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STRONG SEISMIC MOTIONS ESTIMATED FROM
A ONE DIRECTION-THREE COMPONENTS (“1D-3C") APPROACH ,
APPLICATION TO THE CITY OF ROME, ITALY

M.P. Santisi d’Avilal, L. Lenti?, J.F. Semblat, A. GandomzadeH, S. Martino®, F. Bonilla®

ABSTRACT

Strong seismic motions in soils generally lead dthla stiffness reduction and an increase of tkeegsn
dissipation in the surficial layers. In order tadt such phenomena, several nonlinear constitativaels
were proposed and were generally implemented forsbid columns. However, one of the main
difficulties of complex rheologies is the large rhan of parameters needed to describe the modgdidn
sense, the multi-surface cyclic plasticity approatéveloped by Iwan in 1967 but linked to Prandtl o
Preisach theoretical work, is an interesting chdice only data needed is the modulus reductionecur
Past studies have generally implemented such mddelsne-directional shear wave propagation in a
“1D" soil column considering one motion componentyo(*1C”). Conversely, this work aims at studying
strong motion amplification by considering seismigve propagation in a “1D” soil column accounting
for the influence of the 3D loading path on the limmar behavior of each soil layer. In the “1D-3C”
approach, the three components (3C) of the outengion are simultaneously propagated into a
horizontally layered soil for which a three-dimemsl constitutive relation is used (Finite Element
Method). The alluvial site considered in this stuayresponds to the Tiber River Valley, close te th
historical centre of Rome (Italy). The computati@me performed considering the waveforms refereed a
the 14th October 1997 Umbria-Marche earthquakerdeel on outcropping bedrock. Time histories and
stress-strain hysteretic loops are computed atigatbe soil column.

The octahedral stress, the strain-depth profilestha transfer functions in acceleration (surfag&i®p
spectral ratios) are estimated for the 1D-1C ard1d-3C approaches, evidencing the influence of the
three-dimensional loading path..

Keywords: strong motion, seismic waves, soil nagdirity, site effects, finite element method, plzsti

INTRODUCTION

According to collected seismic records, the lodt sondition emerges as one of the dominant factor
controlling the variation in ground motion and detmation of the site-specific seismic hazard. The
evidence of nonlinear soil behavior comes from expental cyclic tests on soil samples, for diffdren
strain amplitudes (Hardin and Drnevich, 1972a, D®7A2ucetic, 1990). The nonlinearity is observed
through shear modulus reduction and increase opuotgrfor increasing strain levels. The effect oa th
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transfer function is a shift of the fundamentalgfrency toward lower frequencies, as well as an
attenuation of the spectral amplitudes at highdesgies.
One-directional wave propagation response analgsegjenerally used to estimate soil surface ground
motions useful for the design of structures. A clat® nonlinear site response analysis requires the
propagation of an earthquake record in a nonlinezdium by integrating the wave equation in the time
domain and using an appropriate constitutive mottek hysteretic behavior of soils is difficult tadel
realistically because the yield surface can haweraplex form. Some researchers adopt the theory of
plasticity to describe the hysteresis of soil (%iewicz et al., 1982; Chen and Baladi, 1985; Ched a
Mizuno, 1990; Prevost and Popescu, 1996; Ransamndj Alwash, 1997; Montans, 2000), others
propose simplified nonlinear models (Kausel andirhaki, 2002; Delepine et al., 2009) and other ones
combine elasto-plastic constitutive equations véthpirical rules (Ishihara and Towhata, 1982; Finn,
1982; Towhata and Ishihara, 1985; lai et al., 199®®0b; Kimura et al., 1993). Empirical rules that
describe the loading and unloading paths in thesststrain space are the so-called Masing rulesifiga
1926), that reproduce quite faithfully the hystesexdserved in the laboratory (Vucetic, 1990). TieEn
problem of these rules is that the computed stregsexceed the maximum strength of the materiahwhe
an irregular load is applied (Pyke, 1979; Li andd,i1993). Several attempts have been done in twyder
control the dispersive property of these rules &\I079; Vucetic, 1990).
One-directional models for site response analysispaoposed by several authors (Joyner and Chen,
1975; Joyner et al., 1981, Lee and Finn, 1978; Pi8&9; Phillips and Hashash, 2009). Furthermore, L
(1990) incorporates the three-dimensional cyclasfitity soil model proposed by Wang et al. (19803
finite element procedure, in terms of effectiveessy, to simulate the one-directional wave propagati
however, the rheology needs between 10 to 20 paeasn® characterize the soil model.
The nonlinear rheology used in this research isultitsurface cyclic plasticity mechanism that degen
on few parameters that can be obtained from sigtieratory tests (lwan, 1967). Material properties
include the dynamic shear modulus at low strain tedvariation of shear modulus with shear strain.
This rheology allows the material to develop lastiins in the range of stable nonlinearity in @amued
conditions. Because of its three-directional nattire procedure can handle both shear wave andysees
wave simultaneously and predict not only horizontation but vertical settlement too.
In the present research, a finite element procettuevaluate stratified level ground response tedh
directional earthquakes is presented and the impoet of the three-directional shaking problem is
analyzed. The main feature of the procedure isithgdlves the specific three-dimensional stressirst
problem with a one-directional approach.

IMPLEMENTATION OF THE RHEOLOGICAL MODEL

The three components of the seismic motion aregmated into a multi-layered column of nonlineat soi
from the top of the underlying elastic bedrock ¢desng a finite element scheme. Soil is assumdukto
a continuous and uniform medium of infinite horit@nextent. Soil stratification is discretized ir¢io
system of horizontal layers, parallel to theplane, using quadratic line elements with thredeso Shear
and pressure waves propagate vertically inzdgection. These assumptions do not yield anyirstra
variation inx- andy-directions.

According to a finite element modeling of a muliga soil system assumed with an horizontal settimg,
weak form of equilibrium equations, including cortipéity conditions, three-dimensional nonlinear
constitutive relation and the imposed boundary @@rd(Cook et al., 2002), is expressed in mataxi
as:

MD+CD+F,, =F 1)



5th International Conference on Earthquake Geotechital Engineering
January 2011, 10-13
Santiago, Chile
where M is the mass matrixp and D are the first and second temporal derivativeshefdisplacement
vector D, respectively,F,,, is the vector of internal forces arid is the load vectorC is a matrix that
derives from the fixed boundary condition, as eixuéd below.
Discretizing the soil column inta nodes, having three translational degrees of fnee(l.o.f.) each,
yields a 3-dimensional displacement vectdd composed by three blocks whose terms are the
displacement of the nodes inx-, y- andz direction, respectively. The assembledx3n)-dimensional
mass matrixM and the 8-dimensional vector of internal forces,, respectively result from the

assemblage of ¢®)-dimensional matrices liké1® and vectorF;, , corresponding to elemeat which
are expressed by

M° = [NTpN dz Fr =[BTodz (2
H H

whereH is the soil column heightp(z) is the soil density and is the (% 9)-dimensional matrix defined
through the quadratic shape functionS,( N, and N;) of the three-noded line element used to

discretize the soil column. The terms of tha gp-dimensional matrixB are the spatial derivatives of the
shape functions, according to compatibility cormtis (Cook et al., 2002). In equation (2), the stres
components are terms of the 6-dimensional veetor

The system of horizontal soil layers is boundethattop by the free surface and at the bottom by th
semi-infinite elastic medium which represents thismmic bedrock. The stresses normal to the frefacair
are imposed null and at the interface soil-bedribek following condition, implemented by Joyner and
Chen (1975) in a finite difference formulationaisplied:

-p'o=c(u-2u,) (3)

The stresses normal to the column surface-g9&¢ andc is a (3 3) diagonal matrix whose terms are
PrVbss Ppvus @Nd ppv,. The parameterg,, v, andyv,, are the bedrock density and shear and pressure
wave velocities in the bedrock, respectively. Threé terms of vectoi are the velocities ir-, y- andz-
direction respectively, at the interface soil-betkoThe terms of the 3-dimensional vectay are the

input velocities, in the underlying elastic mediugspectively in directiork, y and z. The boundary
condition (3) allows energy to be radiated back itite underlying medium. According to equation (3),
the matrixC°® and the load vectd#®, of each elemerg, are defined by

CeszTcNdz FeszTCle dz (4)
H H

The finite element model and nonlinearity of thdl sequires, respectively, spatial and temporal
discretization, to permit the problem resolutiorheTrelation between stress and strain increments is
linearized at each time step. Accordingly, Equafibnis expressed by

MAD} +CAD, +K|AD} =F (5)

where the subscriftindicates the time step
At each time stefs, equation (5) requires an iterative solving torect the tangent stiffness matrK(L.

Starting from the stiffness matrix, =K, _,, evaluated at the previous time step, the valuaaifix K |
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is updated at each iteratior(Crisfield, 1991) and the correction process cargs until the difference
between two successive approximations is reducadited tolerance, according to

D, -D*| <a|D} (6)

where a=10° (Mestat, 1993, 1998). The vectors of total disptaent, velocity and acceleration are
respectively defined by

Dj =Dy +ADj ; D =Dy +AD; ; D =Dy +AD; (7)

The stiffness matrixKik is obtained by assembling x9)-dimensional matrices like the following,

corresponding to elemeat
ke'=[BTE,Bdz (8)
H

The tangent constitutive (6x6) matrk, is evaluated by the constitutive incremental fetethip given

by
Do, =E, Od, 9)

According to Joyner (1975), the actual strain lemedl the strain and stress values at the previoes t
step allow to evaluate the tangent constitutive rimat EL and the stress increment
Ao'ik = Ao'ik (sik'sk—lick—l) .

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

AD =ﬁADL —%Dk_l +(1—2—’;,jmf)k_1
L1 o1 1 .
AD, g AD, ‘EDH _ﬁDk—l

(10)

Parameter$=0.3025 andy=0.6 guarantee a conditional numerical stabilitythe temporal integration
scheme with numerical damping (Hughes, 1987). leantesearch is required to investigate the infleenc
of numerical damping on the solution and optimize touple of chosen parameters. Equations (5) and
(10) yield

IZikAI:)ik:AFI<+A k-1 (11)

where the modified stiffness matrix is defined as

K=t M+YC ! (12)
BAC ROt

and A, _, is a vector depending to the response in previmes step, given by

| m+Xcle RV A 5
Ak'l{ﬁAtM +,6’C}Dk'l{2,6’M +(2,5’ 1JAtC}Dk_l (13)
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After evaluating the displacement increma’ld])‘k by equation (11), using the tangent stiffness imatr
corresponding to the previous time step, velocitgl acceleration increments can be calculated by

equation (10) and the total parameters are obtainedrding to (7). The strain incremefft« is deduced
by the displacement incremeAD] and the stress incremeas, and tangent constitutive matrk, are

obtained by constitutive relationship (14). The ified stiffness matrix?‘k is calculated and the process
restarts until condition (6) is verified. Afterwardhe next time step is analyzed.

FEATURES OF THE CONSTITUTIVE MODEL

The nonlinear soil behavior in a three-dimensicstadss state is properly modeled by the constéautiv
model suggested by lwan (1967) and applied by JYognd Chen (1975) and Joyner (1975) in a finite
difference formulation. This model takes into aauoilne nonlinear hysteretic behavior of soils, gsam
elasto-plastic approach with hardening based orddiimition of a series of nested yield surfacelse T
main feature of this rheological model is its flakty for incorporating laboratory results on tbgnamic
behavior of soils. The only necessary input dataidentify soil properties in the applied consiitat
model, are the mass densjy shear and pressure wave velocities in the medwrand v, respectively,

and the normalized shear modulus decay c@x@, versus shear straip. G, =pV is the elastic shear
modulus, measured at the elastic behavior range {im10°® (Fahey, 1992).

The homogeneous cyclic soil response to one-conmicignal is evaluated to observe nonlinear effects
A sinusoidal shear strain input with increasing btuge (Figure l1a) is applied im-direction and the
cyclic strain-stress behavior is displayed in Fggdb. We assume that the behavior of soil can be

adequately represented by a hyperbolic stressiattaive. According to Hardin and Drnevich (1970)st
assumption yields a normalized shear modulus deaase expressed as (Figure 1c)

G/G, =1/(1+]y/v) (15)

where y, is a reference strain provided by test data feh@ar modulus reduction &0%. The soil
properties argp =1780kg/ni, v, =560m/s, v, =300m/s andy, =0.1% and the input frequency 3 Hz.

Applying cyclic shear strains with amplitude greaten the elastic behavior range limit gives ofoenps

of shear stress versus shear strain, exhibitingedoyateresis. As strain amplitude is increasedsitigar
modulus reduces. This reduction is representedriyrmalized shear modulus decay curve (Figure 1c).
The homogeneous cyclic soil response to a thregzonent seismic signal is evaluated to analyze
nonlinear effect variation under triaxial stresatest The soil response to one-component signal is
compared with the case of two equal shear stramponoents applied irx- and y-directions and a

normal strain component reduced by a factot@épplied in z-direction (Figure 1d, e, f). The material
strength is lower under triaxial loading than fimgle shear loading. Figure 1c¢ shows the normalized
shear modulus decay curve used as input and theatined tangent shear modulus decay and damping in
the two cases of one- and three-component shedn stiput. The material damping ratid represents
the energy dissipated by the soil. It is evaluatsd

D =W, /(4mw) (16)

wherew, is the energy dissipated in one cycle of loadind W, is the maximum strain energy stored
during the cycle.
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Figure 1. Three-component effect in material behawir: a) Increasing amplitude sinusoidal
strain input; b) Normalized shear modulus decay anadlamping computed in the two cases of
one- and three-component shear strain input; c) Hyteretic response to one-component input; d,
e, f) Comparison between the hysteretic response ¥y and z direction, respectively, in the two
cases of one- and three-component input.

The shear modulus decreases and the dissipatioeases, for increasing strain amplitude, due to
nonlinear effects also when only one componenpiad. From one to three components, for a given
maximum strain amplitude, the shear modulus deeseasd the dissipation increases.

The method does not depend on the hyperbolic idd&ding curve. Different relationships satisfying
Masing criterion can be represented by a moddietwan type and a purely empirical stress-straime
derived from laboratory measurements can also teettii used. Stress-strain curves of real soilsnate
usually truly hyperbolic, thus it is more conveniém directly apply the real shear modulus decayeu
obtained by test data.
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Figure 2. Time history of the octahedral shear strgs for the case of three combined 1D-1C
seismic response analyses, in x-, y- and z-direaticespectively, and for the 1D-3C case.

DESCRIPTION OF THE SITE AND INPUT

The stratigraphic setting of a soil column in thiber Valley of Rome (Italy) is used to analyze the
seismic wave propagation in the cases of one- arektcomponent input and to compare the obtained
results with those provided by public nonlinear &éndin the case of one-component input. The spatial
description of stratigraphy and lithology of thé&uslal deposits in the Tiber Valley of Rome, is delsed

by Bonilla et al. (2010). The soil column that isaeled in this study consists of five layers omigrsic
bedrock, whose depth below the ground lexehnd physical properties, as density shear velocity in
the mediumy,, and the elastic shear modulGg, are reported in Table 1 according to Bozzanadl.et a
(2008). The pressure wave velocity in the mediyms deduced by imposing a Poisson’s ratio of 0.3.

Site and laboratory testing of the Tiber alluviapdsits (Bozzano et al., 2000, 2008) shows a $igmif
stiffness contrast between the sand layers (liffetyR, A, B and D), silty-clayey alluvia (lithotyji&

and sandy gravels of the bedrock. The basal grarelconsidered as the local seismic bedrock, being
characterized by a S-wave velocity> 700 m/s.

The dynamic mechanical properties of the Tibenadludeposits come from laboratory data obtained by
resonant column (RC) or from cyclic torsional shessts. The normalized shear modulus decay curves
employed in this work are shown in Figure 3.

Table 1. Stratigraphic and geotechnical propertie®f the soil column (Tiber valley, Rome)
Layer z p V¢ Gy
mb. g.I.| kg/m’| m/s | MPa

R 0-2.5 | 1830 220 89
A |[25-125 1879 239 1071
B [12.5-32.% 1863 417 324
C |1325-52.5 186% 217 84
D |525-57.% 1951 4171 34

Rock| >575 | 2141 713 108B
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Figure 3. Normalized experimental shear modulus dexy curves
for the soils present in the analyzed column.

The acceleration time histories in Figure 4 arettiree components of the seismic event referratieas
14" October 1997 Umbria-Marche earthquake, charaemrtzy a horizontal PGA of 0.3 g and local
magnitude of 5.4 ML. These waveforms are providgedhe ENEA ground motion database, recorded on
outcropping bedrock by CODISMA digital acceleromedevices (Lenti et al., 2009). Accelerations are
recorded at Cerreto di Spoleto (Perugia), abouk5far from the earthquake epicenter. The three
acceleration time histories in Figure 4 have bdakaréd using a cut-off frequency of 20 Hz. These
acceleration signals are halved to take into adctherfree surface effect and integrated, to obtiaén
corresponding input data in terms of verticallyident velocities, before being forced at the bdsthe
horizontal multilayer soil model.
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Figure 4. Recorded acceleration time history and eoesponding Fourier Transform
in West-East, North-South and vertical directionsrespectively
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ANALYSIS OF THE LOCAL 3C SEISMIC RESPONSE

The effect of simultaneously propagating the thceenponents of the input signal in a system of
horizontal soil layers is then studied and comparedthe cases of one-component input. The three-
component incident motion displayed in Figure 4is&ered on outcropping rock, is propagated in the
vertical profile of Tiber Valley, in Rome (Bonillet al., 2010), described in section 4. The finlarent
procedure described in section 2 is applied fome-directional wave propagation problem for local
seismic response analysis.

Acceleration time history at the free surface,sstriime history and hysteresis loop, in the middithe

C clay layer, are compared, it direction, for the case of one- and three-compbimgut (Figure 5a, c,

d). Strain and stress profiles are shown in Fidre

The maximum octahedral shear strain and stresshdibn, obtained along the vertical soil profile,
shown in Figure 6 for the two cases of three comtihD-1C analyses in the three directions of input
motion and of 1D-3C analysis. The low strain lethelt is attained in the analyzed soil column dazs n
allow discerning the different achieved soil stridnd?arametric studies for different applicatioms a
necessary to corroborate the model for higher dedtion values.

The theoretical transfer function is a techniguat fk frequently used for site response estimafidris
approach considers the ratio between the estinatedleration spectrum at a site of interest and the
recorded acceleration spectrum at a referencevditieh is usually a nearby rock site. Accordinghis
criterion, the local site responses along the stlidioil profile are compared in terms of horizontal
acceleration amplification functions.
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Figure 5. Comparison between one- and three-componeseismic response analysis in x-direction:
a) Acceleration at the free surface; b) Maximum shar strain and shear stress profiles; ¢, d) Time
history of the shear strain and hysteretic loop, repectively, computed at 42.5 m depth.
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Figure 6. Maximum octahedral shear strain and stres profiles for the case of three combined
1D-1C seismic response analyses, in x-, y- and ratition respectively, and for the case 1D-3C
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Figure 7. Norm of horizontal acceleration transferfunctions for a linear behavior, for the case
of two combined 1D-1C seismic response analysesxinand y-direction, and for the 1D-3C case

The norm of the transfer functions of two horizdrgtecelerations, from the 3C results, is compaoced t
the 1C transfer function for the linear and nordineomputations (Figure 7). Nonlinearity effects
produce a shift of the fundamental frequency towaveer frequencies, as well as an attenuation ef th
spectral amplitudes at higher frequencies. Theceffm the transfer function produced by a three-
component seismic input can not be defined using case only, for this reason further research is
necessary to compare the results obtained in diffexases and to implement this nonlinear approach
two- and three-directional models.

CONCLUSIONS
In this paper, a mechanical model is proposed #tyaa the 1D-3C seismic response of soil profikes.

finite element modeling of a horizontal multilayereoil is implemented, by adopting a three-dimemasio
constitutive relation that needs few parameterhtracterize the hysteretic behavior of the soil.
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The proposed method provides a promising solutioridcal seismic response evaluation and site effec
analysis, useful for structural design. This wazlainatural extension of the public nonlinear celesh
as NERA. Parametric studies and comparative amsalygh experimental data are still necessary to
calibrate thesolutionand to evidence the three-component effects irkBr8C approach. Efficient finite
element formulation of the proposed mechanical méaletwo- and three-directional cases motivates
further developments.
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