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ABSTRACT

Numerical investigation of the seismic responsaminverted T-shape flexible cantilever wall inveotlayered sand
soil stratum subjected to horizontal strong groandelerations, is presented in this paper. The s@ope is to verify
the centrifuge results of Mikola and Sitar (2018)dy on cantilever T-shaped retaining walls. Areiface wall-soil
interaction is considered, allowing for separatima sliding. Both in the test and our analysesrs¢vear-fault ground
motions recorded in notorious earthquakes (Kod890, Kobe 1995, Loma Prieta 1989) are employeded bf them
are presented herein in detail: Yarimca, Takaemg Santa Cruz. Results are presented in termscefexation time
histories, elastic acceleration spectra, maximurii mament distributions, and dynamic soil pressu@smparison
with the Mononobe-Okabe method is performed as,walll practically significant conclusions are drawn
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INTRODUCTION: CANTILEVER RETAINING WALLS

A cantilever retaining wall generally consists of/ertical part connected to a slab foundation, evlitis
stability mechanism is based on the action of Haickeil (Figure 1). Cantilever walls restrain agted earth
by the passive resistance provided by the soivb#he excavationThe major advantage of cantilever walls
is their simple construction. However, they are mmommended to use next to adjacent buildingtridts
horizontal displacement limits exist. Control ofelal wall displacements is the major design object
depending on the mobhilization of passive earthstaste.

Cantilever walls, in practice, are designed withifiequilibrium methods. The Mononobe-Okabe method
(1926), an extension of Coulomb’s method, is thdiesst and most widely used analytical method.iveg

the total active thrust acting on the wall by applya pseudostatic inertial force on the soil weddespite

its known drawbacks, the classic pseudo-static Mohe—Okabe (M—O) formula is still the main method
proposed for the analysis of yielding walls. Sitlken numerous analytical, experimental, and nuwakri
studies have been published for the dynamic behadiaetaining walls. The M—O method had been
modified and simplified by Seed & Whitman (1970)iclards & Elms (1979) determined permanent
(inelastic) outward displacements, and Nadim & \Miaih (1983) permanent sliding and rotation using the
Newmark sliding block concept. Veletsos and You(E994) modelled the soil as an elastic medium and
obtained elastodynamic solutions. Several othatiestuhave also appeared, among which: Al-Homoud &
Whitman (1994), Wu & Prakash (1999), Green & El@l{2002), Cameron & Green (2004), Gazetas et al.
(2004), Huang (2005), Psarropoulos (2005), Dako&l&azetas (2008). In parallel, a significant effeas
made in numerical study of seismic earth pressuregntrifuge experiments by Ortiz et al. (19833 &
Bathurst (1995), Zeng (1998), Theodorakopoulosle(Z®01), Nakamura (2006), Madabhushi & Zeng
(2007), Al Atik & Sitar (2010), and most recently Mikola & Sitar (2013).
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The scope of this paper is to shed some light fntalamental aspects of seismic response of caatilev
retaining walls subjected to near-fault ground &gk by numerical verification of the centrifuge
experiments oMikola and Sitar (2013); experiments which will preesented in the following section

Figure 1. Sketches of several cantilever retaining wall aguntations. Their stability is mainly depend on the
weight of the back-fill soil.

Figure 2. The large centrifuge payload bucket at the CemteGGeotechnical Modeling at U.C. Davis.

THE CENTRIFUGE EXPERIMENT

Two centrifuge experiments were performed Ndikola and Sitar (2013pn the dynamic centrifuge at the
Center for Geotechnical Modeling at the UniversifyCalifornia, Davis. The centrifuge has a radifi®d

m, and an available bucket area of 4 as pictured in Figure 2. The shaking table carraipeup to a
maximum centrifugal acceleration of 75Fgr the particular experiments the centrifugal sae¢ion used in
was 36 g. The first centrifuge experiment, namedR01, was performed on uniform dense sand, whereas
the second centrifuge experiment, RO0OZ02, on alayer sand model. In this study, we are interested
verify numerically the results of the second expernt.

The RO0Z02 model consisted of a non-displacing &psld cantilever and a displacing inverted T-shaped
retaining wall. The structures were founded on axipnately 12.5 m of dry dense sand, ® 80%) and
support a dry medium-dense sand backfill €D75%) as can be seen in Figure3. The model sadl avy
Nevada Sand. Retaining structures were construaftdd®061 aluminum platélhe displacing inverted T-
shaped cantilever wall was constructed by a base pind a wall steniGeometry and dimensions of the
cantilever wall in prototype scale is pictured iigufe 4. Ten shaking events were applied to the
model in flight. The excitations examined hereire: ahe Yarmica recorded ground motion during tB89l
Kocaeli earthquake, the Santa Cruz shaking by 889 1.oma Prieta event, and the Takatori ground enoti
of the 1995 Kobe earthquake.



Six types of electronic transducers were employedrieasuring in the experiment: accelerometerainstr
gages, pressure transducers, linear potentiometarsble differential transformer, and load celgith
these devices were evaluated the accelerationeorethining wall and backfill soil, the bendingastis and
deflections, the backfill settlements, and therkdtearth pressures acting on the cantilever wall.

Soil 1
Medium-dense Sand

_Dense Sand, D, = 80%

Figure 3. Sketch of inverted T-shaped cantilever wall vedfie this study, showing the foundation and
backfill soil characteristics.

M—0.34m

Figure 4. Geometry and dimensions of the cantilever wallrimtqtype scale.

VERIFICATION: FINITEELEMENT MODEL AND MATERIALS

A 2-D plane-strain finite element model was conged using theABAQUS commercial code. The
discretization consists of four-noded quadrilatepne-strain elements. As shown in Figure 5,rioelel
includes two identical walls, one opposite to tlikeo, to ameliorate the lateral boundary effects]
examine the effect of the inherent asymmetry of abeelerogram (“polarity” effect) in a single dynam
analysis (Gazetas et al. 2009, Garini et al. 20ht¢rface between wall and soil appropriately niedes
tension-less but frictional; it is simulated withegial elements that allow both separation andngjjdhe
latter controlled by coefficients of friction. To capture radiation damping, normal and shéscous
elementVs andpVp (per unit area) are placed at the vertlmalndaries between the soil domain and the
vertical free-field columns which are introduced esch side in order to have proper transmissionpef
coming waves thus, avoiding the box effect.



The geometrical limits of the model are 60 m betlgéadh wall. In order to avoid any interaction betwéhe
two walls, they were placed at a distance of 50 he soil properties are: (i) for the retained sojl= 1.695

Mgr/m®, E; = 450 MPayp, = 35, y, = 5 and G = 2 kPa; (i) for the foundation sojs;, = 1.695 Mgr/mi, E, =

675 MPag, =425, y, = 12.5 and ¢ = 3 kPa. The wall is made from concrete and itsals®r presumed to

be elastic. The coefficient of friction js= 0.34 between the retaining wall and the fourtatind backfill
soil.

Soil behavior is described by a refined soil matkleloped by Gerolymos et al (2006) and Anastadopou
et al (2011), utilized through a subroutine attach® ABAQUS. It models the nonlinear soil inelasticity
through a simple kinematic hardening with Von Misasure criterion and an associative flow rule.eTh
evolution law consists of two components: a nominkinematic hardening component describing the
translation of the yield surface in stress spand,an isotropic hardening component which defihessize

of the yield surface as a function of plastic defation. Details and validation of the model carfdaend in

the afore-cited references.
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Figure 6. Geometry of characteristic points where our analssults are focused. In those points,
accelerometers were located in the centrifuge éxyet. The nomenclature is the same with the one of
Mikola & Sitar (2013) report.

VERIFICATION: RESULTS

The verification is performed in terms of accelemnatime-histories (and their corresponding elasgiectra),
maximum bending moments of the wall, and soil presssimehistories. All results are presented imteof
prototype units and they refer to five characterigpbints shown in Figure 6. The nomenclature @sth
points is the same with the one in the report okdli & Sitar (2013). For the sake of brevity, ory
minimum of all the parametric results are preseedw. Figure 7 illustrates the acceleration tirsthies

in points Ag, Ay, and A, induced by the Takatori excitation. The blackddile corresponds to centrifuge
and the red solid line to our numerical analysise Very good agreement between the experimenthaend t
analytical response is evident. Not only the maxara captured but also the smaller details of tb&am.
Also, the frequency content of the accelerogramepsoduced as well. The agreement of the frequency
amplitude is portrayed better in terms of respasptra in Figure 8. Either at the wall pointsAA\.g) or
the backfill soil (As, Ass, Ass), NUMerical response is very close to the experiati@ne, and this is true not
only for the Takatori excitation but for YarimcacaBanta Cruz too.
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Figure 7. Comparison of acceleration time histories at tlufegracteristic points. In black is pictured the
centrifuge experiment results, and with red thdydical ones. [Excitation: Takatori]
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Figure 8. Acceleration response spectra at the charactepisiints: with red the analysis results and with
black the experimental data. [Excitation: Takatori]
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Figure 9. Comparison of dimensionless bending moment of thié ¥a) for the Yarimca, (b) the Takatori,
and (c) Santa Cruz excitations.
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Figure 10. Normal soil pressure, p, time history 2.5 m belbe top of the wall. Excitation: Takatori.

So, in the microscale of soil/structure point agrert is achieved, but is this valid in the macrpscdevel
of the whole system? To answer this questiondisigibution of maximum bending moments of the ieait
part of the wall from the centrifuge experiment@npared with the numerical response. To this Eiglire
9 depicts the comparison of the dimensionless bexlding moment, MH?®, with depth over wall's height,
z/H, for all three studied ground motions. The oérde data are plotted with the yellow diamond st
line and the F.E. results with the red solid limeall cases, the comparison between the experiamhthe
numerical analyses is satisfactory. No large digessare observed and the trends are quite the. same



However, not all of our results were in agreemeith the experimental ones. A consistent discrepascy
noticed in the normal soil pressures, p, and amela can be seen in Figure 10. Notice that experiate
response with the black line is strongly one-sidethct difficult to interpret. Fortunately, botan@alysis and
experiment) start from the same initial soil pressof 12 kPa which corresponds to the geostaticlition.

It has to be mentioned, that in the experiment m@ksures, p, werecorded by pressure sensors and were
filtered using a low-pass Butterworth filter to ve# noise. In the experiment report, Mikola & Sistaite
that the pressure transducers, employed to measin@e a manufacturer stated frequency response up
100 Hz,which is sufficient for static earth pressures thay have difficulties to capture dynamic earth
pressures because centrifuge scaling requiressarseith at least 500-700 Hz frequency sensititatyully
record dynamic earth pressures. Maybe this is soreaf the experimental versus numerical soil press
difference.

CONCLUSIONS

The paper verified numerically the seismic resparfsa typical cantilever retaining wall comparirtgein
with experimental centrifuge results conducted bikdid and Sitar (2013). 2-D analyses were conducted
and the response of the retaining wall was invastid) for the Takatori, Yarimca and Santa Cruz gidoun
motions. Agreement was obtained for detailed acatita timehistories at several characteristic fgoif

the wall and the backfill soil and for bending maraelistribution. Yet, the soil pressure timehistgri
presented substantial differences between the sinagnd the experiment, mainly due to the pressure
transducers frequency limitation.
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