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ABSTRACT: Highly inelastic foundation response is inevitable in a strong earthquake event. Shalloay f
tions supporting bridge piers or building columns and frame walls may experience sliding and/or u
from the supporting soil or bearingpaity failure. However, such ndimear foundation response may |
beneficial for the overall system performarsiece high energy dissipationccursat the foundation level
thuslimiting the ductility demands exerted on the structural compon€his.paperpresents an experiment
investigation of the rocking response of surface foundations on dry Aazwiparison between centrifuc
tests ancequivalentreduced scale 1glow cyclic testsis presented in orddéo explore theeffects associatet
with thelow confining stresses prevailing at 1g test conditions

1 INTRODUCTION ronment (reduak scale 1g tests). Even thougs r
duced scale 19 testingesisy and economical torpe
Highly inelastic foundation responseiigvitablein ~ form, it is alsofollowed by uncertaintiesassociated
a strong earthquake eveftallow foundations g4  with theinability to reproduce the actual stress field
porting bridge piers or building columns and frameThe low confining stressegrevailing at 1g test ¢o
walls may experience slidingndbr uplifting from  ditionslead to overestimation of the angle sifea-
the supporting sbor bearing capacity failurédow-  ing resistance thereforelg test results should be
ever, this nonlinear foundation response may becarefully interpretedin an attempt tcclarify these
beneficial for the overall sysm performancas n-  uncertaintiescommonly referred to as 'scalfests),
dicated by several research@Paolucci 1997, P&e  this paper presents a qualitative and quantitative
er 1998, Gazetas et al. 200Gajan et al. 2005, comparison of the rocking response of shallow
Harden & Hutchinson 2006, Gajan & Kutter 2008) foundations between centrifuge and reduced scale 1g
Potentially followed by large permaneswil defa-  experiments.The rocking responsef a single d-
mation the above mechanisms may result in highgree of freedom (SDOF) system osguare found-
energy dissipationthusin limiting the ductility de-  tion is evaluatedA series ofslow cyclic tests were
mands exerted on the structural comgrs(Martin -~ conducted in thé&m radius, 15¢-ton capacity ce-
& Lam 2000, Pecker & Pend@000) In the frane- trifuge at the Center for Earthquake Engineering
work of performance based desighe soil-shallow  Simulation (CEES) at Rensselaer Polytechnicidnst
foundation norinear interactionhas been invest tute. The corresponding reduced scale 1g tests were
gated analyticallyNova & Montrasio 1991, Butte  performedat the Laboratory of Soil Mechanics at the
field & Gottardi 1994, Rwolucci 1997, Bransbg National Technical University of Aens.
Randol 1998, Gazetas & Apostolou 2Q04llotey
& El Naggar 20032007, Gourvenec 200Aand &-
perimentally Maugeri et al 2000, Faccioli et al. 2 EXPERIMENTAL METHODOLOGY AND
2001, Gajan et al. 2005, Gajan & Kutter 2008, CONFIGURATIONS
Paolucci et al 200§ Anastasopoulos et al. 2012
Deng et al. 812, Drosos et al. 20)2or several sy-
temsunder static cyclic or seismic loading comd The prototypesystem under investigatios shown
tions in Figure 1. A rigidand elastisingle degree of fee
Experimental studies have significantly conttiou dom oscillator was subjected to slow cyclic lateral
ed to the understanding of the rockimgsponse of loading. Theoscillator was fainded on a square
shallow foundatioa Nevertheless, many of them foundation (B=3m) and the center ohass wasd-
have beertonducted at a low confining stress env cated at h=6.9rabove the foundation leveksut-

' 2.1 Design considerations
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Figure 1. Schematic illustration of the prototype systemer
investiggtion.

ing in aslenderness ratio h/R=3. Two homogee-
ous soil profiles of depth D=1® were considerec
loosesandof D,=45% and a denssandof D,=90%.

1g model in ordeto achievehe desiredFS, values.
The systems on loose samgre considere@s the
reference casaandthe superstructuremass was
justed so that eelatively lowvertical factor of safety
(FSy/=5) wasachievedfor both models The same
models lying on the dense sand profile yielded
FS/=11 (centrifuge soil-foundation systein and
FS/=14 (1gsoil-foundation syem).

2.2 Centrifuge test description

The experimental configuration for the centrifuge
slow cyclic testsis depicted in Figure 2A steel
structure was placed in a rigid contairserd ade-
guate distance from the box lateral boundaries (4B)
was assured inrder to minimize boundary effects.
A 4-degree of freedom iflight robot capable of
performing multiple tasks while the centrifuge is

The prototype system was scaled down according tepinning, was usedin this experimental seriesA

the appropriate cenftige and 1g ling laws A
scale of 1:50 was selected for the céngre tests and
a scale of 20 was selected for the 1g tests. Tae r
sulting geometries are sunarized in Table 1.

Table 1. Summary of centrifuge and 1g modelppro
erties.

Properties Centrifuge Model 1g Model
Scale 1:50 1:20
Footing width B 6 cm 15cm
Location of the

Center of mass 13.8cm 34.5cm
Slenderness ratio h/B 2.3 2.3
Column Rigid Rigid
Soil stratum Sand Sand
Soil depth D 20 cm 50 cm

The vertical factor of safety (k¥ and the sle-
derness ratio (h/B) are key parameters to theimgck
responsef sygems on shallow foundatiompven-

ing the moment capacity, the overturning potential Y custom
and the accumulation of settlement during cyclic Biaxial load cell"®

loading Aiming to alleviate the effect of the low
confining stresses prevailing in 1g testamgaltera-
tive design methadology was followed:Instead of

preserving thanass analogy between the prototype

system and the centrifuge and 1g modile, SDOF

systems were designed in order to preserve aw-anal
gy between the factor of safety and the slenderness

ratio. To this end, baring capacity tests wererpe

formed prior to the design of the SDOF systems. The

surface foundations lying on either tHeose sand
(D=45%) orthedense sand (B90%) were subjd¢e

custom tooffor the robotend effectomwas fabricéed
in order to apply té cyclic load path at the top of the
structurewithout imposing any lateral or verticad-r
strictions to it

A biaxial load cell was carected to the robot
tool and measurd the lateral force irthe loading
and the transvergdirection. The horizontal ander-
tical displacemesstand rotation of the stoture was
captured bya system obn-board cameras and esp
cialized tracking software was used to analyze the
recorded videosnd extract the displacement time
histories Prior to cyclic loading the robot wasised
to level the soil sdace without disturbing thesoil
density The structure wathen preciselyaligned to
the loading axis anglacedby the robott thesped-
fied testlocation
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h=2.3B motion tracking

4B B 4B
3.3B
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ed to displacement controlled vertical push tests Figure 2.Experimental configuration for the centrifuge tests.

The ultimatevertical lcads of the soitfoundation
systems were determinethd the appropriate supe
structure maswas defined for the o#rifuge and the
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Screwjack Nevada sand was dry pluviated in the centrifuge test

container to the desired relative density Dry
Longstone sandf the same relative densiyas la/-

ered in the 1g test containby an electronically
controlled syeem that has beenldaratedto produce

a specific range of relative densities (Anastasopoulos
92 et al. 2010b). The properties of both sand specimens
Dry Longstone Sand are summazed in Table 2.

Since the stress level prevailing in the 1g tests is
low, the shear resistance of Longstone sand needs to
be evaluated at a wide range of stresses. Figure
2.3 Reduced scalig testdescription provides a diagram with the dependence of the angle
of shearing resistance orhet stress level for
Longstone sanaf two relative densities. The ¢
tion angle of Neada sand for three relative densities
at a reference mean effective stress of 100 kPl is a
so shown. The two sand specimens have simila fri
tion angle at similar relate densities at large stress
level. As expected the friction angle of Longstone
sand is overestimated at low confining stress. This
phenomenons expected taaffect the rocking e-
sponse of the 1g system and the comparison to the
centifugetests.

actuator

Figure 3. Experimental configuration for the 1g tests.

The experimentalconfigurationused in the 1g test
series isillustrated in Figure 3A pushoverappa-
ratus fixed to a reaction wall and consisting of a
servomotorattached to a screjack actuator, was
used to apply theyclic load path The free end of
the actuator was connected to the structure madel u
ing a vertical slider and a hinged connectionamnes

in order for the systeno freely settle, slide or rotate
as horizontal displacement was applied. The-hor
zontal load was measured by a load cell insereed b
tween the vertical slider and the hinged catioe.
Horizontal and vertical displacements were recorded Table 2 Summary of soil properties
through a system of wire and laser displacement_ : i
transducersas shown in Figure.3our mechanical SOl Properties ~ Nevada Sand Longstone Sand

jacks wereused to accurately position the structure€max 8'221 8.22‘51
i i i i emin . .
without disturbing the soil stace. o ool 0814
C. 2.35 1.42
2.4 Cyclic load path Gs 2.67 2.64

The SDOF systems were subjectedstow cyclic
loading d increasingateral displacement in order to

evaluate their performance when loaded into their LongstoneSand Nevada Sand
elastic as well as their metaplastic regime. The no 607, —e— D,=80% peak O D=70%
malized displacement (to the toppling disglaent 551" o- D.=45% peak A D=60%
of the equivalent rigid block on rigid basg=B/2) 501 a4 D =80%postpeak D =40%
that corresponds to the center of mass of Isg$h D 459
tems is depicted in Figure 4 T 40;
351
05 30-
251
0.25 A 20 . . - T T :
- 0 50 100 150 200 250 300
x 0 " (kP3
0251 Figure 5 Direct sheatest results for Longstone sartkperm-
ence of the angle of shearing resistance on stress leved-(Ana
05 . - - - - - tasoloulos et al. 2010b)Eriction angle for Nevad&Sand:
0 2 4 6 8 0 12 14 evaluation from isotropically consolidated undrained coisypre

sion tests at reference mean effective normal stress 100 kPa

Arulmoli et al. 1992).
Figure 4. Lateral displacement load path applied at the cente(r )

of mass of the SDOF sgms.

Number of cycles
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Figure 6. Foundation response under sloalicyloading in terms of momembtationand settlementotation for the systems lying
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Figure 7. Foundation response under slow cyclic loading in terms of moatatibnand settlementotationfor the systems lying
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on the dense sand profile 90% and F$=11 for the centrifuge model anB8S,=14 for the 1g model).
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