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ABSTRACT

The weltknown concept of rocking isolation has emerged as a useful way to limit sglamage at the base of
building columns or bridge piers. Since the 1960s, several researchers have presented analytical solutions for the
two-dimensionakocking response of fregtanding rigidstructureshighlighting the key role of the coefficient of
restitution to attenuate the rockingption when impact occurs. Speciplirpose software packages based on the
DiscreteElement Method (e.g. UDEC and 3DE&Inong othejshave been developed tackle the rigidocking
problem At the same time, there hasebelittle progress in modellingne two-dimensionakocking response of
rigid bodies using Finite element (FEpdels which are widely used imanyother structural applications.

The present work focuses on the development of adequate FE models inetted mapose softwardBAQUS

to study thetwo-dimensionalrocking response of fregtanding rigidcolumnsand frames. Assuming a rigid
foundation subjeeid to sinusoidal motions, different rigidolumnsand frameswith varying slenderness and
coefficient d restitutionare examined Additionally, rigid framesunderstrong ground motionare also studied
Generally, a good agreement between the numerical results and the analytical expressions is @hserved.
results suggest that the selection of the amalgarameters, includintpe type oftime stepincrementatiorand

its magnitudeand the mesh sizés crucial to capture the response of fst@nding rigicblocks and frames
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1. INTRODUCTION

The two-dimensionalrocking response of frestanding rigidcolumnsrestingon rigid foundation
under seismic excitation has been studied for more than a cgMine 1885. The benetial
isolation effectsand the attractive concept of the inherent negative stiffiessduced for the first
time byMuto et al. 196D of rocking structures have been widely observed, matdnging a useful
design approacho mitigate damagein vertical elementsHousner (1963)introduced the basic
equations of motion of frestanding rigidcolumns and paved the way for a number of more recent
studies on this topicMakris and Roussos 200Dimitrakopoubs and DeJong 2012among otheds

The dynamic stability of the fretanding column made the concept of rocking very attractive as an
isolation techrque by creating structural framing systems without fixed joints between the individual
members akris and Vassiliou 201 Pimitrakopoulos and Giouvanidis 201&mong othe)js When

a rocking structure starts and sustains a pure rocking motion without overtah@egergy is only
dissipatedduring impact andit can bedescribed analytically byhe coefficient of restitution.The
effect ofimpactdepends otwo factors: (1) the angular velocity justior toimpact Jankowski 200y

and (2)the elasticand inelastic propeties of the interface materiaR6h and Reinhorn 2006
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However, ithas beershownthat the coefficient of restitutiorin rigid body rocking dependsonly on

the slenderness) of the column ousner 196Bandan additional parameter for the symmetric in
height rigid frameo, introduced a the ratio of the mass of the cap beam to the mass of all the rocking
columns Makris and Vassiliou 2033

The generapurpose softwardBAQUS (ABAQUS 6.14 201 provides a broad range of contact
interaction propertiesind has already been used for numerical investigatiomocking problems
(ElIGawady and Dawood 2013ideis 2015 Titirla et al. 2017 Agalianos et al. 201 7among others).

In these studies, elastic or inelasteformablesectionsvere used for the rocking columnshile rigid
rocking hasbeenusually studied numerically with specjalirpose software packages based on the
DiscreteElement Methodlike UDEC and 3DECRsycharis et al. 200®sycharis et al. 201among
others) rather than generglurpose Finite Elemel(EE) software packages suchA&BAQUS.
Thepresenstudyas sesses the feasibility of medelimgthedést and
two-dimensionalrocking response of fretanding rigidcolumns and frameshamely,the nonlinear
implicit dynamic analysis in ABAQUS$ used Selectng the implicit solver is recommended because
the rocking bodies are rigidhis represents a novelty of this work given that previous studies mainly
adoptexplicit analysesIn the ideal case of a rigidolumnon a rigid foundation, the only damping
mechanism directly related to the rocking response is introduced by its impact against the surface
where it rests. Theémplicit solution does not allow to define the coefént of restitution used to
quantify dampingin the analytical methodt is observed thabther analysisparameters seem to
influencesignificantly the dissipation mechanism ahdncethe numerical result§.his work presents
anoptimisation of thee paameterdo obtain a good correlation withe analyticakolution

2.PROPOSED MODELLING PROCEDURE

Generally, ABAQUS provides two different approaches for solvinglimaar problems like the one
considered hereir(1) Explicit analysis and (2) Implicianalysis.Typically, each type of analysis is
appropriatefor a certain class oproblems.Implicit analysisis more efficient for solving smooth
nonlinear problemsvherein response evolves owerelatively long timewhile the explicit approach
is the properchoice forproblemsinvolving impacts that generate fasave propagation. Suatases
are computationally expensive implicit analysisbecausén each iteratiorthe solver handles large
numberof linear equationsAlthough theexplicit analysisis more adequate for impacts related to
rocking, it cannot providereliable resultswhen the bodies are rigid because the wave propagation
velocity is theoretically infiniteHencejn this casenimplicit analysiss recommended

The following sectionspresent the modelling procedutbat was followed in order to capture
adequatelythe rocking response of rigid columns and franiago different members anmodelled
including the rigidbodiesand the rocking interfaces (Figure, paying particular attention tthree
parameterghat were found crucial for the accuracy of the resulsmely (i) the type of the time
incrementationi.e. fixed or automatidii) thetime stepvalue and(iii) the mesh size.

2.1 RigidBodies

The iigid body motion is enforcetb the different membemsith a constraint applied to the deformable
bodies. The centre of gravity of eactemberis used as the reference point ie tormulationof this
constrainto relate the movement of the correspondimgmberto the movement of its reference point.
The column, the foundation and thpeer cap are modelled using-dode bilinear plane stress
continuum elements with full integration (CPS4).whs foundthat using reduced integration
continuum elements (CPRY gives very similar resultsA homogeneous elastic material with
Youngds modul us and Poi s s on O6(ypical aaluesofor eoganete) to
respectively, is assigned to the members. The masthanatary inertia of the rigid bodies, wdh are

the only restoring mechanismsvaived in rocking response, are defined through the density of the
material 2,500kg/m (=2.5tn/n¥). Although this is a distributed mass definition, the rigid body
constraint formulationumpsthe total mass of the m#er at the defined reference point asdigns

the rotary inertiaof the block ad = E(mA?R = 28.MiffdRent values of the materiabensitywere
examinedn a preliminary studynd it was verified that densityas no influence on the rocking rigid
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response ithe FE analysiswhich is consistent with the analytical solution.
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Figurel. A freestanding rocking rigi¢olumnand frame in rocking motion with the proposeddelling
members.

2.2 Rocking Interface

A different contact pair between the corresponding surfaces (founeatlamn and colurmideck) is

used to define the interaction between thasishown in Figure. Due to the naire of the rocking

contact problem in which the rigitblumn carrotate with respect tapivot point thenodeto-surface

contact discresation is selected between the two pivot points andctireespondingsurface The

contact relation between tlaeljacentmembers is with no resistance in tension aiidh ar do cont a
pressureoverclosure elationshipis defined with essentially infinite stiffness in the normal direction

to prevent penetration of the pivot points in the foundatiorther pier cap(master) surface

Separation of the two memberscontactis allowed with the augmented Lagge method in order to

facilitate the solution of the contact problem. Slidbeiween the contasurfacess prevented during

analysisby means ofan infinite coefficient of friction.

2.3 Analysis Process

The implicit Hiber-HughesTaylor (HHT) algorithm Hilber et al. 197y is selected to integrate the
system of equations of dynamiequilibrium The numerical damping introduced by the HHT
algorithmis controlledthroughthe parametethyr. A preliminary analysis showed thearying this
parametemithin its limit values,-0.50 and 0.0, does not affect the response. Consequebly; is

set equal t00.333in this work to provide the maximumumerical dissipatiorio the highorder
frequency noise in the respori{gtiber et al. 197Y. It should be noted thatithdamping was thenly
sourceof dissipationintroduced in this workNo other damping models were utilisadd asin the

ideal case of a rigi¢olumn or frame on a rigid foundation, the only damping mechanism directly
related to the rocking responsalige to the consecutivmpacts Theseintroduce an instantaneous and
discontinuous energy dissipation mechaniassuggestedy the analytical slution. ABAQUS does

not allowspecification of aoefficient of restitution in the definition of contact between surfdwats

an adequate attenuation of the rocking motiaa been observedepending on the analygime step

and the mesh size, as vbl¢ discussed in the next sectiolhss highlighted that the analyses presented
below refer to rigid blocks only, but, albeit not presented herein, the same trends are met for the
corresponding rigid frames; hence the outcomes for the analysis pararapmys to both
configurations

2.3.1Influence of the Type of Time Incrementation

Thefree-standing rigid column witt2H=1.2mand 2B=0.4mshown in Figurel is subjected ta sine
pulse with amplitudéb=0.55gand duratiorilp=0.5s the duration of the rodkg motion is 30s This
numerical model was run with different incremegiintypes (1) fixed time incrementatiowith time
step 103s (for this analysisthe output is requestd in 3000 time steg), and (2) automatic
incrementation using maximutime st equal to 10s. The element size is kept constant and uniform

3



in the entire column, witd mmside square finite elements.e. sidesof 1% of thecorresponding
contact surfacekigure 2shows thehorizontal (x) displacement of thee@tre ofGravity (CG) of the
rigid rocking column The fixed time incrementation yields accurate resthitg are close to the
analytical predictionWith the automatic incrementatiogenerally preferred in nonlinear analysis
because thdime stepadapts to theequirementsof the problem,the rockingresponseshows a
considerable delay in the time instantttog impacs, and this type of phase error builds up with each
impact during the analysi®©n the basis athe resultobtainedthe rest of the analyses are using
thefixed incrementatiomption
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Figure2. Horizontal (x) displacement tirgistoryat theCG ofa rigid column RH=1.2m, B=0.4m) with fixed
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2.3.2 Influence of th€&imeSep

Consider dree-standing rigid columnasshown in Figurel, with 2H=1.2mand2B=0.4m In this case
an initial rotationd,=0.15rad=0.8} whereUis the slenderness of the bloék,applied to the column in
order tostudya differenttype of rockingexcitation the duration of the analysis is increased .@s.4
Three values of the tiriacrementare examinednamely 1, 5 and 10ms, whidorrespond to 4000,
800 and 400 analysis dagtaints The element size is kept consteam#mmin the entire column. The
horizontal &) displacemenat the CG of the rocking rigid column shownin Figure3. The results
show that largertime steps lead toa faster attenuation of the rocking respomsenpared to the
analytical solution, which consequently leads to a significant time delay in the rocking motion after the
first cycles ofmotion However, the smallesime step(103s or N=4000 pointsyields very accurate
results and the response is afiridenticalwith the analyticakolution

The influence othetime stepcan beexplained by examining the energy balance ofritje rocking
system:

EroraL = Exe T Ew T Ecw (1)

where the total energy of the rocking systdfro{aL) equals to the kinatienergy Exe) of theblock
minusthe external workEw) and thediscontinuity world(Ecw). The external workn the blockis the

sum of the stored and part of the dissipated energy due to contact forces. The discontinuity work
gatherghe work done by adact forces which cannot be accounted foth®other energy variables

with a physical meaningAlthough according tothe ABAQUS documentationEcw can have a
significant value without introducingoticeableerrors at leastin this case it is very infiential and the
errorsin the rocking response are significant whesy 5 large asit will be shownin the following

The energy balance in titeo-dimensionalfree rocking response of the column wiitme stejg of 1

and 10mss shownin Figure4.
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Figure3. Horizontal (x) displacement time histaay theCG ofa rigid column H=1.2m, 2B=0.4for
differenttime steps. Free rockingunder an initial rotationle=0.5U.

The external workEw) appears to peak at each impact of the column. The kinetic eff&&gyis also
maximisedat those instances biitis reducel graduallyas the rocking motion continues. This is
becausdt depends on thequare of thevelodty of the column which attenuate after each impact

The impactsalso affect thediscontinuity world (Ecw) and the total energ§Eroral), which are almost
constant between those instants. The large difference in terms of the discontinuity work for these
models reveals the high influence of this energy component on the rocking reapalysés irnthe FE
solution The smallethetime increment the loweis Ecw compared to the other energy sources, which
improves significantly the accuracy of the numdriesultsas shown in Figure.3 his is because for
reducedime steg (e.g. 1m3}the time intervals at which the contact forces after and before impact are
calculated are very close to each other and the
Ecw is significantly large when thigme stepis 10ms whichleads to an unrealisticallyfast attenuation

of therockingmotion
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Figure4. Energy balance of a rigid columPH=1.2m, B=0.4n) for two differenttime ste. The block is
allowed to rocKreely under an initial rotatiode=0.50,

2.33 Influence of théviesh Size

Considerthe free-standing rigid columishown in Figurel with 2H=1.2mand2B=03m. In this case a
sinusoidaimotionis imposed on the foundation sacé with amplitudéh=0.40gand durationTp=0.5s

to idealise an earthquakmilse; he duration of the analysis is 6 Bhree different values of the
element size have been considered, namely 1% (0.003m), 2% (0.006m) and 5% (0.015m) of the
corresponding cdact surface. The fixedme stepin this case is kept constant imns (6000 data

points) which renders the most accurate solufimmthis caseas wasound previously. The horizontal

(x) displacemenatthe CG of the rigidocking column undethe sinusidal pulse isshownin Figure

5. Regardless of the element size the models capture very accurately the uplift of the column during
the excitation and the subsequent attenuation phases of the rowiog The displacements in all
models during the baseotion (from 0.00to 0.5)s) arevery similar. However, during the free rocking
stage(i.e. after the basexcitation ceas@ghe first rocking cycle is significantly longer in tineodel

with the coarsest mesmésh size equal 6% of the base lengthjvhich introduces a timelelay in

the response thatiiscreased at each cyclethe rest of théreerocking motion.
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Figure5. Horizontal (x) displacement time histaay theCG ofa rigid column @H=1.2m, B=0.3n) for
different mesh sizes. Btk subjected to a sine pulse excitation with amplitUeled.40gand durationTp=0.5s

Although no damping sourseare specifically introduced in the model, ABAQUS attenuates the
rocking motion by decreasinghe angular velocityof the rocking blockat eat impact.In order to
compare the attenuation given by ABAQUS and the analytical result, the numerical solution is post
processed and an equivalent coefficient of restitui@his presented ifablel. This is calculatedas

the ratio of the angularelocities after and beforéampact. The velocity before impact is obtained by
linear interpolation considering the fixed time incrementation because in some cases the exact instant
at which impacbccurs is not capture@ds shown in Table. The error (givenn parentheses) is with
respect to the analytical solution. The different models in the columns represent different
discretisations in which the element size is given as a percentage of the contact length.

Tablel. Numerical codicients of restitution at different impacts of a rigid colur@hi¢1.2m, B=0.3m)
subjected to a sine pulse excitation with amplituete0.40g and durationpEQ.5s.

Analytical Model 1: Model 2: Model 3:
- Solution | 1% of Con.| 2% of Con.| 5% of Con.
Surf. Surf. Surf.
Time instant 200 2.01 1.96 2.18
2nd () ' (0.35%) (-2.04%) (8.53%)
Impact Coefficient of 0.91 0.88 0.91 0.90
restitution ' (-3.07%) (-0.11%) (-1.43%)
Time instant 461 4.60 4.53 4.80
6" () ' (-0.11%) (-1.63%) (4.23%)
Impact Coefficient of 091 0.92 0.91 0.91
restitution ' (0.55%) (-0.66%) (-0.55%)
Time instant 574 5.72 5.64 5.93
gth () ' (-0.42%) (-1.71%) (3.31%)
Impact Coefficient of 0.91 0.93 0.88 0.90
restitution ' (2.08%) (-3.84%) (-1.10%)

It can be seen that the time instaatsvhichimpacs occurare well captured, especially the model
with the finer meshHowever the error introduced by the coarseeshin terms of the coefficient of
restitution and the instants at whieachimpactshould happers alsoclear. Although the model with

the finer mesh seesto capture the analytical response sufficiently well, as shown in Figufe
attenuation oftte rockingmotionis introduced by equivalent numerical restitution coefficients that are
not constant for different impacts through the rocking motion, unlike in the analytical solotibe.
following, the finest mesh is considered in the block (i.eslmsize equal to 1% of the contact length)
more details about the coefficient of restitution for the finest mesh raoelgiven in thenextsection.



3. EFFECT OF EXCITATION TYPE ON ROCKING RESPONSE OF VARIOUS SYSTEMS

Two different types obase madbnsare considered in the followiranalysis. The first onis a pulse
type motion in whicha parametric investigatioon rigid blocks and frames of different slendernisss
performed.The secondype of analysisonsiders reakarthquake recordsn rigid framesthat are
allowed to rock

3.1 Pulsetype Motions

A parametric analysis is conducted to examine columns and frames of different slenderneitis, i.e.
different coefficient of restitutiorin each case. In total, four different columaed framesare
consideredwhose parameters are givienT ables 2 and3, respectively The meaning of the geometric
parameters is included in Figure 1. These structures are subjecteditethalseslescribedn Table

4. The results of all columns and frames avagidered in the discussion, however only the results for
Column 2and Frame 2 arndustrated in this sectigrthe rest of the resultwre given irthe Appendix

Table2. Freestanding rigid column parameters.

Column | Height, | Width, | Slenderness Coefficient of
No. | 2H (m) | 2B (m) U (rad) restitution, /r
1 1.20 0.40 0.32 0.85
2 1.20 0.30 0.25 0.91
3 2.00 0.40 0.20 0.94
4 2.00 0.20 0.10 0.99

Table3. Freestanding rigid frame parameters.

Frame | Height, | Width, | Slenderness| Influence of Coefficient of
No. | 2H (m) | 2B (m) U(rad) deck, o restitution, </E
1 1.20 0.40 0.32 5.00 0.80
2 1.20 0.30 0.25 5.00 0.83
3 2.00 0.40 0.20 5.00 0.2
4 2.00 0.20 0.10 5.00 0.98

The freestanding rigid colums have the same dimensiasthe rigid columns of the corresponding
free-standing frames and they are subjected to the same sinusoidal pulses. It is noted that for all the
subsequent numerical mod@&sABAQUS 6.14(2014), the same analysis parameters are used, based

on the outcomegf the analysis process presente@2nin order to get the most accurate results

1 The parameter is set equal te0.333(Hilber et al. 197Y.

1 Animplicit directintegration dynamic analysis with fixed time increment is used.

1 The fixedtime stepvalue is equal to 1% (6000 andB000datapoints for Column/Frame
1,2 and 34, respectively)

1 The element sizis equal to 1% of the corresponding contact surface.

Table4. Sinusoidal pulse parameters used for the-$taading rigid columns and frames.

Column/Frame | Amplitude, | Duration, | Angular frequency,
No. U (9) Tp (s ¥p (rad/s)
1 0.55 0.50 12.57
2 0.40 0.50 12.57
3 0.30 0.50 12.57
4 0.15 0.50 12.57




The displacement and the velocity at thiee CGof Column 2(left) and the corresponding
column of Frame 2 (right) in thieorizontal (x) andhe vertical (y)directionsare presented in
Figure®6. It can beseerthat the analytical and the numerical prediction match almost perfeitiya
small time lag at the end of the analysi#is is also observed for the other columarsd frames
presented irthe Appendix Interestingly in all the numerical modelhe vertical (y) velocityexhibits
some degree of noise at the moment of each imihattis not includedin the analytical result.
Although this noise cabe considerablafter the peak values at each impatctioesnot seem to affect
the rocking responssincethe numerical predictiomatches welthe globalanalyticalsolution
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Figure6. Horizontal (x) and vertical (y) displacement and velocityetinstoriesat theCG of Column 2 with
2H=1.2m, 2B=0.3nfleft) and Frame 2 witRH=1.2m, 2B=0.3mp=5.0(right). The excitation is sine pulse
with amplitudelb=0.40g and durationpF0.5s

Figure 7 compares the analytical and the numerical valueths restitution coefficients

determined for different impacts; the former is computed accordingﬁG(l-ssinZU/
(Housner 1963, while the latteris calculated using the traditional definition of the coefficient of
restitution, i.e. as the ratio of the angular velesiimmediately after and before impact in the
numerical analysisAlthough the calculatedresponseatteruates the rockingnotion with a

coefficient of restitution that is different at each impact, the numerical values are always close
to the analytical prediction and as a result the average difference for Column 2 is negligible
(only -1.45%). However, this mall difference at each impact between numerical and
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analytical prediction is possibly the reason behind the time lag which is detected at the end of
the rocking responselhe cumulativeerrorin the numerical prediction becomes more noticeable
towardsthe end of the analysidn all cases ABAQUS seems to predict the rocking response of-free
standing rigid columnwith sufficient accuracy

1.00 Column 2: 2H=1.20m, 2B=0.30m
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m Numerical Coefficient of restitution

0.75

0.70

Ist 2nd 3rd ath 5th 6th 7th 8th 9th Average

Figure7. Comparison of analytical artle numerical coefficients of restitution for the frsanding rigid
Colum 2 2H=1.2m, 2B=0.3msubjected to a sine pulse excitation with amplituge0.40g and duration
Tp=0.5s

Figure 8 compares the analytical and the numerical value of restitution coefficients
determined for different impactdor Frame 2 the former is computed according to
Ji=(1-3sifU/ 2 +3 0 c os (Makris and Vassiliou 2003 In this case, the differences

between the two values reach up-5% and 8.9% at the7and 10" impact, respectively.
However, ABAQUS corrects this difference as themage difference is only0.30%.

1.00

| Frame 2: 2H=1.20m. 2B=0.30m,y=5.00|
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Figure8. Comparison of analytical and equivalent numerical coefficients of restitution for thetdreting rigid
Frame 2 2H=1.2m, 2B=0.3my=5.0) subjected to a sine pulse excitation with amplituge0.40gand duration
Tp=0.5s

An interesting outcome related to thbility of the softwareo capture the rocking responserigfid

systems derives from Tabfe wherén the minimum, maximum andverage values of the numerical
coefficients of restitution are presented for eaihgle column and frame. lappearsthat the
attenuation of the response in the numerical analysis depends on the slenderness of the column. This is
confirmed by the low Vaes ofthe equivalent numerical coefficients of restitution presented in Table

5, which are lower for less slender columns and frames, which is consistent with the analytical
solution.Apart from this, it can be seen that the average value of the nuhresttution coefficients

tends to the constant analytical prediction in all the considered cases.

Table 5.Comparison of thequivalent numerical coefficient of restitution with the analytical prediétiadl the

cases
Column 1: Column 2: Column 3; Column 4:
2H=1.20m, 2B-0.40m | 2H=1.20m, B=0.30m | 2H=2.00m, B=0.40m | 2H=2.00m, B=0.20m
Anal. Numer. Anal. Numer. Anal. Numer. Anal. Numer.
0.85 0.74/0.95 0.91 0.860.93 0.94 0.881.01 0.99 0.970.99




Column 1: Column 2: Column 3: Column 4:
2H=1.20m, 2B=0.40m | 2H=1.20m, B=0.30m | 2H=2.00m, B=0.40m | 2H=2.00m, B=0.20m
Anal. Numer. Anal. Numer. Anal. Numer. Anal. Numer.

(avg. 0.81) (avg. 0.90) (avg. 0.93) (avg. 0.98)

Frame 1: Frame 2: Frame 3: Frame 4:

2H=1.20m, 2H=1.20m, 2H=2.00m, 2H=2.00m,

2B=0.40m,2=5.00 2B=0.30m,2=5.00 2B=0.40m,2=5.00 2B=0.20m,2=5.00

Anal. Numer. Anal. Numer. Anal. Numer. Anal. Numer.
0.80 0.760.86 0.88 0.8110.96 0.92 0.8210.98 0.98 0.960.99
(avg. 0.80) (avg. 0.88) (avg. 0.92) (avg. 0.98)

3.2 EarthquakeGround Motions

In the last section of the study tfree-standing rigidframe shown in Figurel, with 2H=19.2mand
2B=3.2mis consideredThe influence of th deck(when the frame is conceived as an idealised bridge
system)is taken into accourthroughthe parameten which is setequal to 4.0ln this casehe two

real earthquakegyroundmotiors presented in Table &eimposedhorizontallyat the foundationThe
selection ofall the parametergoincideswith those presented Makris and Vassiliou 201 order to
have an analytical solution to compare with

Table6. Earthquake records used for the tdimensional rocking response analysis of the-ftaeding rigid

frame
Earthquake Record Magnitude Epicentral PGA | PGV
(Mw) distance (km) (9) (m/s)
Kobe Takarazuka/000 6.90 1.20 0.69 0.69
San Salvador Geotech 5.40 4.30 0.48 0.48
Investigation Centre

Similarly with the pulsetype motionanalysis, an implicit diredntegration dynamic analysis using
HHT algorithm {Hilber et al. 197Yis run; the parametekhr which controls the numerical damping
introduced by the HHT is set equal-th333 Consistently with the analysis process presentei®,in
the sane analysis parameters for ttime stepvalug the mesh sizeandUr are selected in order to
get the most accurate resulfthe same analysis parameters are considered in this case, with the
exception of the time step, which is set as 5ms during thedtalysis, which results in 4000 data
points This time stepis selected after a previous sensitivity analysis to obtainbst accurate
solution

The horizontal (x) and vertical (y) displacemexithe CGof thepier capare presented iRigure

9. Forthe Kobe motion, i can beseenthat thenumerical response is close to #ralyticalpredicion,
capturingaccuratelythe peakesponsesalue which is of greatinterestfrom the design point of view
However,the timelag that was detectedfor the puse-type motionsis also observed under real
earthquakes For the San Salvadorecord although the general form of the numerical curve
approaches the analytical one, the tiagis more significanfrom theinitiation of rocking and the
amplitude of thenotion is largely overestimated

4. CONCLUSIONS

Generalpurpose FE software are not generally used for the prediction of rocking response of
rigid blocks. Instead, this is generally studiadalytically or withspecialised softwarbased on

the Discree Element Methodwhich makes difficult their study by engineering practition&rsiew
modelling procedure is proposed herein &@apturingrocking rigid responsén the general
purpose FE software packa@ddBAQUS. Different configurations weranalysedin order to
explorethe potentialand limitationsof the selected packade simulate twedimensionalrigid
rocking response.
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Figure 9.Horizontal (x) and vertical (y) displacement &rhistoriesat theCG ofthe pier capith 2H=19.2m,
2B=3.2m, 9=4.0 subjected tdKobe (left) and San Salvador (right) ground motions

It is shown thatwhen prger values of critical parameters are used, standard general purpose
FE programs likeABAQUS can accuratelycaptue the two-dimensional rockingesponse of
free-standingrigid columns and frames under simple sinusoidal puldéiough no coefficient

of restitution is introduced by the user RBAQUS, the implicit solver is able to represent the
dissipation during rocking. The equivalemimericalcoefficient of restitution is calculated from the
responsdime-history and it was observed thalthoughthis coefficient is not constant during the
analysis the responsenatchesthe analyticalsolution satisfactorily. The FE solution givesigher
coefficients of restitution for slenderer rocking columns, which is consistent with the analytical
solution. Furthernore, real earthquake ground motiongere considered It was found that
ABAQUS fails to capturethe analytically predictedwo-dimensional rocking rigid response

for one of the two casepresented herewhich suggests that the frequency content of the
eartlquake affects the distribution of the impacts during the response and this has a
significanteffect on the accuracy of the resultalthough not presented hereim, dependence
between the frequencgontentof the earthquakenotion and the accuracy of theesults has
been observedwhich possiblyexplainsthe lack of accuracy of the numerical model. Last but
not least it is highlighted that further investigation should be made towards mongplex
rocking configurationssuch as those withupplemenrdl devices like tendons and dissipators,
which add more parameteit® the rockingresponsein comparison with the simple free
standing caseonsidered in this paper
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APPENDIX

Column 1: 2H=1.20m, B=0.40m Frame 1. 2H=1.20m,2B=0.40m, 9=5.00
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Figure10. Horizontal (x) and vertical (y) displacement and velodityet historiesat theCG of Column 1 with
2H=1.2m, 2B=0.# (left) and Frame 1 with 2H=1.2m, 2B=045=5.0(right) subjected to a sine pulse
excitation with amplitudéb=0.55y and duration §=0.5s

Column 3: 2H=2.00m, 2B=0.40m Frame 3: 2H=2.00m, 2B=0.40m, 9=5.00
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Figurell. Horizontal (x) and vertical (y) displacement and velocityetinistoriesat theCG of Column 3 with
2H=2.0m, 2B=0.# (left) and Frame 3 with 2H=2.0m, 2B=045=5.0(right) subjectedd a sine pulse
excitation with amplitudéb=0.30y and duration §=0.5s

Column 4: 2H=2.00m, 28=0.20m Frame 4. 2H=2.00m, 2B=0.20m, 9=5.00
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Figure12. Horizontal (x) and vertical (y) displacement and velocityetiistoriesat theCG of Column 4with
2H=2.0m, 2B=0.tn (left) and Frame 4 with 2H=2.0m, 2B=0n25=5.0(right) subjected to a sine pulse
excitation with amplitudéb=0.15gand duration $=0.5s
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