MPIl model is used to
represent the behavior of materials satisfying Kigscriterion (Kramer, 1996) and not
depending on the number of loading cycles. Thesstievel depends on the strain increment and

strain history but not on the strain rate. Therefohnis rheological model has no viscous damping

12
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and the energy dissipation process is purely hgsteand does not depend on the frequency.
Shear modulus and damping ratio are strain-depénden

The main feature of the MPII rheological modelhattthe only necessary input data, to identify

soil properties in the applied constitutive modeglthe shear modulus decay cur@eﬁy) versus

shear strainy. The initial elastic shear modul@; = pv’, measured at the elastic behavior range
limit y [J0.001%o. (Fahey, 1992), depends on the mass denpitgnd the shear wave velocity in
the mediumv,. The P-wave moduluM = pvf), depending on the pressure wave velocity in the
medium v, characterizes the longitudinal behavior of sdihe seismic velocity ratio

(compressional to shear wave velocity raxjqus ), evaluated by

(v, /v.)" =2(1-v)/(1- 2v) (11)
is a function of the Poisson’s ratio. This is a parameter of the constitutive behavar
multiaxial load and of the interaction between comgnts in the three-dimensional response.
The MPII hysteretic model for dry soils, used ie firesent research, is applied for strains in the
range of stable nonlinearity. In this range, whtve shear strain is lower than the stability
threshold (Lefebvret al., 1989), both shear modulus and damping ratio atodepend on the
number of cycles. Stable stress-strain cycles aseroed, for which the shape of hysteresis
loops remains unvaried at each cycle, for one-corapbloading. When the stability threshold is
overtaken, the soil mechanical response changescit cycle and both shear modulus and
damping ratio vary abruptly (Zambedli al., 2006). Unstable liquefaction phenomena appear fo
large shear strains and, consequently, both theedegss loop shape and the average shear
stiffness evolve progressively with the numberafles.

Large strain rates are not adequately reproductuti taking into account undrained condition

13
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for soils. Constitutive behavior models for satadasoils would allow to attain larger strains
with proper accuracy. It is the reason why the sheadulus decay is accepted until 70 %,
corresponding to the minimum shear velocity in #u#l in equation (2), used to obtain an
appropriate space discretization.

In the present study the soil behavior is assunuedj@ately described by a hyperbolic stress-
strain curve (Hardin and Drnevich, 1972b). Thisuagstion yields a normalized shear modulus

decay curve, used as input curve representingkarhacteristics, expressed as
G/G, =Y/(1+]v/v) (12)
wherey, is a reference shear strain corresponding to amkiangent shear modulus equivalent

to 50 % of the initial shear modulus, in a normadizhear modulus decay curve provided by
laboratory test data. The applied constitutive nh@dean, 1967; Joyner and Chen, 1975; Joyner,
1975) does not depend on the hyperbolic initiatiog curve. It could incorporate also shear

modulus decay curves obtained from laboratory dyoaests on soil samples.

The stiffness matrix<, is deduced, at each time stkpand iterationi, knowing the tangent
constitutive matrixg, . The actual strain level and the strain and stredseg at the previous
time step allow to evaluate the tangent constieu(x6) matrixE, and the stress increment,
according to the incremental constitutive relatiipde, =E, As, . The deviatoric constitutive
matrix E, for a three-dimensional soil element is obtainedoeting to Iwan’s procedure, as

presented by Joyner (1975), and allows to evali@®ector of deviatoric stress incremeits

knowing the vector of deviatoric strain incrememts, according toAs= E, Ae. The total
constitutive matrixg is evaluated starting frorg, (Santisi d’Avilaet al., 2012).

Stress and strain rate in the one-dimensional €di)profile due to the propagation of a three-

14
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component earthquake are expressed in the folloamadysis in terms of octahedral shear stress

and strain, accounting for the hypothesis of inéinhorizontal soil(exx =0,e, =0y, :O).
According to the 3D constitutive model and for nyl|, the only null stress component is the

in-plane shear stress, . Octahedral stress (respectively strain) is chésezombine the three-

dimensional stress (respectively strain) componenésunique scalar parameter, that allows an
adequate comparison of the simultaneous propagatfitre three motion components (1D-3C)
and the independent propagation of the three coemier{(1D-1C) superposed a posteriori. The
1D-1C approach is a good approximation in the adskw strains within the linear range
(superposition principle, Oppenhegnal., 1997). The effects of axial-shear stress inteyagn
multiaxial stress states have to be taken into wdctor higher strain rates, in the nonlinear

range. The octahedral stress and strain are résggaibtained by

= Hflou-o,)+(o, 0. H(a, o) (%, +2)

Vo = 2y2(e.) +6(E, +€)

(13)

VALIDATION OF THE 1D-3C WAVE PROPAGATION MODELING

Recorded data from the 9 Mw 11 March 2011 Tohokthgaake by the K-Net and KiK-Net
accelerometer networks have been analyzed ingkesarch (see Data and Resources Section), to
numerically reproduce the surface ground motion smgrovide non-measured parameters.
Kyoshin Network (K-Net) database stores ground amtecords at the surface of soil profiles
and related stratigraphies; whereas, the Kiban-Kiyodletwork (KiK-Net) database provides
surface and borehole seismic records for diffesenattigraphies.

We use records at the surface of alluvial soil iFsfto validate the numerical surface ground

15



335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

motion computed by the proposed model. Some rop& fyrofiles close to each analyzed soill
profile are selected (Fig. 2), in the K-Net databésee Data and Resources Section), to get
incident seismic motion at the base of the prafilasident seismic motion at the base of soll
profiles is the halved motion at a close outcrogddedrock site (Fig. 1). Incident and surface
seismic motions are known in the case of KiK-Neatggraphies, according to the assumption
that borehole signals are applied as incident.§uagned before, this improper adoption will be
overcome in a later work.

The numerical one-directional dynamic response toflied soil profiles is validated by
comparison with recordings in terms of acceleratior histories at the ground surface, since it
is the only available recorded data. The numemcakleration time history is obtained by the

estimated velocity time history after derivationdaiew-pass filtering (tolOHz). The three-

component ground motion is characterized by theutusdwhich is a unique scalar parameter.

Spectral amplitudes are compared and discussed belo

Soil profiles

The soil columns modeled in this study, consistfigyarious layers on seismic bedrock, are
analyzed to validate the 1D-3C wave propagationetiog by using real data and to investigate
the local seismic response by the 1D-3C approalsh.siratigraphic setting of four soil profiles
in the Tohoku area (Japan) is used in this ana(ysible 1). The description of the stratigraphy
and lithology of the alluvial deposits in the Tolioerea is provided by the Kyoshin Network
database (see Data and Resources Section). Avelege wave velocities and epicentral
distances are listed in Table 1. The four analys@dprofiles are in Tohoku area with epicentral

distance up to 400 km and have increasing sheae walocity with depth. Soil profiles have
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different properties: depth, number and thicknddayers, soil type and compressional to shear
wave velocity in the soil. Stratigraphies and swibperties used in this analysis are shown in
Tables 2-5. Soil properties are assumed uniforgach layer.

The dynamic mechanical properties of the Tohokwval deposits are not provided. The

normalized shear modulus decay curves employedisnwork are obtained according to the

hyperbolic model, as in equation (12). The appliefgérence strain corresponds, for each soil
type in the analyzed profiles, to the 50 % redurctad shear modulus in well-known shear

modulus decay curves of the literature (Tables.Z¥bhe curve proposed by Seed and Idriss
(1970a) is used to defing for sands and the curve of Seed and Sun (198&@pked for clays.

A plasticity index in the range of Pl = 20 - 40aissumed in the relationship of Setral. (1988)

to definey, for volcanic ash clay and Pl =5 - 10 is adoptedsilt. The reference shear strain

for gravel is defined according to Seetchl. (1986). An almost linear behavior is assumed for
stiff layers above the bedrocly.(= 100 %o). The choices of, could influence the analysis, but

the variation in the dynamic response of soil calans neglected here.
The density of soil layers in the profile NIGH11nist provided by the KiK-Net database, so it is
assumed (Table 5).

According to the proposed model, the bedrock haslastic behavior with a high elastic

modulus. The physical properties assumed for bé&dese the densityp, =2100kg/ni, the
shear velocity in the bedrock, =1000m/s and the pressure wave velocity, is deduced by

(11), by imposing a Poisson’s ratio of 0.4. Theklad geotechnical data for deeper layers

induces to assume the bedrock right below thepsoflle described by K-Net data.
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Input seismic signals
The four soil profiles have been selected becabhse vertical to horizontal peak ground
acceleration ratio is higher than 70 % (Table 6dh\& low compressional to shear wave velocity

ratio in the soil that implies a low Poisson’s eataccording to equation (11). The minimum

vp/vS in each studied stratigraphy is indicated in Tahl&@he PGA recorded at the surface of

analyzed solil profiles is slightly higher than theceleration level commonly used for structural
design in high risk seismic zones. The three corapt:nof motion are recorded in North-South

(NS), East-West (EW) and Up-Down (UP) directiorespectively referred to as, y and z in

the proposed model. Recorded signals have diffeyelatrization. The peak ground acceleration
(PGA) and peak ground velocity (PGV) can be retei(see Table 6) to different directions of
polarization (NS x or EW=Yy). PGA and PGV are indicated by bold characterEable 6. The
three maximum acceleration components, in eaclctebre of motion, correspond to different
times. Maximum acceleration and velocity modulittee surface of analyzed soil profiles are
listed in Table 6. The waveforms are provided by Kyoshin Network strong ground motion
database (see Data and Resources Section).

Rock type profiles are selected as the sites didsemalyzed soil profiles, where accelerometer
stations are placed and whose stratigraphy is eléfas rock, by the K-Net database, all along
the depth, until the surface ground. Rock type if@®thave different epicentral distance, depth
and average shear velocity in the soil, as listedable 7. The position of soil and rock type
profiles in Tohoku area is shown in Figure 2. Antisurficial soil layer, present in some rock
type profiles (Table 7), has been neglected andndated to rock. The lack of geotechnical data
could induce to questionable results when geolbgicmogeneity of selected rock type profiles

and the underlying bedrock under analyzed soilil@ofs not assessed.
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Three-component seismic signals recorded in doestNorth-South, East-West and Up-Down
during the 9 Mw 11 March 2011 Tohoku earthquakeb(@a8), at outcropping bedrock, are
halved and propagated in the examined soil colurRK$011, IBRO07 and MYGO10.
Acceleration signals are halved to take into actdhe free surface effect and integrated, to
obtain the corresponding input data in terms ofie@lty incident velocities, before being forced
at the base of the horizontal multilayer soil modsl the equation (3). The three components
induce shear loading in horizontal directiors(NS) andy (EW) and pressure loading in-
direction (UD). Each signal recorded at rock slias different amplitude and polarization. PGA
and PGV can be referred to different directiongaltrization (PGA and PGV are indicated by
bold characters in Table 8).

Bedrock seismic records for NIGH11 (Table 8), pded by KiK-Net database (see Data and
Resources Section), are measured at 205 m of dép#se borehole records, assumed as

incident waves, are not halved before being foatdtie base of the multilayer soil column.

Validation and discussion

The validation of proposed model and numerical @doce is done by comparison of computed
results with records in terms of surface time hist Bedrock and surface time histories are
compared to investigate amplification effects inghl deposits.

A preliminary study is done for soil profiles FKSQ1IBR007 and MYGO010, to identify the
reference outcropping bedrock. In fact, a greaitbdity of the computed surface response with
the choice of the rock type profile, where the inpignal is recorded, is noticed, especially in
terms of amplitude. In Figures 3 and 4a, the varitime histories of ground acceleration

modulus at the surface are shown for the chosek tygee profiles associated to soil profile
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FKSO011. The rock type profile where the 3C seisraaord, used as incident wave, provides the
best numerical approximation of 3C surface recorditie analyzed soil profile is identified as
reference outcropping bedrock for that profile.

Acceleration moduli are compared in Figures 3(ag)cand 4a for soil profile FKS011, in
Figures 5(a, ¢) and 6a for IBROO7 and in Figure @ dor MYGO010. The case referred as A/B is
associated to soil profile A with incident signa&ddiced halving records in rock type profile B.
The three acceleration components for the casenmiitisignal recorded at the reference
outcropping bedrock are shown, for soil profiles§ed 1, IBRO07 and MYGO10, in Figure 8(a,
b, c), respectively. Numerical results are consistéth recordings.

Obtained maximum accelerations are listed in T&lnd their values are close to recorded
acceleration peaks (Table 6). Bold values in T&btmrrespond to selected rock type profiles
(reference outcropping bedrock), providing the laggiroximation of the acceleration modulus
at the surface. Bold values in Table 10 are thepeded maximum velocities best reproducing
records. In soil profiles IBRO0O7 and MYGO010, theakeground motion, both in terms of
acceleration (Table 9) and velocity (Table 10}ester reproduced by input signals recorded in
rock type profiles FKS031 and MYGO011, respectivalge three-component signal recorded in
rock type profile FKS015 allows a good approximatiof the maximum components and
modulus of acceleration in soil profile FKS011 (TeaB), while it is the signal recorded in rock
type profile FKS031 that better reproduces the maxn components and modulus of velocity
(Table 10).

The acceleration time history at the surface (Bi@., b)), produced by propagating the halved
acceleration recorded in the rock type profile FE&@long the soil column FKSO011, is not a

good approximation of the recorded signal. Theltoo average shear velocity of the rock type
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profile FKS004, equal to 240 m/s (Table 7), couldtify this inconsistency. It is important to
notice the variability of seismic response at thdage of a soil column with characteristics of
the selected rock type profile, identifying the @opping bedrock considered in the theoretical
model. The shear velocity profile with depth of ased reference rock type columns and the
distance between rock and soil profiles are pararsethat could strongly influence the
numerical seismic response in soil profiles. Tharbek to surface signal amplification is shown
in Figures 3(b, d, f), 5(b, d) and 7(b, d) for spibofiles FKS011, IBRO07 and MYGO010,
respectively. In soil profile MYGO010, the accelévatsignal amplification is no so significant
compared with the reference bedrock signal (Fig, @dnversely to the other presented cases
(Figs 4b and 7b).

Seismic response at the surface of soil profile N1& is shown in Figure 9 in terms of
maximum acceleration modulus. Numerical accelemaiso slightly amplified compared with
records. Further investigations could be undertdlyeimposing a borehole boundary condition
(instead of absorbing boundary condition (3)), e soil-bedrock interface of the numerical
model, to observe if this effect persist.

The assumption of soil density in NIGH11, not pdad by KiK-Net database, could also

influence the seismic site response.

1D-3C VS 1D-1C APPROACH

The seismic response of a horizontally multilayeseiito the propagation of a three-component
signal (1D-3C approach) is compared in the case¢hef2011 Tohoku earthquake, to the
superposition of the three independently propagatedponents (1D-1C approach). The shear

modulus decreases, in the case of 1C propagatioording to the shear modulus decay curve
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of the material obtained by laboratory tests. Tiness-strain curve during a loading is referred
to a backbone curve, obtained knowing the sheawutasdlecay curve.

Modeling the one-directional propagation of a thteenponent earthquake allows to take into
account the interactions between shear and pressurponents of the seismic load. Nonlinear
and multiaxial coupling effects appear under axiailastress state induced by a cyclic 3D
loading.

The comparison between 1D-1C and 1D-3C approachskawn in Figure 10 for soil profiles
FKS011 and IBROQ7, respectively, in terms of sweféicne histories. Stratigraphies and soill
properties are given in Tables 2 and 3. The intenadetween multiaxial stresses in the 3C
approach yields a reduction of the ground motiothatsurface. The modulus of acceleration at
the outcropping bedrock appears amplified at thiease of analyzed soil columns for both 1D-
1C and 1D-3C approaches, but peak accelerationsedreced in 1D-3C case and closer to
records (Table 9). The PGV appears also reducékeiilD-3C case, compared with the 1D-1C
approach (Table 10).

The local response to a three-component earthgumkeil profiles FKS011 and IBROO7 is
analyzed in terms of depth profiles of maximum &segion and velocity modulus and
maximum octahedral stress and strain and in tefnssr@ss-strain cycles in the most deformed
layer (Figs 11 and 12).

The maximum motion modulus profile with depth shpasseachz-coordinate, the maximum
modulus of the ground motion during shaking. Theiimam acceleration modulus profiles with
depth are displayed in these figures without lowsp@itering operations. Equation (13) is used
to evaluate octahedral strains and stresses, whatimum values during the loading time are

represented as profiles with depth. Hysteresisdpapa given depth, are shown in terms of shear
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strain and stress.

Maximum accelerations and velocities appear shghigher for the combination of three 1C-
propagations (1D-1C approach). Maximum stressegeaieced, in the 1D-3C case, and in softer
layers maximum strains can be higher.

Cyclic shear strains with amplitude higher than ¢lastic behavior range limit give open loops
in the shear stress-shear strain plane, exhibgirgng hysteresis. Due to nonlinear effects, the
shear modulus decreases and the dissipation irsr@dth increasing strain amplitude. The soil
column cyclic responses in terms of shear stredstain inx-direction when it is affected by a
triaxial input signal (1D-3C) and when the-component of the input signal is independently
propagated (1D-1C) are compared in Figures 11l(barg) 12(b, c). From one to three
components, for a given maximum strain amplitudes shear modulus decreases and the
dissipation increases. Under triaxial loading thegarial strength is lower than for simple shear
loading, referred to as the backbone curve.

Hysteresis loops for each horizontal direction altered as a consequence of the interaction
between loading components. This result confirnesfitdings of the parametric analysis using
synthetic wavelets by Santisi d’Avikt al. (2012). In the case of one-component loading, the
shape of the first loading curve is the same ad#wkbone curve and the shape of hysteresis
loops remains unvaried at each cycle, for sheamstiin the range of stable nonlinearity. In the
case of three-component loading, the shape ofysetesis loops changes at each cycle, also in
a strain range that in the case of 1C loading istaifle nonlinearity, because the shape of loops
is disturbed by the multiaxial stress coupling.

The main difference between 1D-1C and 1D-3C appraacremarkable in terms of ground

motion time history, maximum stress and hysterdighavior, with more nonlinearity and
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coupling effects between components.

1D-3C LOCAL SEISMIC RESPONSE ANALYSIS IN THE TOHOKU AREA

This research aims to provide a tool to study theall seismic response in case of strong
earthquakes affecting alluvial sites. The proposeddel allows to preview possible
amplifications of seismic motion at the surfacdiuenced by stratigraphic characteristics, and to
evaluate non-measured parameters of motion, sresstrain along the soil profiles, in order to
investigate nonlinear effects in deeper detail. tbeprofiles of maximum acceleration and
velocity modulus, maximum octahedral stress aralrstire shown in Figures 11a, 12a and 13a,
for soil profiles FKS011, IBR007, MYGO010, respeety. The results for soil profile NIGH11
are shown in Figure 14.

Soft layers and high strain drops at layer intesacan be identified evaluating the maximum
strain profiles with depth. We observe that maxinmstnains along the soil profile are present in
layer interfaces (Figs 11a, 12a, 13a and 14).

The 1D-3C approach allows to evaluate non-measpaedmeters of motion, stress and strain
along the analyzed soil profile, influenced by timgut motion polarization and 3D loading path.
Non null strain and stress components are assefsaglthe soil profile, namely the three strains
in z-direction,y,,, y,, and¢,, and consequent stresseg, o, , T,, T, ando,,.

The shape of the shear stress-strain cyclex-alirection (respectivelyy -direction) reflects
coupling effects with loads in directiong (respectivelyx) and z. At a given depth, nonlinear

effects are more important for the minimum peakizomtal component that is the most
influenced by three-dimensional motion couplinggéilc, 12c and 13b).

In particular for the Tohoku earthquake, we detiecsll hysteresis loops (Figs 11(b, c), 12(b, c)
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and 13(b, c)), two successive events (Bondlaal., 2011). This earthquake feature is also
observed in a time-frequency polarization analySgckwell amplitude spectra of separate
horizontal acceleration components at the surfaeecampared in Figure 15, for records (up)
and numerical computations (down)xn(Fig. 15a) and/-direction (Fig. 15b). Two successive

events can be easily distinguished, the range exfufencies involved throughout the time is
coherent and spectral amplitudes are similar feergitime and frequency. That confirms the
reliability of the proposed model. It will be ingsting to investigate, in a future study, the
different response of a soil column to two indeparichnd successive events.

In Figure 13b, we can remark a completely neglagibVertaking of the one-dimensional soil
strength (backbone curve). This numerical errothefthree-dimensional soil behavior routine,
due to convergence difficulties, becomes more ewiftar strains higher than about 5 %, when
the constitutive model gets to be unusable (L&2@D6). The implemented MPII type model

gives reliable results in a range of stable noaliitg. Liquefaction problems cannot be

investigated. Being the proposed propagation mad&illy independent of the applied

constitutive relation, a major goal is to implemantlation for saturated soils.

The variability of seismic response at the surfatesoil columns with the characteristics of
selected rock type profiles, approximating the oagping bedrock, demands future statistical
studies to analyze the local seismic response sieaaccounting for various rock profiles and

different earthquake records.

CONCLUSIONS

A one-dimensional three-component geomechanicakirisgroposed and discussed, to analyze

the propagation of 3C seismic waves due to thengtrguakes in 1D soil profiles (1D-3C
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approach). A promising solution for strong seismigtion evaluation and site effect analysis is
provided.

A three-dimensional constitutive relation of the ditey-Prandtl-Ishlinskii-lwan (MPII) type, for
cyclic loading, is implemented in a finite elemagheme, modeling a horizontally layered soil.
The adopted rheological model for soils has bedects for its 3D features with nonlinear
behavior for both loading and unloading and, aballjebecause few parameters are necessary to
characterize the soil hysteretic behavior.

The analysis of four soil profiles in the TohokealJapan), shaken by the 9 Mw 11 March 2011
Tohoku earthquake, is presented in this paper. vEtidation of the 1D-3C approach against
recorded surface time histories is carried out #rel reliability of the proposed model is
confirmed.

We selected, in this study, some rock type profilese to analyzed soil profiles and we use as
incident loading the halved signal recorded at rockcrops. The variability of the surface
ground motion with the bedrock incident loadingserved. The signal recorded in outcropping
bedrock, permitting to obtain the best approxinmatb the surface seismic record is assumed as
reference bedrock motion for the analyzed soil ijgofThe lack of geotechnical data could
induce to questionable results when geological tgeneity of selected rock type outcrops and
the modeled bedrock underlying analyzed multilagteseils is not assessed. More quantitative
analyses could be undertaken when more availalpat idata will permit to increase the
accuracy of results. Statistical studies usingnésof different earthquakes at a same site could
be undertaken using the 1D-3C approach for theuatiah of local seismic response for site
effect analyses.

The combination of three separate 1D-1C nonlineatyaes is compared to the proposed 1D-3C
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approach. Motion amplification effects at the soefare reduced in the 1D-3C approach due to
nonlinearities and three-dimensional motion coupliMultiaxial stress states induce strength
reduction of the material and larger damping effeGthe shape of hysteresis loops changes at
each cycle in the 1D-3C approach, also in a strange that in the case of one-component
loading is of stable nonlinearity.

Effects of the input motion polarization and 3D do®y path can be detected by the 1D-3C
approach, that allow to evaluate non-measured peteasof motion, stress and strain along the
analyzed soil profile, in order to detail nonlinegffects. Soil properties such as the Poisson’s
ratio have great impact on local seismic respoigijencing the soil dissipative properties.
Input motion properties such as the polarizatioert{gal to horizontal component ratio) affect
energy dissipation rate and the amplification dfféc particular, a low seismic velocity ratio in
the soil and a high vertical to horizontal compdneatio increase the three-dimensional
mechanical interaction and progressively changdyiséeresis loop size and shape at each cycle.
Maximum strains are induced in layer interfacesem@hwaves encounter large variations of
impedance contrast, along the soil profile. Nordnity effects are more important in the
direction of minimum peak horizontal component thstthe most influenced by three-
dimensional motion coupling.

In particular for the 2011 Tohoku earthquake, the successive events, detected by records, are
numerically reproduced (hysteresis loops, Stockamiplitude spectra).

The extension of the proposed 1D-3C approach tbehnigtrain rates is planned as further

investigation to be able to study the effects dfrsonlinearity in saturated conditions.
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DATA AND RESOURCES

Seismograms and soil stratigraphic setting usedhis study are provided by the National
research Institute for Earth science and Disastevegmtion (NIED), in Japan, and can be
obtained from the Kyoshin and Kiban-Kyoshin Networkt www.k-net.bosai.go.jp (last

accessed May 2012).
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744 TABLES

745

746 Table 1.Selected soil profiles in Tohoku area (Japan)

Site name - Prefecture Site coc%D f;ggg:l Depth Average min {vp/ vs}
S
(km) (m) (m/s)
IWAKY - FUKUSHIMAKEN FKS011 206 10.00 222 3.05
NAKAMINATO - IBARAKIKEN IBR0OO7 279 20.35 239 2.30
ISHINOMAKI - MIYAGIKEN MYGO010 143 20.45 247 4.62
KAWANISHI - NIIGATAKEN NIGH11 378 205.0 578 2.45
747
748
749 Table 2. Stratigraphy and soil properties of profile FKS011
FKS011 H-z (m) th (m) p (kg/m®) vs(M/S) vp (M/S) Vi (%)
Fill soll 2.2 2.2 1430 100 700 0.800
3 0.8 1650 210 700 0.427
Silt 4 1 1720 210 1300 0.427
5.95 1.95 1660 330 1300 0.427
Clay 6.85 0.9 1810 330 1300 2.431
8 1.15 1970 330 1300 100
Rock 9 1 1980 590 1800 100
10 1 2060 590 1800 100
750
751
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752 Table 3.Stratigraphy and soil properties of profile IBROO7

IBROO7 H-z (m) th (m) p (kg/m?) vs(M/S) vp (M/S) Vi (%0)
L 2 2 1450 80 260 1.065
Fill soil
3.9 1.9 1750 150 520 1.065
Volcanic ash clay 4.4 0.5 1810 150 520 1.065
Sand 6 1.6 1910 200 1220 0.368
7.8 1.8 1850 200 1220 0.368
9 1.2 1770 200 1220 0.427
Silt 10 1810 530 1220 0.427
11.2 1.2 1920 530 1220 0.427
Sand 12.7 15 1980 530 1220 0.368
Gravel 14.1 1.4 2060 530 1220 0.143
Clay 15.1 1 1880 530 1220 2.431
16 0.9 1960 610 1920 0.368
Sand 17 1 1880 610 1920 0.368
20.35 3.35 1900 610 1920 0.368
753
754

755 Table 4. Stratigraphy and soil properties of profile MYG010

MYGO010 H-z (m) th (m) p (kg/m?) vs(M/S) Vp (M/S) Vi (%0)
Fill soil 15 1.5 1600 100 280 0.368
2 0.5 1660 150 1480 0.368
3 1 1810 150 1480 0.368
4 1 1950 150 1480 0.368
5 1 1900 320 1480 0.368
Sand 6 1 1860 320 1480 0.368
7 1 1900 320 1480 0.368
8 1 1810 320 1480 0.368
17 9 1890 300 1480 0.368
20.45 345 1850 300 1480 0.368

756

757



758 Table 5. Stratigraphy and soil properties of profile NIGH11

NIGH11 H-z (m) th (m) p (kg/m?®) vs(M/S) vp (M/S) Vi (%)

Fill soil 2 2 1800 200 500 0.143
Gravel 30 28 1800 400 1830  0.143
Rock 46 16 1900 400 1830 100
Silt 57 11 1900 400 1830  0.427
63 6 1900 700 1830 100
Rock 85 22 1900 520 1830 100
185 100 1900 650 1830 100
Gravel 198 13 1800 850 2080 0.143
Rock 205 7 2000 850 2080 100
759
760

761 Table 6. Acceleration and velocity recorded at the surfateselected soil profiles during the

762 2011 Tohoku earthquake

Site code & & & la] a/max{a,a} v« Vy Vz V] v /max {v, w}
(m/?) (m/) (M/F) (M/S) (%) (m/s) (m/s) (m/s) (m/s) (%)
FKS011 3.74 3.12 3.00 4.47 80 0.39 0.34 0.12 0.47 31
IBROO7 5.43 5.10 4.12 5.87 76 0.29 0.44 0.13 0.49 30
MYG010 458 3.77 3.32 4.88 72 0.50 0.56 0.16 0.68 29
NIGH11 0.22 0.18 0.16 0.26 73 0.050 0.056 0.041 0.058 73
763
764
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765 Table 7.Selected rock type profiles in Tohoku area (Japan)

Site name Prefecture Site co GE%D ,'sctgggsl Depth Av?/rsage sirljrdfigih
(km) (m) (m/s) (m)

ITATE FUKUSHIMAKEN FKS004 193 10.42 240 0.50

TANAGURA FUKUSHIMAKEN FKS015 250 10.03 463 0.50

NIHOMMATSU FUKUSHIMAKEN FKSO019 220 11.27 1025 0.20
KAWAUCHI FUKUSHIMAKEN FKS031 199 10.11 437 -

OHFUNATO IWATEKEN IWTO08 148 10.00 750 0.15
OSHIKA MIYAGIKEN MYGO011 121 20.00 1220 0.05
UTSUNOMIYA  TOCHIGIKEN  TCGO007 314 10.14 388 2.30
766
767

768 Table 8. Acceleration and velocity recorded at the surfatselected rock type profiles and
769 borehole acceleration and velocity recorded in poofile NIGH11, during the 2011 Tohoku

770 earthquake

Site code &« a & la] a/max{a,a} v« Vy V2 V] v /max {w, w}
(m/?) (m/) (M/F) (M/S) (%) (m/s) (m/s) (m/s) (m/s) (%)
FKS004 298 253 149 353 50 0.21 0.17 0.08 0.23 38
FKS015 1.36 1.01 0.58 1.42 43 0.17 0.16 0.10 0.18 59
FKS019 2.07 2.16 0.84 2.29 39 0.27 0.30 0.13 0.30 44
FKS031 2.34 2.17 143 2.40 61 0.34 0.29 0.12 0.37 35
IWTO08 1.26 1.66 0.61 2.03 37 0.10 0.14 0.09 0.17 64
MYGO11l 4.39 3.26 1.24 4.42 28 0.19 0.37 0.16 0.38 43
TCGO0O7 0.81 0.86 0.60 0.98 70 0.19 0.14 0.09 0.19 47
NIGH11 0.14 0.14 0.13 0.15 96 0.042.058 0.039 0.059 67
771
772
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773 Table 9.Numerical acceleration evaluated at the surfaselgicted soil profiles

Soil profile Rock profile

site code  site code & & |l
(m/?) M/ M/ (M)
1D-3C 1D-1C

FKSO011 FKS004 599 550 294 568
FKSO011 FKSO015 3.78 392 164 455 572
FKSO011 FKS019 466 506 168 4.76
FKSO011 FKS031 497 450 2.78 4.99
IBROO7 FKS015 3.73 321 221 3.95
IBROO7 FKS031 559 545 273 6.07 7.54
IBROO7 TCGO07 3.04 3.05 209 345
MYGO010 IWTO08 311 291 311 3.23
MYGO010 MYGO011 408 3.75 3.43 4.85
NIGH11 NIGH11 033 0.38 0.28 0.39

774
775

776 Table 10.Numerical velocity evaluated at the surface oésteld soil profiles

Soil profile Rock profile
site code site code

Vx Vy V2 [v]
(m/s) (m/s) (m/s) (m/s)
1D-3C 1D-1C

FKS011 FKS004 032 025 0.08 0.33
FKS015 025 023 010 025 0.26
FKS019 037 042 013 043
FKS031 043 038 0.12 048

IBROO7 FKS015 0.21 025 011 0.28
FKS031 039 038 0.15 048 0.52
TCGO007 026 0.18 0.10 0.26

MYGO010 IWT008 0.16 020 0.09 0.24
MYGO011 0.17 042 0.16 045

NIGH11 NIGH11 0.11 0.5 0.08 0.15

777
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FIGURE CAPTIONS
Figure 1. Spatial discretization of a horizontally layered $arced at its base by a halved three-

component earthquake, recorded at a close outergjgdrock site.

Figure 2. Geographical position of analyzed K-Net statiqriaced at the surface of soil (bold)
and rock type (italic) profiles, in the Tohoku afdapan).

Figure 3. Time history of acceleration modulus during Toh@arthquake: measured data and
numerical solution at the ground surface (a, crefgrence bedrock signal and surface numerical

solution (b, d, f), for cases FKS011/FKS004 (afS011/FKS019 (c,d) and FKS011/FKS031

(e, ).

Figure 4. Time history of acceleration modulus during Toh@arthquake: measured data and
numerical solution at the ground surface (a); exfee bedrock signal and surface numerical

solution (b), for case FKS011/FKS015.

Figure 5. Time history of acceleration modulus during Toh@arthquake: measured data and
numerical solution at the ground surface (a, deresce bedrock signal and surface numerical

solution (b, d), for cases IBR0O07/FKS015 (a,b) BR007/TCGO007 (c,d).

Figure 6. Time history of acceleration modulus during Toh@arthquake: measured data and
numerical solution at the ground surface (a); exfee bedrock signal and surface numerical

solution (b), for case IBRO07/FKS031.

Figure 7. Time history of acceleration modulus during Toh@arthquake: measured data and
numerical solution at the ground surface (a, deresce bedrock signal and surface numerical

solution (b, d), for cases MYGO010/IWT008 (a,b) amdG010/MYGO011 (c,d).

Figure 8. Three-component acceleration time history at theumgd surface during Tohoku
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801 earthquake: measured data and numerical solutidireations x (left), y (middle) and z (right),

802 for cases FKS011/FKS015 (a), IBRO07/FKS031 (b) ivd5010/MYGO011 (c).

803 Figure 9. Time history of acceleration modulus during Toh@arthquake: measured data and
804 numerical solution at the ground surface (a); exfee bedrock signal and surface numerical

805 solution (b), for solil profile NIGH11.

806 Figure 10. Time history of acceleration modulus at the growgface during Tohoku
807 earthquake: 1D-3C and 1D-1C numerical solutions ¢ases FKS011/FKS015 (a) and

808 IBRO07/FKSO031 (b).

809 Figure 11. 1D-3C and 1D-1C seismic response during the Tohekuhquake, for the case
810 FKS011/FKSO015: profiles of maximum acceleration &atbcity modulus, octahedral strain and

811 stress with depth (a); shear stress-strain loogsatdepth in x- (b) and y-direction (c).

812 Figure 12. 1D-3C and 1D-1C seismic response during the Toledkuhquake, for the case
813 IBRO0O7/FKS031: profiles of maximum acceleration aetbcity modulus, octahedral strain and

814 stress with depth (a); shear stress-strain loopsban depth in x- (b) and y-direction (c).

815 Figure 13. 1D-3C and 1D-1C seismic response during the Toledkuhquake, for the case
816 MYGO010/MYGO11: profiles of maximum acceleration amelocity modulus, octahedral strain

817 and stress with depth (a); shear stress-strairslabf.5 m depth in x- (b) and y-direction (c).

818 Figure 14. Maximum acceleration, velocity, octahedral straimd stress profiles with depth in
819 soil profile NIGH11 during 2011 Tohoku earthquake.

820 Figure 15. Spectral amplitude variation with time and frequerat the ground surface, in
821 horizontal directions x (a) and y (b), during thehdku earthquake, evaluated using measured

822 acceleration (up) and computed acceleration (d@asniput, for the case MYG010/MYGO011.
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824 Figure 1. Spatial discretization of a horizontally layered $arced at its base by a halved three-

825 component earthquake, recorded at a close outcrgygidrock site.

826
—+39.1°
v\ ::38.4"
j}fﬂ?}\ myGoii | 383
G ° o FKS004 ::37-72
g FKS019 37.6
o \FKS0311-37.3°
NIGH11 FKS0I5  oJpkso11137.1°
° = 37.0°
{?@" {IBROO7 30,
| | |
827 138.7° 139.8° 141.5°

828 Figure 2. Geographical position of analyzed K-Net statiqriaced at the surface of soil (bold)

829 and rock type (italic) profiles, in the Tohoku afdapan).
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895 Figure 6. Time history of acceleration modulus during Toh@arthquake: measured data and
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Figure 9. Time history of acceleration modulus during Toha@arthquake: measured data and
numerical solution at the ground surface (a); exfee bedrock signal and surface numerical
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1036 Figure 14. Maximum acceleration, velocity, octahedral strail s&tress profiles with depth in
1037 soil profile NIGH11 during 2011 Tohoku earthquake.
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