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Abstract: Relevance. Soil nonlinearity has a significant influence on result seismic effect at strong motions
which differ from weak and moderate ones. Practice of construction faced with adequate account of nonlinear
effect in weak soils and demand techniques for design parameters assessment. Researches of recent years in the
field of soil nonlinearity may enrich each other and find the main way for effective practices and building codes
regularization. The aim of this work is allocation of parameters for nonlinearity description and corresponding
techniques development. Methods. Field soil response analysis with sources of different power in conjunction
with strong motion records were analyzed by means of regression analysis and other machine learning
techniques. Mathematical modeling includes multiple reflected waves analysis technique and finite elements
modeling. Results. The parameters that are closely related to the absorption and soil nonlinearity were identified.
The empirical formulas connecting the areas of normalized and real spectra with the parameters of seismic
loadings were obtained using regression analysis. The differences of absorption mechanism in dispersed (soft)
and rocky soils were defined. Conelusion. The models of ground strata behavior in the case of variable intensity
of dynamic action on the basis of consideration of the real area of the spectrum and the average value of the
frequency, characterized by a linear and nonlinear elastic-inelastic deformation of the soils are offered. Degree
of nonlinearity (DNL) metric may be efficiently used for stress-strain curve assessment, and in the absence of
strong earthquakes records it can be applied for powerful seismic sources records analysis what determines the
direction of future research.

Keywords: earthquake, intensity, nonlinear, site effect, strong motion databases.
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Pestome: AKTyanbHOCTb paboTbl. HenHelHble CBOACTBA IPYHTOB OKa3blBAKT CYLLECTBEHHOE BIIMSHUE Ha
pe3ynbTar CeNnCMUYECKOro BO3AGICTBUA NPU CUMbHBIX ABMXEHWUAX, KOTOPbIE OTNNYAKTCA OT CNabblX U yMepeH-
HbIX. [paKTMKa CTPOUTENIbCTBA CTONKHYNACh C HEOOXOAMMOCTbIO aIeKBATHOrO yyeTa adhdheKTa HeNUHetHOCTY
B CNabblX rPyHTax U METOAMKM OLEHKM NPOEKTHbIX napameTpos. MccnefoBaHNs HENWHERHbIX CBOWCTB MPYHTOB
NPOBeJeHHbIEe 3a NOCNeHUe oAbl MOTYT 060raTUTb APYr Apyra U HailTW OCHOBHOM NyTb AN 3()(HeKTUBHON
NPaKTUKW U perynapuaaumm cTpontenbHbIX Hopm. Lienbro paboTsbl ABNAeTCA BblfeSIeHne NnapameTpoB A1 onmca-
HUS HENMHENHOCTK 1 Pa3paboTKM COOTBETCTBYIOWMX MeToAMK. MeToabl uccnefoBanus. boin npoaHannuamposaH
OTKJ/IMK TPYHTA B MOMEBbIX YCIOBUAX C UCTOYHUKAMU PA3SIMYHON MOLLHOCTI B COYETAHWUU C 3aNUCAMU CUITbHBIX
JBWKEHWIA C MOMOLLBIO PErPECCUOHHOr0 aHanuaa u apyrux MeTooB MallMHHOro 06y4eHns. MatemaTuyeckoe
MOJennupoBaHNe BKOYAET B Ce6s MeTO[ aHann3a MHOrOKPaTHO OTPaXKEHHbIX BOMH M MOJEeNMpOBaHUe MeTo-
[IOM KOHEYHbIX 3N1eMeHTOB. Pe3ynbTatbl. bbiin onpeaeneHbl NapamMeTpbl, TECHO CBA3AHHbLIE C MOrMOLLEHUEM K
HENMHEHOCTbIO TPYHTOB. C NOMOLLbIO PErpecCUOHHOro aHanusa Gbin NonyYeHsl IMNUpUYeckue Popmynbl,
CBA3blIBAIOLLME 0611aCTU HOPMMPOBAHHOMO U PEAbHOr0 CMNEKTPOB C NapameTpamm CENCMUYECKUX Harpy3oK. Bbl-
SIBfIEHbI PA3NINYUA MexaHW3Ma NOMOLLEHUs B AUCNEPCHbIX (PbIXMbIX) U KAMEHUCTBIX rpyHTax. Boisoabl. Mpef-
NOXeHbl MOLIeNIN NOBEeAeHUS HA3EMHbIX My1aCTOB NPU NepemMeHHON UHTEHCUBHOCTYN JUHAMUYECKOro BO3AeNCTBUA
Ha OCHOBE y4eTa peanbHON NA0LWaAN CNeKTpa u CPeAHero 3Ha4eHUs YacToTbl, XapaKTepu3yLLencs NUHenHON 1
HEeNMHEHON YNpyro-Heynpyron gecopmauueit rpyHToB. Kputepui creneHn HenuHeirHoct (DNL) moxeT 6bITb
3(DMEKTUBHO UCMONb30BAH /1 OLIEHKN KPUBOI HanpsxeHnA-aedopmannu, a B OTCYTCTBME 3annCeil CUNbHbIX
3eMNIETPACEHUIA OH MOXKET NPUMEHATLCA ANs aHan13a 3anucen MOLLHbIX CEACMUYECKNX UCTOYHUKOB, ONpeaens-
IOLLMX HanpasneHne 6yayLNX UCCNea0BaHMA.

KnioueBble cnosa: 3emMneTpsceHne, MHTEHCUBHOCTb, HENUHEHOCTb, YCNOBUA MOWALKN, 6a3bl AaHHbIX
CUMbHbIX ABMKEHNI.
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1 Infroduction

Implementation of the existing approaches in seismic hazard assessment is associated
with appreciable errors due to the complex effects observed during strong earthquakes
related to the heterogeneity of the medium seismic properties, complex topography of
the daylight and underground surfaces and nonlinearity of soils. The aim of this work
is to analyze the modern concepts of taking into account nonlinearity of soils in seismic
microzonation in Russia and strong ground motion researches in Taiwan.

Soil nonlinearity effects are one of the important influences on earthquake strong
ground motion, are commonly recognized in the dynamic loading of soils from geotech-
nical models. It is mainly caused by interaction of seismic waves with shallow softer
material, and accomplished as a drop in shear-wave velocity [Aguirre, Irikura, 1997;
Nikolaev, 1967] and increasing damping ratio of the shallow soil layers. The signifi-
cant features of soil nonlinearity include de-amplification of the soil amplification factor
[Boore et al., 1989; Darragh, Shakal, 1991a; 1991b], a drop in dominant frequency [Wen
et al., 1994; 1995; Beresnev et al., 1995a; 1995b; Zaalishvili, 1996] and de-amplification
of the high frequency spectrum [Wen et al., 2006; Zaalihvili, 2009], or even liquefaction
of the shallow soil layers. Seismic response could be overestimated during strong motions
when only linear behavior is considered for strong motion simulation or strong motion
prediction techniques.

2 Construction of seismic microzonation for Russia

In Russian school of engineering seismology instrumental method is traditionally
considered as the main method of seismic microzonation. This method urges to solve a
forecast problem of forming earthquake intensity. However the calculational method al-
lows modeling any definite conditions of area and impact features and is often character-
ized as more reliable. Usage of both methods together significantly increases the results
validity.

Explosive effects of high power allows to study the behavior of real media in condi-
tions most similar to earthquakes. The intensity increment Al of the soils of the zoned
territory is calculated by the formula at usage of weaker explosions [Zaalishvili, 2009]:

AI=3.31gA /A, (1)

where: A;, A, are vibrational amplitudes of the investigated and reference soils, re-
spectively.

Despite the prevalence of explosive sources in scientific and applied research, we
note that the energy spent on the formation of elastic seismic waves makes up only 3-5%
of the total explosion energy. Execution of powerful explosions on the territory of cities,
settlements or near the responsible buildings is connected with large and often insur-
mountable obstacles (technical and ecological problems, safety problems, labouriousness
and economical expediency) and practically isn’t used nowadays. This leads to the wide
spreading of nonexplosive vibration sources [Zaalishvili, 2012].

The features of seismic microzonation methods development led to the situation
when the tool of elastic wave excitation with the help of low-powered sources (for exam-
ple, hammer impact with m = 8-10 kilograms) has become the most wide spread in order
to determine S- and P-wave propagation velocities in typical types of soils of territory.
Velocity values are used in order to calculate the intensity increment using the tool of
seismic rigidities by S. V. Medvedev [Zaalishvili, 2009]:
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AL =1.67Ig p;V/p,Vy 2)

where: p,V, and p,V; is the product of the soil consistency and S-wave velocity — seis-
mic rigidities of the reference and the investigated soil, respectively.

The given approach of S. V. Medvedev gained unexpectedly wide extension in 70-es
of the 20 century due to its simplicity and efficiency (former USSR countries and coun-
tries of Eastern Europe, USA, Chile, Italy, India).

2.1 Seismic microzonation based on accounting
of soil nonlinear properties

It was found that reliability of the method considerably increases at usage of modern
powerful impulsive energy sources (Fig. 1).

The lowering of final results quality is to a certain extent caused by the fact that in
the tool of “intensities” the seismic effect dependence in soils on frequency or “frequency
discrimination” of soils [Zaalishvili, 2000] and also the origin of typical “nonlinear ef-
fects” at strong movements isn’t taken into account. A. B. Maksimov tried to remedy this
deficiency by developing the tool, where frequency peculiarities of soils were taken into
account [Zaalishvili, 2009]:

AI=0.8 Ig p Vol /p V7 3)

where: f;, f; are predominant frequencies of reference and investigated soils, respec-
tively.

A.B. Maksimovs’ tool didn’t find wide distribution, as frequency differences of soil
vibrations with sharply different strength properties (at usage of traditional for the seismic
exploration of small depths low-powered sources) were insignificant and the calculation
results on the formulas (2) and (3) were practically similar [Zaalishvili, 2000].

Intensity increment was determined by the following formula [Zaalishvili, 2000]:

A1=0.8 lngVOfwaOZ/in;fwaiz (4)
where: f,, f,,.; are weighted-average vibration frequencies of reference and investi-
gated soils, respectively.

Fig. 1. Surficial gas-dynamical pulse source (SI-32). /
Puc. 1. Ilosepxnocmuviii 2azoounamuieckuil umnynocuulil ucmounux (CH-32)
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Weighted-average vibration frequency of soils was calculated at that on the formula
[Zaalishvili, 1987; 2012]:

f wa ZZAJ;/ZAI (5)
where: A and f; are the amplitude and the corresponding frequency of vibration spec-
trum, respectively.

The comparison of the absorption and nonlinearity indices with the corresponding
spectra of soil vibrations shows that at higher absorption the spectrum square prevails in
low frequency (LF) field and at high nonlinearity it prevails in high frequency (HF) field
of the spectrum. In other words, the presence of absorption is displayed in additional
spreading of LF spectrum region, and the presence of nonlinearity — in spreading of HF
range.

All the mentioned allowed to obtain the formula for calculation of intensity increment
on the basis of taking into account nonlinear — elastic soil behavior or elastic nonlinearity
(at usage of vibration source) [Zaalishvili, 2012]:

AI=3Zg Aifwai /AOfwaO’ (6)

where: Aif.i, Aofyao are the products of spectrum amplitude on weighted-average
vibration frequency of investigated and reference soils, respectively.

The formula (5) characterizes soil nonlinear — elastic behavior at the absence of ab-
sorption.

If the impulsive source is used at seismic micro-zonation method (SMZ) then the
formula will have the form [Zaalishvili, 2009]:

AI:2ZgAilfwai/A0fwa0’ (7)

2.2 Seismic microzonation based on accounting
of soil inelastic properties

The estimation of potential soil nonelasticity adequately and physically proved at
intensive seismic loadings is the most important problem of seismic microzonation as
soil liquefaction and differential settlement of the constructions are observed at strong
earthquakes (Niigata, 1966; Kobe, 1995).

For direct assessment of soil nonelasticity the specific scheme of the realization of
experimental investigations (fig. 2a) with gas-dynamic impulsive source GSK-6M (with
two radiators) was used. Chosen longitudinal profile location allowed making impact
sequentially by two emitters from near and somewhat far radiation zones. The HF com-
ponent that quickly attenuates with distance (fig. 2 b) prevails in the spectrum of soil
vibrations, caused by near emitter. In a case of distant emitter impact the LF component
predominates in the spectrum of vibrations (fig. 2 c). In other words, at nonlinear-elastic
deformations the main energy is concentrated in the HF range of spectrum and at non-
elastic — in the LF range. The signal spectrum has the symmetrical form in the far and
practically linear-elastic zone.

Elastic linear and nonlinear vibrations are characterized for the given source by the
constancy of the real spectrum square, which is the index of definite source energy value,
absorbed by soil (which is deformed by the source). The analysis of strong and destruc-
tive earthquake records and also the analysis of specially carried out experimental impacts
showed that at nonelastic phenomena spectra square of corresponding soil vibrations is
not the constant value. It can decrease and the more it decreases, the less the soil solidity
and the greater the impact value is [Zaalishvili, 2012].
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GSK-6M

et A2

Fig. 2. Investigation of site spectral features by means of GSK-6M seismic source: a) experiment scheme;
b) records of first source impact; c) records of second source impact. /
Puc. 2. Hccnedosanue cnexmpanbhblx 0cobenHocmeri niowaoKu ¢ ROMOWbIO CeUCMUYECKO20 UCTOYHUKA
T'CK-6M: a) cxema sxcnepumenma, 6) 3anucu nep8oco UCMOYHUKA 8030€UCMEUs;, 8) 3aNUcU 6Mopo2o
UCMOYHUKA 8030€UICIBUSL.

At usage of vibratory energy source, the whole number of new formulas [Zaalishvili,
2009] was obtained in order to assess soil seismic hazard with taking into account the
amount of their nonelasticity:

AI=2.4[1g (S,) » (S;0) &/ () a (Sv0) Wl (8)

where: (S;) n. 4 (Sy0) n, 4 are the squares of real spectra of soils under investigation and
reference soils in near and distant zones of the source, respectively.

AI=3.31g [ (Afarid) n (Adfawd) & (Afawd a (Adfarwo) uf> )

where: (A; f,y) ¢ and (Ag f,0) o, ¢ are the amplitudes and weighted-average fre-
quencies of soils under investigation and reference soils in near and distant zones of the
source, respectively.

If a powerful impulsive source is used the offered formulas will be as following:

AI=1.2 [Zg (Srl) n (SrO) d/(Srl) d (SrO) n]: (]0)

where: (S;;) 4 and (S,) nq are the squares of real spectra of soils under investigation
and reference soils in near and distant zones of the source, respectively;

AI=21g [ (A; fawd) w (Ao Jawd) o (Aifawd) a (Ao Jawd) ], (11)

where: (A; f,i) o, ¢ and (A f,0) 4 ¢ are the amplitudes and weighted-average fre-
quencies of soils under investigation and reference soils in near and distant zones of the
source, respectively.

The formulas (8) and (9) are adequate only for loose dispersal soils. The formulas (8)
and (9) were used at SMZ of Kutaisi city territory. Besides, using the formulas (10) and
(11) nonelastic deformation properties of soils in full-scale conditions on Novovoronezh
APP-2 site were defined more accurately [Zaalishvili, 2009; 2012]. The formulas were
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obtained based on physical principle that underlies the scheme used at the soil looseness
assessment.

2.3 Consideration of the integral motion,
taking nonlinear properties of soils info account

Consideration of the integral motion, taking nonlinear properties of soils into ac-
count, obviously creates the conditions for their use in seismic microzonation. Soil is
the most uncertain factor in all of the cited studies. Therefore, the issues of geotechnical
parameters’ accounting for various seismological tasks are considered quite seriously all
over the world [Seed et al., 1988; Studer, Ziegler, 1986].

In this regard, the consideration of nonlinear phenomena in the soil or the soil —
structure system eliminates the existence of an amplification in the form of a traditional
constant value [Aubri, Modaressi, 1987], because the latter is based precisely on a linear
representation of ground movement.

Let's consider the example. The table 1 shows the results of comparing the materials
from an engineering macroseismic survey of the epicentral zone of the Racha earthquake
(Georgia, 1991) and the parameters of the instrumental records obtained under various
ground conditions by the SMACH network. Calculations of amplification were carried
out using the ratio

éY—{lg Mltzl wazl ﬁ_ MtlfwaOl 1} (12)

M; 2t a, M 21, wa02 Aoy

wa12

were 0/ is nonlinear amplification on varying exposure, 4 [ =A 1,,— A 1,y; Al,,;, AL, are
nonlinear amplification for the investigated and reference soils, respectively, point; M|,
M, are the magnitudes of (n) and (n+1) earthquakes, respectively; ¢, ;, — the duration
of the vibrations of the studied and reference soils during the (n) and (n + 1) earthquakes
(with magnitudes M; and M), respectively, s; f,4i01. fwaioo — Weighted average frequencies
of vibrations of the investigated and reference soils at (n) and (n + 1) earthquakes, respec-
tively, Hz; a;y; a,, — vibration acceleration of the investigated and reference soils during
(n) and (n + 1) earthquakes, respectively, m/s.

Table 1
Amplification, Al, point
Engineering and geological conditions of the site with earthquake magnitude
M=3.0 M=5.0 M=53
a) macroporous clay, (h=10.0 m);
b) pebbles with sand and clay filler (> 30%, h = 5.0 m); - - -
c) slightly weathered limestones
a) weathered limestones (h = 10.0 m); B B -
b) slightly weathered limestones 2.30 148 0.84

It is clear that the amplification decreases with magnitude of the earthquake increase.
This largely explains the significant difference in the features of soil vibrations in the near
and far zones. Thus, a small difference in the seismic effect even between soils with very
different seismic properties is well known. The nonlinear relationship between the stress
and deformation of loose soil causes unequal distortion of the compression and extension
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phases, an increase in the rarefaction phase in weaker soils, which leads to a dependence
of the dynamic indicators of soil motion on the impact energy.

2.4 Calculational method of seismic microzonation

In order to analyze the features of soil behavior with introduction of definite engineer-
ing — geological structure characteristics of investigated site as initial data the calcula-
tional method of seismic microzonation is used: values of shear wave velocities, modulus
of elasticity, index of extinction, power of soil layers, their consistency etc. Calculational
method includes the following techniques: thin-layer medium, multiple-reflected waves,
finite-difference method, finite-elements analysis (FEA) and others.

Calculational method allows modeling virtually any conditions that are observed in
the nature. The requirements of practice however reduced to the necessity of calculation
of soil vibrations for nonlinear-elastic and nonelastic deformation conditions. Solving
such a problem it is assumed that elastic half-space behaves as linear-elastic medium and
at intensive seismic or dynamic impacts the covering soil stratum displays strong nonlin-
ear properties.

Received instrumental stress-strain dependences can be applied, for example, for
plastic clay soil shown in Fig. 3. Offered by A. V. N ikolaev [Nikolaev, 1987; Zaalishvili,
2009] conception of the so-called soil bimodularity is taken into account in that depend-
ence [Zaalishvili, 2009]. Considerable differences in “weak” soils behavior at compres-
sion and extension underlie in the phenomenon. Such soil is characterized at extension by
very small modulus of shearing.

Solving of the given nonlinear problem for soils in the analytic form is usually based
on considerable assumptions due to the complication of adequate accounting of behavior
features of such complicated system as the soil. Thus, the numerical solving of nonlinear
problems on the present-day stage of knowledge is the most proved under the condition
that the data of field or laboratory investigations are considered in these or those connec-
tions [Zaalishvili, Otinashvili, 2000].

So, the basis for solution of calculation nonlinear problems is the correlation de-
termined using experimental investigations. Otherwise stated, programs for solving of
calculation nonlinear problems are in essence analytical-empirical. Such programs like
SHAKE, NERA etc. are the most adequate [Bardet, Tobita, 2001].

N: )
g 0,008 ~0,004 4 0,004
z 10 1
z |
=
= —20 4
6
i |
‘= .
= Deformationy ~ —30-

Fig. 3. Instrumental stress-strain curve, showing property of soil bimodularity. /
Puc. 3. Hncmpymenmanvhas kpueas HanpaxceHus-oeopmayuu, 0eMOHCMPUpPYIowas ceoicmsd
OUMOOYIAPHOCMU 2PYHMA.
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It was assumed to modify multiple reflected waves technique for nonlinear effect ac-
counting. Let’s suppose that we have the seismic wave, which falls on the soil thickness
surface. Let’s assume that soil thickness is nonlinear absorptive unbounded medium with
the density p and S-wave propagation velocity vg. At small deformations the value of
shear modulus G will be maximum for the given soils:

G= Gmax =p VSZ (] 3)

At the deformation increase the value G remains constant at first but at reaching some
value (which is definite for each material or soil) the value G considerably changes, i. e.
the soil begins to display its nonlinear properties. At the continued deformation increase
the growth of stresses decelerates and then can remain unchanged until material destruc-
tion or hardening, i. e. until structural condition change.

As the main soil index, which characterizes its type and behavior at intensive loads,
the value of plasticity PI was chosen. The parameters, which are necessary for calcula-
tions, are determined on basis of empirical ratios [Ishibashi, Zhang, 1993; Zaalishvili,
Otinashvili, 2000]:

(14)

0,492
k(y, PI)= 0,5{1 + tanh{hq 0,000102 + ”(P[)} }

Y
where:

0,0 for PI=0,
3,37-107°P["**  for 0<PI <15,
()= 70-107PI"  for 15<PI <70,

2,7-10°PI"  for PI>T0 ;

0,4
d= 0,272{1 - mm{m(wj }}60,0145@3 .
y

Then the change of shear modulus is determined on basis of the ratio
G/Gmax=k (y, Pl) (o) d, (15)

where G is the current shear modulus, ¢ is normal stress.
Seismic energy absorption is calculated by the formula

&=0.3331+exp (—0.0145PI1,3)/2 [0.586 (G/Gmax) 2—1.547G/Gmax+1], (16)

On the basis of the given ratios and introduced by us ratios for determination of nec-
essary indices (normal stress, deformation etc), nonlinear version of the program ZOND
was worked out [Zaalishvili, 2009]. From the database of strong motions AGESAS,
which was formed by us, the accelerogram, which was recorded on rocks in Japan, with
the characteristics (magnitude, epicentral distance, spectral features etc.) similar to the
territory of Thbilisi city, was chosen as the accelerogram, given into the bedrock.

The analysis of the results of linear and nonlinear calculations models of definite ar-
eas of Thilisi city territory confirms the adequacy of calculations to the physical phenom-
ena, which were obtained in soils at intensive loads (fig. 4). With the increase of seismic
impact intensity the nonlinearity display increases. Absorption grows simultaneously.
Hence the resulting motion at quite high impacts levels can be lower than the initial level.
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Fig. 4. Results of calculations using multiple reflected waves’tool in linear (a) and nonlinear (b) cases. /
Puc. 4. Pesynomamul pacuemos ¢ UCnonb308aHuem cnocoba MHOZOKPAMHO OMPANCEHHbIX 60IH 8
JUHetHoM (a) u nenuneunom (0) cayuasx.

It corresponds to the fact, which is known on the results of analysis of strong earthquake
consequences, which happened in recent years (for example, Northridge earthquake,
1994).

The problem of the determination of soil massif response on dynamic impact with tak-
ing soil nonlinear properties into account can be solved by usage of finite element method
(FEM) in the following way [Zaalishvili, 2009]. Soil medium is represented in the form
of two-dimensional massif, which is approximate by triangular finite elements. The net,
which consists of triangular elements, allows to describe quite accurately any relief form
and form of the layer structure of soil massif with its physics-mechanical parameters.

Within finite element the soil is homogeneous with inherent to its characteristics,
which vary in time depending on impact intensity. Earthquake accelerogram of horizontal
or vertical direction, which is applied, as a rule, to the foundation of soil massif, is used
as the impact. Soil is in the conditions of plane deformation and it is considered as an
orthotropic medium. Axes of the orthotropy coincide with the directions of main strains
[Zaalishvili, 2012]. The problem of nonlinear dynamics of soil massif is solved by means
of the consecutive determination of mode of deflection of the system on the previous step.
The system is linear-elastic on each step.

2.5 Instrumental-calculational
method of seismic microzonation

In recent years a new «instrumental-calculational» method of SMZ (per se simultane-
ously having the features of both instrumental and calculational method) which includes
tool of «instrumental-calculation analogies» has been developed in Russia in recent years
[Zaalishvili, 2009]. Its usage is based on direct usage of modern databases of strong
movements.

As a basis at realization of tool instrumental database of strong movements, regis-
tered in definite soil conditions, is used. As a result of given database with the help of nu-
merical calculations it is possible more or less safely to forecast behavior of these or those
soils (or their combination) for strong (weak) earthquakes with typical characteristics for
the investigated territory (magnitude, epicentral distance, focus depth etc.).
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3 Strong ground motion researches
considering soil nonlinearity in Taiwan

Overestimating seismic response during strong motions might happen when applying
only linear behavior for strong motion simulation or strong motion prediction techniques.
Previous studies mostly used soil-to-rock spectral ratio method to evaluate soil nonlinear-
ity [Wen, 1994; Wen et al., 1994; Beresnev et al., 1995a; 1995b]. The nonlinear site effects
are then more common observed than previously recognized in strong-motion seismol-
ogy [Beresnev, Wen, 1996]. However, suitable reference rock sites were very hard to get
especially during wide range liquefaction occurred during large earthquake. Meanwhile,
single station H/V spectral ratio (HVSR) method could qualitatively identify soil nonlin-
earity response from spectral difference between strong against weak motions of strong
motion data of Large Scale Seismic Test (LSST), Taiwan array and Port Island, Japan
[Wen et al., 2006]. [Noguchi, Sasatani, 2008; 2011] had constructed degree of nonlinear-
ity (DNL) to quantitatively consider soil nonlinearity by summed up the spectrum ratio
of strong and weak motions. Moreover, two significant features have been reported from
the 2008 Wenchuan, China earthquake, including a dominant frequency drop indicated
by short-time-Fourier-transformed HVSR in time-frequency analysis (Fig. 5) and a pro-
portional trend between DNL and peak ground acceleration (PGA) [Wen et al., 2011a].
However, further comparison of relations between soil nonlinearity and site properties
of strong motion stations could not be clearly checked owing to the lack of detailed site
classification information in Wenchuan near fault region. Therefore, similar methodolo-
gies were applied to the 2010-2011 Canterbury, New Zealand, earthquake sequence. In
addition to shorter time scaled (co-seismic, Fig. 6) time frequency HVSR, longer time
scaled (monthly, Fig. 7) HVSR have also been checked for dominant frequency drop for
the Canterbury earthquake sequence. Dominant frequency drop was identified from two
larger earthquakes of the sequence and the self-recovery of the soil layer was checked
from weak motion HVSR of subsequent aftershocks [Wen et al., 2011b]. [Ren et al.,
2017] indicated DNL had positive relation with peak ground acceleration (PGA), peak
ground velocity (PGV) and maximum spectral ratio of HVSR etc. from comparing five
different methods of quantitatively index of soil nonlinearity. Meanwhile, a convenient
strain proxy to explain the stress-strain relation in strong motion nonlinearity effect was
established from consider relation between PGA and peak ground velocity (PGV) divided
to average shear wave velocity on surface 30 meter’s layer (Vs30) (Strain proxy, [Idress,
2011]). The strain proxy was checked from different seismological regions and checked
with several different seismic indexes such as PGA, PGV etc. and suggesting it’s a useful
idea to consider soil nonlinearity [Chandra et al., 2016; Guéguen et al., 2019; Kuo et al.,
2019; Derras et al., 2020].

Moreover, in case of considering soil nonlinearity, the effectively technique to deal
with it was equivalent linear simulation technique (SHAKE, [Schnabel et al., 1972]),
which could consider soil nonlinearity problem in geotechnical engineering filed and
addressed in abovementioned Sec. 2.4. While velocity structure, geological material and
suitable stress-strain curve were well investigated and constructed for shallow borehole
system, linear and nonlinear ground motion simulations could be done from solving
wave propagation equation but it had some limitations of deeper structure or multiple
layers consideration. Meanwhile, site correction for stochastic ground motion simulation
technique from empirical transfer function (ETF, [Huang et al., 2017]) had been verified
could provide similar prediction level with traditional ground motion prediction equation
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Fig. 5. Short time Fourier transformed HVSR of station 51SFB during Wenchuan, China earthquake [Wen
etal, 2011a]./
Puc. 5. Kpamkospemennoe npeobpasosanue @ypve HVSR cmanyuu 51SFB 60 epems 3emnempsicenus 6
Bonvuyane, Kumaii [Wen et al., 2011a].
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Fig. 6. Time frequency HVSR of each time windows. (red) Shear wave, (purple) after shear wave, (blue
and cyan blue) coda waves and (black) averages of weak motions [Wen et al., 2011b]. /
Puc. 6. Yacmoma epemenu HVSR kascoo2o epemenno2o OKHA. (KPACHbIM) NONEPEUHAsL 60IHA,
(¢uonemosas) nocie nonepeyHoul 8oHbl, (CUHASL U 201Y0aAsL) KOOA-8ONHbL U (UepHble) CPEOHUE 3HAUEeHUS
cnabvix osudicenu [Wen et al., 2011b].

(GMPE) and still carry physical meanings. Which means if the seismic parameters were
well evaluated in the target region ETF method could provide accurately prediction but
still needs to consider more about nonlinearity problems. While the advantages from both
simulation techniques was combined to solve nonlinear soil response from following pro-
cedure for two borehole seismic arrays in Taiwan (Fig. 9). The simulation process could
be described as follows:

Firstly, stochastic simulation would be adjusted from ETF of B class station that
would refer to basement rock motion (as imagination of engineering bedrock, EB). De-
tailed shallow velocity and material of structure above EB would be constructed next and
validation of SHAKE process would be made from records of borehole seismograph.
Therefore, synthetic motion from first step would be treated as input motion from EB
to compute high frequency ground motion simulation with nonlinearity in Taiwan. Fi-
nally, ground motion simulation can be performed for moderate magnitude earthquakes
by the stochastic point source simulation to rock basement and added the ETF followed
[Huang et al., 2017] and can be treated as input motion to equivalent linear simulation. If
under ground structure was clear enough, Engineering (EB) and Seismic bedrocks (SB)
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REHS-compared the H/V ratio across the 2010 Darfield earthquakes

' Ruhimernce s 2000-201008 u
Everts 20 han POAS2 25 gal
H ___ shos Daais 201009 i
Evertts 30 Max PGAIE 38 gat
201010 Eveity. 13
Whax PGA 23 86 gl
— 201011 Events §
Mo PTG T g
o FDNORZ-OVIOF Frarte
Max PGASOPS gl
0 W
Freg. (Hz)

HA Ratia

(a)

REHS-compared the HV ratio across the 2011 Christchurch sarthquakes
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Fig. 7. HVSR of each time windows compared with different time span during 2011 Christchurch, New
Zealand earthquake sequence. /
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Fig. 8. (a) Liquefaction, (b) DNL distribution in the Christcurch area during the 2011 Christchurch, New
Zealand earthquake [Wen et al., 2011b]. /
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Fig. 9. Flowchart of combining equivalent linear method as a site correction for stochastic point source

simulation technique [Saifuddin, 2013]. /
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Fig. 10. Checking linear behavior while combing equivalent linear and stochastic simulation for seismic
borehole array in Taipei, Taiwan (modified from [Saifuddin, 2013]). /
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(moouuyuposaro uz [Saifuddin, 2013]).

obtained similar result when applying equivalent linear method as site correction, from
frequency and time domains shown that it was acceptable for using input motion in 30
meter and engineering bedrocks for small intensity events (as a linear site response, Fig.
10) and large intensity events (as nonlinear response, Fig. 11). It will be more useful in
some sites where didn’t have deep enough borehole structure. The applications will be
more widely and save more budgets in many regions that people can drill more shallow
boreholes in wider region rather than few deep boreholes.

3.1 Methodology
HVSR

One of the traditional site effect evaluation method were using spectral ratio between
soil station and reference rock sites (could be surface or downhole stations). [Nakamura,
1989] found vertical FAS in surface soil site (Sy (f)) would be amplified comparing to
downhole station (By (f)) while using downhole site as reference rock. The vertical am-
plification from source effect Ag (f) could be expressed as follows:

A= EJX . (17)

Meanwhile, traditional soil to rock spectral ratio method could be written as Sg (f):
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Sﬂﬁ=§ﬁ£. (18)

Therefore, source related vertical amplification motion should be eliminated as

Su(f)  Su(f)
Se () _ By (f) _ S, ()

S, (f)= = 2=
DD TS B (19
B, (f) By (f)
Finally, Nakamura discovered the response for downhole reference site f;” ((]}:)) would

be nearly equal 1 in site related frequency band. That means, the site amplification could
be calculated from surface station directly as:

S (f) z?’g)) 20)

DNL

[Noguchi and Sasatani, 2008] hypothesized that the degree of nonlinearity of site
response (DNL) depends on a summation of differences between H/V for strong motion
and their reference. The DNL can be quantified by Eq. (21):

o] R
R

where Ry, means HVSR for strong motion and R ., means HVSR for the reference
(Weak motions). The DNL value shows a positive correlation with observed horizontal
PGA/PGV when the soil condition is soft and fit the distribution of liquefaction region
(Fig. 8, [Wen et al., 2011b]).

DNL=Y" Af 1)

4 Results and discussion

The physical basis, methods and techniques for creation of seismic microzonation
maps, including the use of modern high-power non-explosive sources (vibration and im-
pulsive action) are considered. The physical formation mechanisms of algorithms of di-
rect account of a number of soils indicators under heavy loads, which are the basis of
relevant computer programs, are considered. It identifies changes or distortion of the
amplitude-frequency characteristics of the original or the incoming wave field of seismic
impact caused by the interaction of absorption and nonlinearity (or inelasticity) phenom-
ena in different typical soils of the territory. The possibility of successful differentiation of
soil conditions on the basis of the analysis of the relationship of the horizontal vibration
spectrum of the initiated signal to the vertical spectrum and the predominant frequency of
the ground motion is shown. The process of formation of seismic microzonation map of
modern urban territory is considered.

In addition, soil nonlinearity researches indicated several convenient tools such as
HVSR and DNL calculation could provide quantitatively account for nonlinear behavior
during strong ground motions in Taiwan, New Zealand earthquakes. Synthetic Ground
motions in both time domain (PGA) and frequency domain (FAS) of combining equiva-
lent linear method and stochastic point source simulation technique indicated reasonable
prediction level with observation records from seismic downhole arrays in Taiwan. It was
noticeable that the simulation procedure has provided error level for user’s choice while
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considering applications and budget consuming problems. Velocity and geology struc-
tures of drilling for top layer of 30 meter or engineering bedrocks might have acceptable
predictions for efficiently widespread investigations.
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