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ABSTRACT: The present paper deals with the influence of soit-tinearity, on the soil- foundation-structure intefant
phenomena. Numerical simulations are carried out so asvearé¢he beneficial or unfavourable effects of the non-lirg&l

on the assessing of damages of masonry structures. Thetanperof input earthquake characteristics on the struaaraages
in the masonry structure is evaluated through a numericdiahilistic analysis. The influence of the inelastic bebawiof soil

deposit on the amplification of ground seismic acceleratamd on the soil-interaction effects is highlighted.

KEY WORDS: Seismic fragility; Dynamic soil-structure iméetion; Inelastic behaviour; Masonry.

1 INTRODUCTION 2 NUMERICAL MODEL

) . ] ] For the purpose of studying the effect of soil foundation on
The aim of this work is to assess numerically the role of th@e structural response, a layered soil/rock model is dens
non-linear soil behaviour on the seismic response of M&Soffigure 1(a)). The soil profile is composed principally of ried
structures founded on a rigid shallow foundation. In commnse sand. The total thickness of the soil profile is180er
practice of earthquake engineering, some simplified pro@sd the pedrock. The shear wave velocity of the soil increasés wi
take account of dynamics soil-structure interacti8 effects gepth and the shear wave velocity profile gives an average she
on the determination of the design earthquake forces and {fie velocity in the upper 30(Vsso) of 243m/s, corresponding
corresponding displacements via kinematics and foundatig, 5 category C site of Eurocodes.
damping effects. All these procedures are based in traitio 2D finite elements computations with a modified plane-strain

SSlexpressions with linear-elastic soil behaviour ass:urnptic.glpproach [7] for the soil are performed. The soil is modelled

(1], 21, (3]- using quadrilateral isoparametric elements with four sodéne

For this purpose, a model to represent a two-story maso@?ment integration of the soil is>22 full Gauss-integration.
structure is selected and the influence of non-lir@&ton its The thicknesses of the soil plane-strain elementsnis 4An
seismic damage assessment is studied. Thus several 2D fiijlicit Newmark numerical integration scheme wijtk- 0.625
element computations are carried out using a realisticlimear andp = 0.375 is used in the dynamic analysis [8].
elastoplastic model to represent the soil behaviour [4],i{5 In the SSI analysis, only vertically incident shear waves
the numericalGEFDyncode [6]. A diagonal strut model usingare introduced into the domain and as the response of an
the plastic concentrator approach represents the behafithe infinite semi-space is modelled, equivalent boundaries hav
masonry panels and a continuous non-linear beam modelds useen imposed on the nodes of lateral boundaries (i.e. the
to represent the structural elements’ behaviour. normal stress on these boundaries remains constant and the

. isplacements of n tth m thin tw itallat
It is well known that the ground response depends on boghsfn?j(;eries arfac;heosiemsjin aellsdailregtici)?]ps) 0 oppositaliate

the material properties of soil profile and the outcroppin .. .
prop P pping or the bedrock’s boundary condition, paraxial elements

input motion. Thus, several nonlinear dynamic analyses ar, lati Hef ble unbounded elastic bedroblve b
performed in order to evaluate the role of different pararset SMulating a teformable unbounded elastic bedrbblave been

P used [9]. The incident waves, defined at the outcropping

on the seismic response. bedrock are introduced into the base of the model after

A numerical probabilistic analysis is performed so as téeconvolution. Thus, the obtained movement at the bedsock i
quantify both the impact of the uncertainties associatetth wicomposed of the incident waves and the reflected signal.
the input signal and the effect of th®Sl on the structural
damage in the masonry structure. The response in terms)of gty ctural model
top displacement was calculated and used to constructifyagi
curves. This kind of curves give the probability of excegdinA scheme of the two-story masonry building chosen to repitese
different levels of damage, with respect to the earthqualtee structure is given in figure 1(b). The total height of the
intensity. In order to quantify the beneficial or unfavodeab building is 54m, the width is 50m and the thicknesses is
effects of the non-linea6SI on the induced damage in the0.16m. With these characteristics the fundamental period of the
masonry the computed fragility curves with and with@®!| structure Tsty) is equal to 019s. This structure is modelled using
effects are compared. three different kinds of elements, beam-columns and dialgon
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struts describing the structural behaviour and strengshdelid In order to verify the selected model parametersga<1l.6m
RC frame with an infill panel subjected to monotonic and

elements to represent the masonry mass.

cyclic loadings was simulated. The section of the plastighi
beams is 1% 16cm The obtained shear base fordé) @nd
top displacementuop) curves for the monotonic and cyclic
loadings are displayed in figure 2.

120

V [kN]

‘| — Monotonic loading
- - -Monosing loading

0 0.5 1 15 2 25 3 35 4
u_[cm]
top

@ Figure 2. Numerical simulation of shear base for¢¢ &nd
top displacementuop) curve in an infilled frame under

Loaded beam elements monotonic and cyclic monosign loadings.

2.2 Soil model

The elastoplastic multi-mechanism model develope&atle
Centrale Paris known as ECP model [4], [5] is used to
represent the soil behaviour. This model can take into
account the soil behaviour in a large range of deformations.
The model is written in terms of effective stress. The
representation of all irreversible phenomena is made by fou
coupled elementary plastic mechanisms: three planaistrai
deviatoric plastic deformation mechanisms in three ortimad
planes and an isotropic one. The model uses a Coulomb type
failure criterion and the critical state concept. The etiolu

of hardening is based on the plastic strain (deviatoric and

AN volumetric strain for the deviatoric mechanisms and voltrioe

Strut elements Beam elements strain for the isotropic one). To take into account the @ycli
(b) behaviour a kinematical hardening based on the state Vasiab

the last load reversal is used. The soil behaviour is decsetho

a) Finite element mesh for SSI approach and ibjo pseudo-elastic, hysteretic and mobilized domainsfeiRe
to [4], [5], [14] among others for further details about the =

model.
, . The G/Gmax— y and D — y curves generated by the model
.The frame’s structural elements are mod_elled by plas%fmulationsare shown in figure 3. The tests results are coedpa
hinge beam-column elements. The model is based on D& the reference curves given b [15]
two-component model presented by [10] and the modifications 9 y '
introduced by [11] to take into account axial force and begdi .
2.3 Input earthquake motion

moment interaction. In this work, the behaviour of the magon
is simulated by a model based on the theory of plasticity ai order to define appropriate input motions to the non-linea

the concept of an equivalent strut. The masonry panel dgnamical analysis, a selection of recorded accelerogeams
simulated as one element conformed by two diagonal strutsused. The adopted earthquake signals are proposed by [16],
four nodes [12]. In order to include some coupling betwedt7], [18], [19]. Thus, 282 unscaled records were chosemfro
the two struts the displacements at the top of each one #re Pacific Earthquake Engineering Research Center (PEER)
equivalent. An elastic-plastic model with stiffness detption database. The events range betweénahd 76 in magnitude

for strut behaviour is considered [13]. and the recordings have site-to-source distances from 15 to

Figure 1.
Building scheme.
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1r—o-esr : ‘ Table 1. Statistics characteristics for the selected gagkes
p"uo\ - --Simul. p’ =100kPa

08l 5. | o |wasaki et al. 1978 Parameter Range MeanCV %]

— K amax[9] 0.03-0.88 0.23 67

0 46 ‘e T[S 0.22—-1.46 0.63 36

5 % Tols 0.10-115 0.38 58

é ° Tv/al8 0.16—-1.43 0.55 40

o 04 kY e larias|m/s]  0.02—7.30 0.91 125

10 \n,,°'° t5 95[9 290-6213 15.84 57
02 PN lmsim/s] 0.05-175 0.33 68

L T pgv[m/s] 003-1.66 0.25 78

Oboemecgmen-0-0"2" Io [ 2.05-2987 9.16 50

10° 10 1072 SI[m] 0.12—-460 0.90 75

yL
Figure 3. Comparison between simulated and reference
G/Gmax— Y andD — y curves obtained by [15]. 3 RESPONSE ANALYSIS

50kmand dense-to-firm soil conditions (i.e. 3605 < Vs3om <

800M/s).

Concerning the response spectra of input earthquake nsotiog
figure 4 shows the mean and the response spectra curves
a probability of exceedanc®E) between 275 and 975%. It
can be noted that the mean response spectra is consistant
the response spectra of Type A soil of Eurocode8 scaled to the

mean outcroppingmax value.

PSA [0]

£=5%

Figure 4. Response spectra of input earthquake motions.

2
T [s]

3.1 Soil ground response

Regarding the acceleration history obtained at the fred fiel
in our analyses, figure 5 shows the variation of peak ground
acceleration at the surfacen(ax ) as a function of the

maximum acceleration at the outcropping bedroalaf ou)-
ccording to this figure, the amplification of peak ground
Witleleration on the ground surface relative to bedrockape

beforeamaxoutValue equal to Bg. It is also interesting to note

'ét, as expected, an amplification factor equal to 2 is found

1 +
\I
\'\'
2 : : : ‘ 0.8}
I “Data - PE = 2.5 and 97.5%
—Mean =
---EC8 - Class A — 0.6
m
x
©
£ 0.4}
©

Figure 5.

0.2 04

a
max out

0.6

[a]

0.8

Relationships between maximum accelerations on

bedrock émax ou) @nd free field émax rF) obtained for the

soil profile.

Concerning the frequency content of the surface signalidigu

The statistics on some input earthquake characteristii{®) shows the mean and the surface response spectra curves
obtained for the strong ground motions are summarized ifeTalwith a probability of exceedancPE) between 275 and 975%.
1. These earthquake characteristics are maximal outergppi he mean response spectra of outcropping signals is sugepo
acceleration dmay), Arias intensity [aras) [20], predominant in the same figure as reference. A comparison of mean surface
period (Tp), mean period Tyn) [21], period of equivalent and outcropping normalized response spectra is given inefigu
harmonic wave Ty,o = a - pgv/pga), spectral acceleration 6(b). As expected, due to soil softening, for periods latgan
at the first-mode period of the structur8at_g2s), spectral about 05s, mean spectral surface accelerations are greater than
intensity SI), peak ground velocity ggV), root-mean-square the mean outcropping ones. From the same figure, it can be also
intensity (yms) [22], Cosenza and Manfredi dimensionless indeseen, that the mean response spectra obtained shifts terhigh
(Ip) [23] and the significant duratioms(gs). period values.
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According to this figure, it is noted that a structural non-
linear behaviour appears wheg,, > 0.9cm, thus, this is the
displacement corresponding to the yield capacity of thecttire
(4y). The ultimate displacement of masonry buildiny,)X is
defined at Zcm(i.e. the maximum drift is equal to.4%).

3 : : : ‘ Figure 7. Structural dynamic response obtained for the mrgso
—Mean - Outcropping building at fixed base condition.
1y -==-Mean - FF
250y : --EC8 - Class A
R - = EC8 - Class B
] 4

N

Normalized PSA []
(=
o

1 In order to study the influence of the inelas8SIon the
structure’s response, a scatter plot comparing the maxitopm
0.5¢ H ‘ displacement obtained in fixe base conditiog{ gr) with the
B relative top displacement obtained$sIcondition (i ss) for
% 1 2 3 4 the same outcropping motion is shown in figure 8. It is noted
T[s] that for the majority of cases the top displacement decseifse
(b) the SSlis taken into account.
Figure 6. a) Response spectra of surface earthquake motions 3 ‘ ‘ .
and b) Comparison of mean surface and outcropping °’/\
normalized response spectra. 25! o{,f’

3.2 Seismic structural response

As proposed by [24], for the purpose of assessing the effect
of inelastic SSI on the structure’s response, a comparative
dynamical analysis is performed. In the first approach, the
problem is decoupled. Firstly, an inelastic 1D wave propiaga
problem is solved for a simple soil column of the foundation
soil. Then, the obtained free field motion is imposed as gidoun
motion to a fixed base structural model. On the contrary, for
the second approach, a complete finite element model imgjudi
soil and structural inelastic behaviour is carried-outud;tthe
first approach takes into account non-linear behaviour df s
and superstructure, but neglects all interaction effects.

So as to define the structural reference case, the dynamic
responses obtained by the masonry building model in fixed
base condition are analysed. With regard to seismic demand
evaluation on the building, the maximum top displacement
(wop) and its corresponding base shear forvg Observed 2 VULNERABILITY ANALYSIS
during the dynamic computation are presented in figure 7s Thi is well known that fragility functions are an appropriate
curve corresponds to the dynamic capacity curve of the nmgsomethodology for loss estimation purposes. They permit to
building. represent a continuous potential damage for several téscre

utop SSi [Cm]

IQ—igure 8. Comparison of relative top displacement obtained
in SSI condition (kop ss) and in fixed base condition

(Utop BR)-
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damage levels and they give a probability of exceedanceinérease iramax outvalue. It appears that,ax outvValue provides

these levels as a function of a seismic severity parametegood correlation with the structure’s damage.

On this issue, to quantify the structural damage, the waati
displacement between the top and the base of structure avill b
used. So as to use a common reference input value for differen
type of computations, we use motion’s severity measures at
outcropping.

According to a principal component analysis of obtaineagdat
it is found that the variableop is well correlated withtamax and
lariass  The obtained correlation coefficients artﬁ;mp,amax =
0.81 anduop, arias = 0-78 (figure 9(a)). Now, in order to confirm
the influence of each earthquake parameter as well as to emov
the co-variates on the correlation between a given inpushloker
and the output variable, a sensitivity analysis based opahtéal
correlation coefficientsRCC) has been performed [25], [26].
The resultingPCC values between earthquake parameters and

3

2.5¢

Fixed base

Complete damage

the outpuiyop variable can be seen in figure 9(b). As stated by oo 0.2 0.4 06 0.8
these analysesmayx is the most influential input variable on the A hax out [d]
structural drift. According to these figures, it is notedoatisat @
the structure’s base condition does not affect this infleenc
1 ‘ ‘ : 3 °
- o
0sl 52??’ base | 25| °° °° Complete damage
B 090 _ ol
0.6f
o© °
I_:g- 0.4 Extensive damage
=)
0.2} 003°
a - O e e mmmaad
0 d:g@‘d’ - Moderate damage
T Sight damage |
-02t & B 0 4 e m ey
_04 arr;ax Tm IAr\as S" IS 95 PQV TVIA Fixed base
(@ 1 2 3
IArias out [m/s]
0.5 —
lFixed base (b)
Css! , . ,
0.4t ] Figure 10. Scatter plot of top displacemeniof) at fixed
_ base condition as a function of a) maximal outcropping
— 03 P accelerationdmax o) @and b) Arias intensitylfvias out)-
] "’
= o . . .
[ non In this work, the fragility curves are constructed follogithe
8 0.2f " methodology proposed by [27], i.e. the maximum likelihood
o o method is used to compute numerical values of the estimétors
. andp of Log-normal distribution.
0.1 ' oaet -
o The damage states limits or the performance levels of the
i ¥ masonry building are those proposed by [28] and summarized

(b)

Figure 9. a) Correlation coefficients and b) Partial cotreta
coefficients of input random variables explainimg,p

value.

in table 2. The four damage levels chosen are superposed in

figure 10. They correspond tgp = 0.65, 09, 1.25 and 23cm

Figure 11 presents fitted fragility functions obtained foege

three damage levels with respect to baghx out (figure 11(a))

andl arias out (figure 11(b)) for the case with fixed base condition.
The statistical confidence of the derived fragility curves a

superposed in figure 11(a) and figure 11(b) (dashed curves

Figure 10 provides the variation afop value with both i.e. {a B} +{o102}). This confidence is a function of the
maximal outcropping acceleratioanax ou) and Arias intensity information provided by the size of motion database over the
(Iarias out) for the fixed base condition. Referring to figure 10(aparameterér andf describing the shape of each curve and it is
it can be seen that as expected, thg value increases with an computed via the Fisher information matrix [24]. Refer td][2
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among others for further details about the Fisher inforomati sameamax out input value a lower probability of exceedance is

matrix. found.
Table 2. Displacement limit states adopted from [28] 1
Damage Displacement Displacement —
state threshold value [cm] = 0.8
(&)
Slight 07-4y 0.63 S o6
Moderate by 0.90 SH
Extensive Ay+0.25- (A, — Ay) 1.25 N
Complete Ay 2.3 =204
3
= 0.2 ]
o —Level Il - Fixed base
—Level Il - SSI
% 0.2 0.4 0.6
amax out [g]
@)
1
Fixed base
= 08
—Level | - u, =0.63cm £
im '}.))
—Level Il - u"m=0.900m N 06
—Level lll —u, =1.25cm b
lim N
0 ‘ : ‘ a
0 0.2 0.4 0.6 204
amax out [g] Z
o
(@) g 02 ]
—Level lll - Fixed base
11— S p —Level lll - SSI
% 0.2 0.4 06
. o8 ] '."," ',':," | amax out [9]
= [ F ®
S 06 g Fixed base ] Figure 12. Comparison of fragility curves as a function aféa
g condition. a) Level Il (Moderate damage) and b) Level llI
3. 0.4f 1 (Extensive damage).
Q
e —Level | - u, =0.63cm
% 02 L |||—Im—090
—— ReVeLT T U =0 50em 5 CONCLUSIONS
—Level lll - u, =1.25cm . . .
0 ‘ ‘ —m A series of finite element parametric analyses were used to
0 0-5I 1 / 15 2 investigate the effects to take into account the non-lirsesr
Arias out [TVS] structure interaction on the response of infilled framecttmes.

() A typical soil-structure model has been used to illustrag k
results from parametric studies. According to the respense
Figure 11.  Fragility functions for three damage levels @ptained with the model and for the particular case coneitier
fixed base condition. a) maximal outcropping acceleratig this work (i.e. soil and structure model parameters)ait be
(@max ou) @nd b) Arias intensitylfrias out)- concluded that:
« The inelastic analysis of the system under divers input
Now, the effect of the inelastic SSI on the fragility funcet® motions shows the influence of the input signal on the strattu
obtained for two damage levels is studied. A comparison®f thnd soil response;
curves obtained for to structure’s base condition is digdan « The addition of the non linear soil structure interacticieetis
figure 12. This comparison is done for two damage levels (ithe structure’s response. The structural drift obtainedmthme
Moderate and Extensive) with respectd@ax our According SSlis taken into account is higher than when it is neglected;
to this comparison, it is noted that the fragility curvesabéd « The addition of the non line@Slhas an incidence on fragility
shift to higher acceleration values for both damage levélsrw curves obtained for this masonry infilled frame. A lower
a fully inelastic SSI analysis is adopted. It means that fier t probability of damage is found;
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« According to the comparison of the responses obtained @ fre
field condition, it is observed that the earthquake motiotihat
structure’s base is modified by the presence of the soil, th b(BZO]
acceleration level and frequency content;

« The main conclusion of this study is that the soil-structuféll
interaction with a non-linear soil model varies signifidgrithe
response of the structure with respect to approximaf@& [22]
considerations. Further investigations in this way willrieed

in order to obtain more general conclusions for diversecttine |23
and soil typologies.
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