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10 ABSTRACT
11 The governingequationof motion for bridges with rocking piers of unequal height and unequal span lengths
12  arederivedaccounting for the effect of end joint gagrsithe abutmenbackfill system Theattenuation of the rocking
13  motion stems from the impacts at the rocking interfaescribedhroughthe coefficient of restitutionand alsdrom
14  the impacs (pounding)of the superstructure on the abutment baclsvdlhis is the first studthat combines both
15 energy dissipation sources in thralytical derivatiorof the equations of motion. The resultisresponsenistory
16 analysis of bridges with differentvels of asymmetry in their pier height show that the performandmthf the
17  symmetric and asymmetric configurations is very similith regard to longitudinal displacementdthough the
18 studied bridgesafelyresisted ground motiongith an intensityabouttwice that ofthe desigrearthquakesegardless
19 of the degree of asymmetiywas found thathe higher the difference in thgier height thelargeris therotation of
20 the superstructure due to the differential uplift of the piarpoint that hato be addressed seismicdesignfor
21  rocking response
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INTRODUCTION

The seismic response of structures with rockiiggsis characterizethy a sequence delf-centeringrigid body
rotationsthat are combined with dissipativémpacts each tim¢he structure returns to thariginal position of
equilibrium, and it continuesntil the total energy is dissipated through these imptiitssystems characterized by
ahighly nonlineatbehavior.The first systematistudyon the topiavaspublished byHousner {963 whodeveloped
a simpleanalyticaltwo-dimensional 2D) modelthat has been extensively valida{Bachmann et a018 Thomaidis
et al. 2018andCeh et al. 2018 Thereaftera number of studies have addressed the dynamic response of rocking
columnsandestablishedhehigh stability of this simple configuratiofseei.a. Makris and Roussos 200@akris and
Zhang 2001Dimitrakopoulos and DeJong 2012assiliou and Makris 2012, Acikgoz and DeJong 2014, Vassiliou
and Makris 2015Makris and Kampas 201&hierssMoggia and Malag-Chuquitaype 2018)

Other authors studied threeismicresponseof frameswhereinthe columns have the same section (both in
elevation and crossection)and height, ags common in ancient monumerfiee i.aPsycharis et al. 2000, Drosos
and Anastasopoulos 2014Makris and Vassiliou (2013) developed the Equation of Motion (EoM) of a beam
supported on aimfinite number ofequatheightcolumns(symmetric or regulaconfiguratior), as well as the energy
dissipation at the impactéthe rockingnterfacesusing the conceif the Coefficient of RestitutiofCoR). However,
real bridges usually have piers of different heights to accommodateptwdphyof the site. To account for this
DeJong and Dimitrakopoulos (2014) abinitrakopoulos and ®uvanidis(2015)studied the dynamics of a frame
supported on two rocking columns wihme sectiobut different heightasymmetric or irregulaconfiguratior). In
both studies the concept of CoR waiized for the impact at the rocking interfac@fhese workslo not addresthe
effect of the abutmeriackfill system, which was fourtd besignificantin the rocking response of symmetric bridges
by Thomaidis et al(202() duenot onlyto thelongitudinal constraint to the deck movemdnit alsoto the vertical
impacts between the deck and the abutment deditstent failure modes were observed in the response of rocking
bridges when the effects of the abutrmkatkfill are considered, butotthe authors’ knowledge this has not been
considered iranalytical studies dfridges with unequal pier heights. Developing the EoM and exploring the seismic
response of asymmetric/irregulacking bridges is thaim of the present study.

The dynamics basymmetric bridgewith two rocking piers of different heiglatre studied here by extending
the analytical moded of Dimitrakopoulos and Giouvanidis (201&hd Thomaidis et al. (2020&) account for the

abutmentbackfill (not included in the former study) and the pier asymmginy addressed in the lattehe EoM
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accountdor thedifference in the spanthepresence oénd jointsard thelongitudinal and verticadffect of thedeck

support at the abutment sedthe CoRin this general case is derivéalowing the ‘classical impulseformulation

but incorporating anew inherent energy dissipation mechanism to describe the impact of the superstructure on the
abutment backwalby means of an additionaCoR. The proposed formulation is used to analyze response of
asymmetric rocking bridges subjecthigh intensityground motionsand it assesses their seismic behaviour with a

view to establishing the effect of asymmetryacking bridges

ANALYTICAL MODEL OF THE ROCKING RESPONSE OF ASYMMETRIC

BRIDGES

This section presents an analytical model to describe the longitudinal rocking motion of straight bridges
supported by two piers with the same section and different kemmlat by seatype abutments, accounting not only
for the vertical support at the abutment seat, butfalsihe activation of thabutmentbackfill system when the end
gap closesFig. 1lillustrates the generdridge configuratiorat the atrest position subject to a horizontal ground
acceleration historyy The deck consists of a continuous box girder section with @aptnosssectional aredgeck
andtotal lengthL«: = 2L1 + L, with L, andL;being the side and central spans, respectivélg.deck is free to move
longitudinally until the joint gap between one of its ends and the abutment is (Ugget this instant, an impact on
the abutment backwall with heighny occurs The superstructure is supportedfoctionless sliding bearings at the
DEXWPHQW V khatdal a¢cdhGdate the -@md-down (cyclic vertical) motion of the superstructuttds
selectionis conservative in the context af performance assessment considering that the superstructure is not
restrained andherefore, the prevailing failure mode of the abutrttkfill system (see discussion below) can be
activated more easilyrhetwo freestanding rocking piersave a widtt2B and unequal heigh®H; and2H, for the
tall and short pierrespectively. The sendiagonals othe piers are given bR = 3,2+ B?andR. = 3.2+ B,
while the slenderness parameters a = tarr'(B/ H;) and ., = tan*(B/ H,), respectivelySpecial grooved caps are
introduced at thbottom and the top surfaces of both piers to allow free rocking on the base (pivot pe#irfte he
tall pier and GC for the short pier) and the deck interfagasdt points BB @and DD & Two additionalparameters

areusedin theanalyticalformulation of the asymmetric bridge rocking motion, namtbly distance between the pivot

points of the piers at the foundation le2elc= ¥(2H; F 2H,)?+ L;?, and the angldetween this lineand the

horizontal 3c = tam®((2H; F2Hy)/ Ly).
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Fig. 1. Schematic of an asymmetric brid@ the atrest positioh supported on two rectanguer-elevation free
standing rocking piers, and frictionless sliding bearings at the abutment seats.

The following assumptions are adopted to formulate the rocking motion of the asymmetric bridge structure
x The rocking motion is constrained within the plane of the bridge, thus ignoringdinneasional(3D)
rocking response (Chatzis and Smg@12a, Vassiliou 2017).

x The deformability of all structural members is ignofadid body dynamics), without a significant loss of

accuracyas shown i.a. by Agalianos et @017)and Thomaidis et a{2020b).

X The piers are designed to rock freely on the foundation (piveAsahd CeC) and the deck interfaces (pivots

B-B and DD §, without sliding at the initiation of movemeiats shown for frestanding rocking columns

by Taniguchi(2002) and throughout thentiremotion. This can be achieved by means of grooves provided
on the top surface of the foundation aatdhe ®ffit of the deck, and it prevents slideck movement
(Taniguchi 2002and Jeong et al. 2003).

Fig. 2A, Billustrate the rocking motion of the asymmetric bridge for couciteckwise (positive, superscrip} p
and clockwise (negative, superscnptotations, respectively. The effect of the abutment and the backfill at each end
of the bridge is modelledith a Kelvin-Voigt system ¢pring k) and dashpofcj elementsn parallel).

Despite theapparentomplexity of thelongitudinal rocking motionit can be described by a single Degree of
Freedom (DoF). This is selected as the andiern3ed between the horizontal ax)) and the diagonal of the tall
pier (starting from the pivot point at its base). Consequentlyetagve rocking rotation of the tall pi€ry) is given

by the following expression

1 LA (1)
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where Iq_p/“

= @ O .1 represents the angle of the tall pier diagonal with respect to the horizontal atréise at
position. It is noted that the diagonal that is required for determlbfrayd is different depending on the direction

of the movement and, thereforeisitdetermined in each case by the pivot points that drive the rocking motion of the
tall pier, as shown in Fig. 2. This is described mathematically by means of the double sign op@ratith the top

sign referring to positive relative rotation of thiers and vicesersa for the bottom one.

Ltot

(A)

L1 L2 L1

(B)

Fig. 2. Schematic of an asymmetric bridge with rocking piers during rocking motion. The structure sustains (A)
counterclockwise (positive) rotation of the piers, and (B) clockwise (negatdtajion of the piers.

Similarly, the rockingrotationof the short pier isz = %p F 3 " where :}p’”

= B @ .,is the angleof this
pier at the atrest rotation. With this notation the dependent varidbigis a function of the geometrical properties of

the rocking configuration
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whereBC= ¥(2R:)?+ (2rac)? F8R: - rac - cos(3 F 3c) is thedistancefrom point B to point Gor from B4o C), as
shown in Fig. 2Due to theunequal heightf the piers, the deck is forced to have a translational movement in the
longitudinal and vertical directions (along the X and Z axes, respectively) that occurs simultaneolsiyotational

movement (about the Y axis). The rocking rotation of thek de

1 Rsin 3,csi0 5 53inp 8

®3)
RCOS 3ac ClB pc  2XOScpE

deck tan

The longitudinal ) and the verticaMj relative displacements of ti@entre of Gravity CG) of the tall and the

short piers are expressed in terms of the [3aB

CcG cG -
upier,l RICOS 8 and Vpier,l Rlsm 3 1 (4)
cG cG -
Upero FoCOS op B and  Vperz FoSIN ¢p 3 5, (5)

and the corresponding displacements of the CG of the deck are
CG /n /n 2
Udeck 2 Rl cos 3BpD dos deck IFB)D # ‘%Z_ and

CG ; p/n g p/n
Vdeck 2R,_Sln 3BD dih deck BD 2 1% , (6)

wherein, ashown in Fig. 2 er,/D” = ¥+ (L2 @B)is the length of the segment that connéloesupperpivot of

the tall pier( % « B With the CG of the deck, aneﬁ;‘ = tar'(h/ (L. 2 @B)) represents its angle with respect to X
The convention for positive displacements is showkrign 2

During the free rocking motion of the system, the translational masses of thiertéiiyier1 = 8! - B2 - Hy), of
the short pier fyier2= 8!- B? - Hy) andof the deck ffeck= 2! - Adeck Liot) teNd to restore the bridge to therest
position. Additionally, the rotational masses of all memlvath respect to the Y axigesist the induced rotational

movementccording to their corresponding rotational inerl 55 1, 1 5ig 2 andl G5y

Initiation of Rocking Motion
The principle of virtual works is applied the asymmetribridgeat the onset of rocking under a lateral ground

accelerationugmin that isthe minimum valueapable of inducing uplift in the system
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mpier,lug,min/%i%r,l IE))ier,Z g%nin %,2 defk) gnirx Coclaec./kX

: (7)
mpier,lg/gi(é;r,l Eier,zg (/;:)%’2 deElg Cdié

where lUSS, 1, NSS4, IUSS o Noer o uGsyand NS arethe partial derivatives dEgs.(4) to (6) with respect to the

DoF of the system3 Substituting the relative rotations of the piersand ;) into Eq.(7) and by tking into account

that the rocking motiomitiatedat this instant, henca = 2= geck= 0, Eq.(7) is simplified to

mpier,l rn;:)ier,Z_h r”&eck 1 _h 2_b _h#la r

Ug, min gtan 4 r oh — 2 - gtan ;. (8)
mpier,l mpier,z 2 Myeck Hi h#1 ]« r
1 |

wheret$= H; tH, is a ratio relating tehe level of asymmetry in the height of the piers, afd B o, Unlike
in the case of symmetric bridg&xy. (8) shows thafor asymmetric bridgetheinitiation of rocking occurs for different
values of theground accelerationugmin depending on the direction of motiamhile the constant is influenced by
thegeometrical characteristics of the system; it is noted that the latter was found equal to 1 for regular cordiguration
independently of the geometry of the system (Thomaide. 2020a) In orderto explorethe effect of asymmetry
through the parameterin the value ofigmin, Fig. 3 compares the values ugnin Obtained using Eq8j for different
levels of the pier asymmetryhe bridge considered in tlmalysishas lengthio: = 2L1 + Lo = 2-38+ 60= 136 m,
and the superstructure consisfa simplified singlecell box girder with dept®h = 1.7m, and crossectional area
Adgeck= 6 m2 The bridge has square piers with wi@B= 2.6 m, height of the tall piePH; = 26 m and a height of
the short pieBH, that ranges from m (= 6.4) to 26 m (= 1) to evaluate the influence of the asymmetryi@ain.
The results show that the higher the asymmetry in the height of the rocking piers, the stronger the ground motion
should be to initiate rocking motiothe minimum ground acceleratidimattriggers rocking in thebridgewith piers
of very unequal heigl‘(ﬁz 6.4, ugmin= 0.359 is 3.5 times largethan theground acceleration limiior the same
bridge with piers of equal heigﬂiB: 1, ug/min = 0.10g) We note thathe value of in Eqg. (8) is always greater than
1, andthe results included in Fig. 3 indicate titancreasesvith K particulary for asymmetric bridges witt> 2.
This indicates thatlesigners could potentially delay the initiation or rocking, or even prevent it for moderate
earthquéies below certain intensity, if it is possible to reduce the height of the shortest pier while keep the tallest

unchanged. Further studies in this direetare recommended in order to propose design recommendations
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Fig. 3.  Minimum ground acceleration to initiatecking motion(ug/mir) for bridges with rocking piers of different
degree of asymmetry, accounting for the influence of the short pier hélghtResults obtained for
constant deck mass aambsssection in theall pier.

It should benoted that Eq. (8) reduces to the rocking initiation acceleration for symmetric bridges given by
Thomaidis et al. (2020a) whé#= 1. Moreover the value ofigmin in @asymmetric rocking bridges is identical to that
reported by Dimitrakopoulos and Giouvaisig2015)for asymmetric framesecause the longitudinal and vertical
rocking effects at the abutme(eglected in rocking frame modelshly appear after rocking startghen the

superstructure contacts the abutment backwall and impacts at the abutment seats, resfécivalgi¢ et al.

2020a)

Equation of Motion during Rocking
Considering that the ground motion is strong enough to initiate rocking of the bridge in(ifég.max(lgf) >

lugminl), its response can be described by the energy balance using Lagrange’s equation

d T&8w T -V
B @ ©

dt  &w °1
where T, V and Q are thekinetic energy, the potential energy and the effect of ibe-conservative forces

respectively The kinetic energy of the system with respect to the corresponding CG of the msmbers

Tl G 2 62a1|ce 2&3 CGPZJ CG 2
2mpier,1 pier,1 pier,1 o pier,1 2 pier,2 pier,2 1/, pier,2

, (10
1 |C_G 2 3 i %{5 2 CG _1 CG
2 pier,2 CD 2 deck eck de 2 deck deck

whereu§s, 1, VIS, 1, UES, o, ViSro, @ andviarethe first timederivatives oEqs.(4) to (6), respectively, while the

angular velocities of the short pie8 = Hand the deck (&) are
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By introducingEgs.(11) and(12) into Eq. (10), the total kinetic energy of the systevith respect to the active

pivot point(as explained belowgf each membes

2 5 a
£| Pjvoi _1| F{ivot2 CD.§ _1| giv&t v deck «
2 pier, 2 pier, > ec V3
! © % z, (13
/ / §(
Myeck 2 RZ 2 R é)Dn cos 3 deck EED” _nggV\eBLk(é;

whereinl ;‘gs} = 4 Myier, - R? 8 is the mass moment of inertia of thth pier with respect to one of iottomcorners

pivot point)that drive the rocking motion, with= 1,2;1 5¥% = | S, + myeck: 12" 2is the mass moment of inertia of
decl dec BD

the deck with respect theactive pivotpointsat the deckpier contacts
The potential energy components that describe the graffitcts {in) and the elastic spring forces the

abutments\{,s) are

G G G
Vin g mpier,l\Fpier,l n‘bier,z \%ier,z Meck eo?e , (14
v 0 ° y |L{1Ce%k| Ujo a9
s 1 G ® i .
E k Lﬁeck r uJOa—| = |Ué:e%k| t UJO

The total potential energy of the freanding asymmetric systemVis= Vi, + Vas. It can be obtained by
introducing Egs. (4) to (6) iBgs.(14) and(15), but it is notincludedhere for economy of space.

The total effect of thegeneralizedorcesis Q = Qin + Qaz, With Qn = "Wih 87 3andQaq= "Wag & 3given by
the variation of the virtual workWi, = Fug [Mpier1 - USS 1 + Mpier.2* USS 2 + Mueck: UGSy) and Mg = Fc - Uy
[uSS,+ uy], respectively. Substituting Eqg) to (6) andthe first timederivative of Eq. (6)n the expressions of the

generalizedorces
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n . n Wy
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w a?
196 Quq 4cR sin 3PMdin o &0 —oth (17)

197  in whichr &= rp/“ PR,

198 Introducing Eqgs(13) - (17) into Eq.(9) yields the EoM for theasymmetriaockingbridge
frame system
g R T8 /3 332 inf /g 83y 4 3'1
Ti1 > f1 7 1l >
199 "9 o¢ . (19
abutment backfill contribution
§ adf § °3
9q Vel c &
R © Tfl 37 1 /e 15
200  where
201
| Pivot | Pivot §2 3 a Pivot | 2.
202 T, 3 plezrl pier2  cD S By ¥ 8—p/n ths foq 3 B deck gy dezcl:k degk
R 3 © - Ry, w8
coS 3 p/n :i'@deck 2
|P|vot %3 deck BD V\g «
T per2 _ coWScp 4,4 W&?p/n U «
f2 R_]_ ) V\BZ de W k§«
203 Sin 3 ek DO —odeck 7 —_deck
B o
Pi 2
lgock  deckV° deck w
R w w&

= / /n VB
204 Vinf 3 pieriD 2 decli.cﬁs pier,2 SCOS(% = ?1,24 deck_?’p " cos deck PI‘B»)Dn _g&k

. - . /n VB
205 anf 3 pier,P 2 deckal.SIIH pier,2 3sin CPD @4 eck_3 sin deck I:IgDn _@C_k
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208 Qadf 3 pier,P pier,2 B deckz: sinP —pin sin g’eck /Dn %‘1 )

209 andR& R,R;. The EoM described iEq.(18)is composed of twparts the first one frame systefhdescribes the
210  motion before the deck contacts the abutments in the longitudinal direfefi§igl € ui), whilst the second term
211  (‘abutmentbackfill contributiori) is only active when the deck contacts the abutments longitudinaff§,( R uio),
212  and it describes the constraint of the rocking motion of the frame due to the presence of the -blackfikistystem.
213  This second term has a significant effectthe seismic response of asymmetric rocking brid@eshown belowf
214  there is no contact between the superstructure and the abutments at the ends of thgSgecki), the spring
215  stiffness k) and the dashpot coefficient) (of the end supports areglected and the EoM reduces to that of an
216  asymmetric frame without end restraiats presented bimitrakopoulosand Giouvanidis 2015. Moreover Eq.
217  (18) coincides withthe corresponding EoM for symmethddges presentetly Thomaidis et al. (202 for the case
218  of tworocking piersvith same height$= 1 andmyier1 = Myier,2). I this contextthe proposed EoM is a generalization
219  of the aforementioned works.

220 The effect of the abutmenbackfill systemon the longitudinalrocking response igdlirectly linked to the
221  parameterqg = 4R1 9 - [Mpier1+ Mpier2+ 3Muecd, and it is beneficial as g 1. In order toexplore this effect, we
222  consider a typical bridgeith squarepiersof dimension 2E= 2.6 m and height of the tall pieH2= 26 m, thus
223  resulting inMyier1 = 44-10* kg, and a deck massieck= 200-10 kg. Fig. 4 plots the value of ayith respect to the
224  mass of thelwortpier (myier2), Which is obtained by changing the height of this memn(@et,) from 26 m (symmetric
225  casel$= 1) to 5.2 m(asymmetric casdP= 5). It is seen from Fig4 that bridgesn whichthe mass of the shapter
226 is much smaller than that of the long die., with a higher level of asymmeixyhavelarger interaction with the
227  abutmentbackfill systemdue to the reduction in the total mass of the system. However, the difference between the
228  two extreme casds only 4% which showsthatthe contribution of the abutmehackfill systemis notsignificantly

229  affectedby differences in the height of the pe

11
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Fig. 4. Influence of the abutmetiiackfill systemg) in bridges with rocking piers of different degree of asymmetry
expressed bthe mass of the short piemge, ,). Results obtained when the tall pier section and the deck
mass are constant.

Impact on the Abutment Backwall

When a bridge starts rocking as describe&y8), the term of the EoM ikq.(18) that is related to thdrame
systerhdescribes theime-history of the angle of rotation3 of thetall pier before the deck is in contagith the
abutmentslf the joint gap is closed|uSS,] = uj), the deck impacts on the backwall of one of abetmens. THs
impact dissipateenergy instantly, and subsequently the structure either behaves as a frame system in a free rocking
motion described by the first part Bfj. (L8) (i.e., ‘frame systetif the dissipation is large enough and the ground
motion decayspr otherwiseit continuesactivaing the abutmenbackfill system and the tiristory of angle of
rotation is described by both partskxf. (18) (i.e., ‘frame systehplus ‘abutmentyackfill cantribution’).

The pounding problem is modelled using several concepts (e.g., Muthukumar and DesRoches 2006, Shi and
Dimitrakopoulos 2017), the key idea being to capture the attenuation of motion whenever an impact between
superstructure and abutment taldece. The preserstudy adopts the stereomechanical approach’ based on the
conservation of linear momentum in the normal direction, as described in the study of Muthukumar and DesRoches
(2006). This approachtilizes theCoR (e) to describe pounding. Fi§A illustrates the superstructure of the rocking
system jusbefore impacting on the abutment backwall with a longitudinal velu@(,, while Fig.5B depicts the
postpounding condition where the superstructure moves longitudinally, either towardsekepadsition or towards

the abutmenbackfill systemwith a decreased value of longitudinal veloa:j@k,,.

The prepounding and pogtounding longitudinal velocities of the superstructure are relattdl@ass

G a

O, S, 3 e@ - a9

Lf~nabut Myeck ’
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wheren maput. = s Ler. - Babut. - how refers to the mass of the backfill related to the mass density of thelgsaihé

lengthof the backfill soil that is expected to resist the impact of the superstructure on the abutment blagwaa! (

well as the widthBanu:) and the heightgy) of the abutment backwall that represent the contact surface between the
deck and the abutnt. It is noted that this definition ol is valid for seatype abutments withsacrificial
backwalls; when this is not the case, a larger mass of the abutment will resist the deck impact (through passive
pressure), and in that cabe proposed Vlae is on the safe side. Introducing the first tidezivative of Eq. (6) in Eq.

(19) gives the ratio of the angular velocities of the tall p&§ %36 to describe the pounding effect in the abutments

of asymmetric bridges with rocking piers

(A)

cG

cG

(B)

cG

CG

Fig. 5. Schematic of the pounding problem considered in the rocking motion of an asymmetric bridge with rocking
piers, including (A) the prpounding state with a longitudinal velocity of the superstrucﬂﬁgh and (B)
the postpounding state with an assatgd deck velocitylﬁim.

(20

“%ecékn & m, '
T 1 3t e@ 20t
l‘%e%lgl & 3 abut deckF

Thus, when the superstructure impacts on the abutments, the angular velocity ofptiee véll be reduced

according to Eq.20).

13



268

269

270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292

293

Impact at the Rocking Interfaces

During the rocking motiorwhen the structure returns to therast position (1= 2= geck= 0 Or 3= 3{””)

impacts at the rocking interfaces occur, thidissipating energy.This is described by means of a CoR

= | 3p r34 thatrelates the independent variable of the angular velocity of the tabgfere and after impa¢t36
and 36, respectively. An impulse formulationis adopted herghat extends the worlof Dimitrakopoulosand
Giouvanidis 2015) by ircorporatingn the formulation the effect of the abutments acting as vertical supports, as well
as the length of the end spahg)(This is based on thfellowing assumptions

X  The eversal otherockingdirectionat each impact at the rocking interfaces takes place smpwilttiput
bouncing or slidingTherefore, the angular momentum is conserved just before and after the impaist. This
strictly valid only for slender piers (Cherp07) and for largealuesof the mefficientof friction (Di Egidio
andContenta2009).

x  Theimpact forces are concentrated at the corresponding pivot points (HA@G8r thus ignoring the
potential migration of the resultant force towards the cewitéhe pier base due to an extended contact
surface (Kalliontzis et aR016)

and trese assumptionsave been found accurate in the study of Bachmann(@04B) who showed that the analytical
model of Housner (19633 capable of capturing experimental results in a statistical sense.

Without loss of generalitylet the displaced position of the bridge change from cowtdekwise (positive) to
clockwise (negative) as shownkhig. 6. Considering that additional reaction forces (or impulses) are developed at the
abutment seats compared to the corresporabggmetric frame without abutments, there are seven unknowns that
need to be determinedihese ar¢he impulses axand a-atpivot A of the tall pier, cxand ¢, atpivot C of the
short pier, ¢; aswellas ¢, DW WKH WZR DEXWPHQW VHDWY ( DQG (¢ UHVSHFWLYHC
pier after the impact at the rocking interfac#sHowever, only five equations can be used to describe the impact
problem. For this reason, two additional relationshigtsveen the impulses at the abutment seats and those at-the pier
deck interfaces are introdugdzhsedon thefraction of the weight othe deck that is resisted by each support of the
bridgeunder gravity loading

L

E,z™ m B,z» (21)
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294 v . 22
E'.z L+L, D,z (22)
~‘?tD ~‘?tD
"3 "3
295 (A) (C)
296 (B)
297 Fig. 6. Schematic of the impact problem considered in the rocking motion of an asymmetric bridge with rocking
298 piers that (A) undergoes courrelockwise (positive) rotation with an angular velocity of the tall (gér
299 (B) impacts at the corresponding pivot pojretad then reverses to (C) clockwise (negative) rotation with
300 an angular velocity of the tall pieg.
301 Introducing the conservation of linear momentum before and after impact at the rocking intddfagehe Z

302 axis for the talland the shorpiers into Ecp. (21) and (22), respectively, establishes the relationship between the

303  impacts at the abutments-EEy and those at the base of the piersQpA-

I-1 a
304 E,z L+l Az mpier,lB 8f 38ﬁ - (23
1 2
! Bh & 3§ 2
305 ez T Gz MpeeBN & 3§ 2. (24)
1 2
306 Eqgs.(23) and(24) reduce the unknowns of the impact problem from seven to fivg ( o» cx czand 39,

307 and the following equations are considered in the determination of these unknowns;

308 1. Linear momentum along thengitudinal ) axis for the entire bridge

. _ _
309 A X C,x mpieﬁl mpier,2 mdeck H i;i 13 Jl:éck EK 1< | HO’ . (29)
310 2. Linear momentum along thertical ¢) axis for the entire bridge
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E,z Az Gz E z
311 _ _ (26)
2rrl:lecka h f ‘?? ;ﬁ Eerl % piél?,z (%)KeckP %l K Il
312 3. Angular momentum abowivot B for the tall pier
CG 2
313 2Hl A X B Az plerlHl Ipier,lei| I3 ] 3pier,l I:)I n - (27)
314 4. Angular momentum abouivot D for the short pier
o
315 2H2 Cx B Cz pler2H1H2 Ipler Zha 3 II3 pier,FZ) % IIK- (28)
316 5. Angular momentum abowivot A for the entire bridge
};1 B@E,z Hl H2 @C,x
L2 C,z };1 L2 B@E'z
mpier,le Iplerl mpler,2H12H1 H2 Iglgr 3_11
317 L, B§ = « 13 3
2MyeckHh 2H; W 2mye 7 ©Bb h1 < (29
mpier,lBZ I'T}Jier,Z Bh li B 2 Mkck 2 'i' h bh hli
3
8L - — — « 12
Myeck 2@72 BBh 1 lgg2b h 1 «
318 After solving the system afquationsthe CoR at the rocking interfaces | 3234 is given by
2 2a CG 2 T2 2 207G
1+ 1t L %err Piopiera 01/41 v 1 Sogere Ky Z%ser,z
2 2~ a
4.+ 4,+HKE K 4, K E1K «
— 2 — = _ « Myeck
B2 , KL~ 4.2 E1 K#26 2. 1 K
319 KL 4o E K B Ya _ . (30)
|3|’| 1. 1 "‘23. bl 1 Blera 01/41 i f 2‘: Kier2 % 1 gigr,z

a

- i — 2
4o+ #4,HKE B 4,2 KELK

l
5 _ 2 — = 2 - — « Myeck
B2 , KI° 4,2 E1K2, 2.%k K

—

_— = 2
43 K Gk Y

=
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where

1 4% 672/4 1 , 4% 4F 3 272 3 1
— — 2 — —

4 2° 4273 1 5 - B s 2 ° 37

, 43 8217 2 g 2% 52 /5 2

andl$= L,/ L, describes the effect of the span arrangement. It is observedubab thessymmetric configuration,
Eq.(30) depends on the direction of rocking reveraaldthe value of obtained with the upper sigivsthe operators
‘t’ and ' @ corresponds to the movement in whibb rotation of the rocking piers changes from positive to negative,
and viceversa for the lower signthe impulse formulation that leads to the bottom signs o3 is not presented
herein(for brevity), andcan be found in Thomaidi2@20. It must be noted thdtoth expressions of E¢30) (i.e.,
with upperor lower signs) reduce to the CoR at the rocking interfaces of the symmetric bridges witkking piers
(Thomaidis et al. 202Qavhen bothpiershave the same height

Eq. (30) is different fromthat for theCoR in asymmetric frames with rocking columns (Dimitrakopoldod
Giouvanidis2015) due to the additional impulses developed at the abutment seats. If such impulses are neglected
( ez= ez= 0)inthe system oEgs.(25) to (29), the solution of this system of equations gives exactly the CoR
derivedby DimitrakopoulosandGiouvanidis 2015 for asymmetric frames. To this end, and to establish the effect of
the additional impacts at the end of the superstruatutes value of , Fig. 7 compares the values obtained using Eq.
(30) with those from the corresponding expression for asymmetric ro¢kinges.The bridge considered in this
comparison has three spaof equal lengthl$= 1), to make the expression proposed by Dimitrakopoalus
Giouvanidis 2015) applicable. The bridge hsguarepiers with width2B = 2.5 m height of the tall piePH, = 30 m
and a height of the short pi2i. that ranges from 6 mtif= 5) to 30 m F= 1) to evaluate the influence of the
asymmetry on theesponseThe superstructure in the bridges and frames has lepgth2L, + L, = 245+ 45=
135m and consists in a simplified singdell box girder with depth = 2 m, width of the bottom and the top slabs
Bwot = 6.5m andBp = 10 m, respectively, and flange and wall thicknegses0.35m andt, = 0.9m, respectively,
thus resulting ifseck= 7 M?. The mass of the tall pier is equahtger1 = 47-10* kg and that of the superstructure is
Maeck= 240-10 kg, while the mass moment of inertia of the box girder section of the dI $&,,= 360-10 kg-m?.
The resultsshow that the value of is always larger in the bridgkan in the corresponding frame with the same

dimensions. This indicates that the presence of the abutment (vertical) supports reduces the energy (hssimation

17



347  pierdeck interfaces) as ttebutmentsarry part of the deck weight. The increase in the valuefof bridges with
348  rocking piers with respect to the equivalent frames is relatively small for levels of asymmetrytibel@\the
349 difference is 0.5% for the symmetric configuratitits 1), but it increases significantly above this value, reaching
350  12.5% for the highly asymmetric configuratidﬁ=( 5). This is expected taking into account that the effeth@tleck
351 weightcarried by the pierdue to the presence of the end supports is more significant when short poerssateed
352 (i.e., as in highly asymmetric configuratiomgting thatin the case ofall piersthe total weight impacting on the

353  bottomrocking interfaces is already largeedio the seliveight of the pier.

A
L S —
% 095 -

0.90 + Bridge

0.85 A /// - --- Frame

0.80 1/

075 T T T T T ;

Highly asymmetric 3 5 7 9 11 13 Symmetric
4

35 =5 Ha [m] =1
355 Fig. 7. CoR at the rocking interfaces)(for bridges with rocking piers of different degree of asymmetry and for
356 correspondindgrames (Dimitrakopoulos an@iouvanidis2015), accounting for the influence of the short
357 pier height d,). Results obtainefbr constant deck massdtall pier section
358 The value of the CoR at the rocking interfacéthe asymmetric bridge describiedEq. (30) is alsoinfluenced

359 by thespan arrangeme(iengthslL; andL,). The effect of these parameters dapresenteéh Fig. 8, whichconsides

360 the same bridge dimensions as in the prevaudy on the influence of the pier asymmetrith the exception of a

361 constanheight of the short pier equal 261, = 20 m(H¥= 1.5)and variable span lengthEor comparison purposes

362 the mass of the deck kept constanfmyeck= 240-1C kg), regardless of its lengtlt is seen fronfFig. 8A (depicting

363 influence ofL; for constant.; = 45 m) thatby increasing the length of the end spdn$ While keeping constant the

364 length of the intermediate spars)(the CoR increases slightlyleading to lower energy dissipation. This is due to

365 theaxialforces at the piers thate progressively decreasing (they are increasing at the abutment seats), which reduces
366 the energylissipationat every impact at the rking interfaces during the rocking motiddn the other handkig. 8B

367  (depicting influence ok for constant.; = 45 m)shows thahigher amount of energy is dissipated when the length
368  of the central sparLf) is increased while keeping constant the length o&tttespansLg); the justification is based

369  onthe same reasoniag before
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371 Fig.8. CoR at the rocking interfaces)(for asymmetric bridges with rockingers, accounting for the influence
372 of (A) the length of the end sparisg( and (B) the length of the intermediate spdn$. (Results obtained
373 for constantleck mass.
374 It must be noted thalhe CoR calculated from Eq. (30) and presented in Figad8 is conservative, i.ehigher

375 then those expected in reality because the analytical formulation igripriee (@ngular velocity just before impact
376  (Jankowski 2007),ii) the inelastic behaviour of the interface material at the instant of impactafRbReinhorn
377  2010) (iii) the sliding effects that take place during rocking motion (Chatzis and Smytlb)2&1@ (iv) the

378 imperfections of the contact surfac&Gawady et al2011).

379 RESPONSE HISTORY ANALYSIS OF ASYMMETRIC ROCKING BRIDGES UNDER
380 GROUND MOTIONS

381 This sectionaddresses the seismic response of symmérick) and asymmetrict$> 1) bridges with rocking
382  pierssubjecedto seismicground motionsThe rocking motioris analyzedusingan algorithm based dhe equations
383 given in the previous section, implementedMATLAB (2016). The analysisstarts with the calculation of the
384  minimum ground acceleration thiaitiatesrocking usinggq. (8). If the ground motion is not capable of exceeding
385 this value rocking motiondoes not tee place and thpiers remain in a verticaosition.When this is not the case
386 the EoME(.(18) is integrated stepy-step using th&ungeKutta methodwvith a timestep of 1& sthatwas selected

387  through a sensitivity analysiRespons¢histay analysisof bridges with rocking piers requires identifying the instants
388  at which impacton the abutment backwalluGS,) = uo), and at the rocking interfaceS% ?{””) occur. This is

389 implemented in the code witin iterative procegbat reduces thiéme-stepdown to a value o6 10° sin the vicinity
390 ofthesdmpacteffects After impactis identified the next timestep updates the angular velocity of the rocking motion
391 usingthe restitution coefficients defd in Egs. (20) and (30). Failure of the rocking structumesdefined in the

392 following, is checked at each tirstep of theanalysis andriggers its termination if met.
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For practical implementation, amplified procedure was devisénr analyzingasymmetric bridgegoverned

by EoM Eg. (18) The procedure aimed tvoidusingthe full expressionfor the first and second partial derivatives

of Eq. (2) with respect to the DoB( " 3., " 3and ~%D WSZ) and also the first and second partialiviivesof Eq.

) (7 geck® 3and ~ ﬁeckWS?'), which take a significant amount of tinbe calculate These expressionmgduce to
linear and secondrder parabolic (regardless of the degree of asymmetry) ploted forthe full range of3i.e.
from 3= F @ (representing the overturning condition in th@geof negative rocking tilt of the tall pigto 3=
@ (representing the same conditionthe corresponding positivangg. Therefore thecomplexexpressionsvere
substituted by simpler onésatdepend on3 whichspeed up the solution of the EoM in each tistep of the analysis;

the simplified equationarenot given herefor brevity, andcan be found in Thomaidi2@20).

Description of the Studied Bridges

Three bridges with two rocking piers and different levels of asymmetry in their heiginaygedto establish
the effect of pier irregularity on the seismic responiee height of the left pier is constaatual to2H; = 26 m for
all bridges, with the level ofsgmmetrybeingintroduced through the height of the right piek)(to yield (i) a
symmetric configuration wit@H, = 26 m, hence®$= 1, (i) a moderately asymmetric configuration w2, = 20.8
m, hence$= 1.25 and {ii) a highly asymmetric configuration wiftH, = 13m, hence®= 2. In all casesthe width
of thesquarepiers is2B = 2.6 m. Thedecks consist ia continuouprestressedoncretebox girder with lengthLio: =
2L+ Ly = 2-:38+ 60= 136m, depthizh = 1.7m, width of the bottom and the top sldhgs: = 6 m andBy,, = 9.5m,
respectively, and flange and wall thicknesses 0.3 m andt, = 0.8 m, respectively. With these dimensions the
crosssection area of the deckAgeck= 6 n?. Thebridgesarebuilt on soiltype C according tdhe European Seismic
CodeEN-19981 (CEN2004)in a seismicity zone with PGA equal to 0.36 g.

Table 1providesfurther details of each bridge analyz&the parameter = myeck {Mpier,1 + Myier,2) relates the
mass of the deck to that of the pjensdit is an indicator of stability in rockingeismicresponséMakrisandVassiliou
2014. The more asymmetric the bridge configuration, the higher are the valtles lohgitudinal influence of the
abutments and the backfillg)( and (even more sof the deck mass ratio)( Thisis favorablefor the rocking stability
of asymmetric bridgesind itis due to the reduction themass of thie substructuren(yier,1 + Muier.2) cOMparedo the

symmetric bridge withall piers.
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419 The abutmertbackfill system is defined with langitudinalspringwith effectivestiffnessk = 132MN/m and
420  displacement at failuras, = 100mm takenfrom theanalysis presented B§appos et al. (2007jurther discussed in
421  Thomaidis et al. (2020&nd Thomaidis (20204 longitudinaldashpotwith coefficientc = 48 MN-s/m (Mylonakis
422 et al. 2006js introducedo account for the effect of both material and radiation damping of the backfithabisa
423 typical dense sand ohtegory C according to EurocodéCEN2004). The springs and dashpdéism a KelvinVoigt

424  systemactivated wherhe joint gapclosesandthe superstructureontacts théackwall.

425 Table 1. Informationon the bridges with rocking piers of different degreeasymmetry, including the deck mass

426 (Myeck), the pier massese, 1 andmye,-), and the total mass,) as well as the stabilizinfgctors of the
427 superstructure mass effec} &nd the longitudinal influence of the abutmbatkfill system ).
Maeck A0 Mpier,1 Yo Mier,2 A Mot AO* q A3
Degree of Asymmetr *
J Yme kgl [kg] [kg] [kg] [1  [m/kN]
Symmetric
(HB: 1) 204 44 44 292 2.3 0.761
Moderately
asymmetric 204 44 35 283 2.6 0.771
(F= 1.25)
Highly
asymmetric 204 44 22 270 3.1 0.786
(= 2)
428 A CoR value ok = 0.6is usedo describe pounding between the deck andlhgment backwallsvhich isin

429 line with the values of this coefficient reported by Jankowg&KiO7) The minimum gap sizes at each end of the
430  superstructurareequal to 60 mm for all bridge configurations basedloimkagecreep temperature and prestressing
431 requirementsHowever, due ttherelatively largdongitudinal influence of the abutmebackfill system ¢) reported

432 in Table 1 the abutmenbackfill system is expected to suppress considerably the longitudinal displacement of the
433  deck during rocking, which wouldot permitto properly evaluatéhe sesmic response of bridges with rocking piers
434  which are characterized by large displacemdfus this reason, a relatively large gap sigee 120 mmwas selected

435 for the end jointsto reduce the longitudinal effective stiffness in the closedstage of the systems.

436  Failure Criteria

437 Theoverturningfailure mode occursrhenarocking pier exceeds its overturning capacity that is described by
438  |uge.1l RBandluSs ol RB for the tall and short rocking pier, respectivéfig. 1) Moreover, failure of the abutment
439  backfill system is considered wheufS] Ruo + Uab (ultimate displacement of the abutmdaickfill system

440  exceeded)Therefore, the predominant failure mode of the asymmetric bridges is failure of the akhdiciditit
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441  system ifB > ujp + Ua, While overturning of the piersccursif B < uj + ua. Both failure modes would occur
442  simultaneously iB = U, + Ua. In thestructuresanalyzed herethe abutmenrbackfill failure alwaysprecedegier

443  overturning because = 1.3 m much larger than;, + Uy, = 0.22 m, as is the case in most bridges.

444  Rocking Response under Ground Motions

445 A total of ten Artificial Records(ARs) are utilized for the analysesThe ARswere generated with a view to
446  matching the shape of theeferenceEurocode8 target spectrum (CEIS004)but for a PGA highetthan the design
447  one This is because treippression of the rocking motiog) py theabutmentbackfill systemmakes it necessary to
448 increase the seismic displacement demémddetect potential differences in the response of the examined
449  configurations. To this end, the ARs were generated tomthécType JEurocode spectrum for site conditions C
450 (CEN2004)scaled tca PGA equal to 0.6 g.

451 Figs. 9A, B, C illustrate the peak displanentsof the superstructuria the three bridgesig. 9A alsodepicts
452  the longitudinal displacement of the deck for which contact with the abutmerggigsart 120 mmdotted line), and
453 the ultimate longitudinal deck displacement for which the abutinecifill system failsZ20 mm,dashed line). It is
454  observedhatwhile the joint gaps are closeliring rockingnone of the bridges failinder the strong ground motions
455  (almost double the design one) applied. The resigstsindicate thahe peaklongitudinal displacement of the deck
456  (uSS) is not strongly influenced by the asymmetry in the height of the piers, although the most asymmetric bridge
457 (= 2) hasthe lowestlemand ofongitudinal displacementsr six out of terrecords This may be attributed the

458  effect of the largestabilizingfactors of the deck effect)(and theeffect of the abutmenbackfill system a the

459  longitudinal rockingmotion (q) shown in Table lastfincreasesThis result expands the findingf the study of
460 Dimitrakopoulos and Giouvanidis (2018 atthedegree opier asymmetrydoes not affect the rocking responiseg,
461  establishinghat this appliesegardless of the effects of the end suppoRsom the seismic performanpeint of

462  view, it is observed that the symmetric bridge reaches the largestofalsecapacity against the governing failure
463  mode(i.e., failure of the abutmeittackfill system), which is around 46% for AR6, while in the moderately and highly
464  asymmetric systems the corresponding values are 44.5% and 42%, respectively, i.e. \@aryositnise for the

465  symmetric bridge
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Fig. 9. Peak responses of th@) longitudinal (i5&,) and (B) vertical displacements of the superstructfi@);

(C) superstructure rotation£y; (D) relative rotation of the left rocking pier;j and (E) relative rotation
of the right rocking pier (,) for the bridges wth rocking piers of different degreef asymmetry.

Fig. 9B shows that the more unsymmetrical the configuration, the larger is the maximum uplift of the deck, with
values oS, in the moderately and highly asymmetric systems that are up to 14% arldr§2¥than those of the
symmetric structure, respectively. This can be explained by the rotation of the superstrugcfusbown in Fig9C,
which is zeroin the symmetric structure because the top of the two piers have exactly the same synchronous
longitudinal movements, and it increases significantly with the level of asymmetry; the peak deck rotations are 0.07
and 0.26 rad for the moderately and highly asymmetric bridges subject to the AR6 and AR7 accelerograms,
respectively The uneqal rotation of the piers { and ;) shown in Figs. B, E increases significantly the vertical

movement \(G<,) of the deck in asymmetric rocking bridges (F38); introducing pier asymmetl‘@: 1.25 and 2

results in increments of<, of 17% and 50%ompared to the demand in the symmetric bridge, respectively, which
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needs to be considered in the design of the abutment sufggridy allowing uplift through appropriate bearings)
This effect is mostly due to the larger rotation of the short pirwith the rotation of the tall pier () being almost
unaltered.

Tofurther explore theffect of asymmetry on the rockibghaviour Fig. 10 showstheresponsdistories of the
superstructure and the piers for the three different bridgéigurations subjectetb the ground motiorAR7. It is
noted that thestart of the rocking motion in tHeighly asymmetric bridget®= 2) is delayed with respect toahin
other structureswhich can be explained from the discussion atiweieffect ofon Ug/min in Fig. 3. For this record,
the symmetric bridge starts rockingtal5.5 s (ugmin = 0.10g), the moderately asymmetric structure & (6g/min=
0.13g), andthe highly asymmetric bridgatt N7 s (ugmin = 0.15g), when the other twbridgesdeveloplongitudinal
movements that are able to close the end joint gaps and engage the abutment backwalls in thésessplortisel
line in Fig. 10A). After rocking evolves as can be seen in Fi0A, the superstructure moves longitudinally in a
similar way for allbridgeconfigurations for the remainder of the ground motion, showing similar amplitudes and the
same number of rocking cycles. Therefore, the longitudinal behaviour of the superstructure isffeateigby the
bridge asymmetry

Figs. 10B and C furtherconfirm that the irregular structures present substantially larger vertistk
displacement§/5S,) anddeckrotations (gecy than the symmetric bridgés expected his is more significant in the
highly asymmetric configuration due to the differential rotationgsafivo piers Figs. 10D, E show the histories of
the rocking rotations of the two piersand », respectivelyand it is seethatthe tall rocking pier(whose height
remains constant)as almost the same response at each rocking cycle regardless of the height of tipgeshort
However,reducing the height of a pier increases significantly its rotatieach rocking cycle, reachingtational
demand that is up to 140% larger than thdhepiers of the symmetric bridgetaN12 s. Nevertheless, the rocking
movemenattenuatefaster in asymmetric structurdmnks to the higher energy dissipation introduced by the impacts
at the rocking interfaces, whichparticularly clear after N24 s. This is explained by tHewervalues of the CoR
(which are equal to 0.986, 0.982 and 0.96 in the symmetric, modematel\highly asymmetric bridgés Fig. 7,
respectively, and by the slightly highenfluence of the abutmeditackfill systemin the longitudinal movemer,
see Table 1) Finally, it is observed that the irregularity in pier height reduces the number of impacts during the

earthquake, which can improve the structural integrity ofdbking interfaces in the bridge (e.g., Mathey et al. 2016).
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the right rocking pier (,) for the bridges with rocking piers of different degrees of asymmetry. Results
obtained when subject to AR7.

Fig. 10.

CONCLUSIONS

A new analytical modeivas developed to capture the rocking response of bridges with unequal pier, heights
includingin the formulation the end joint gaps and the abutrbankfill systemTheexpressions to describe initiation
of rocking motion,movement during rockingand impact at the rocking interfacegere derived based on the
assumptionsf (i) rigid body dynamicsnd(ii) avoidance opier endsliding throughoutherocking movementt is
noted thabothassumptions have been foudbefairly accurateor the rocking movement described herdirkey
novelty of theanalytical modeis thetreatment of thenergy dissipation due to pounding of the superstructure on the

abutment backwathrougha CoR valudrased on the conservation of momentum
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Thefirst part of the anakis showed that the deck supports at the abutments of asymmetric structures do not
affectthe magnitude of the ground acceleration that initiates rockinpng as the abutment® not estrain the
longitudinal movement of the superstructfopen end joint)A general form of th&oM for asymmetric rocking
bridgeswas developedvhich includes term that is not present in corresponding rockiages without end supports
and expresses the stiffness and damping of the baeskfh the longitudinal end joint gap is closAdparameteq
was introducedthatincludes the masses of the bridge components and reprabentsvel of longitudinal rediance
of the abutmenbackfill. Moreover anew expression for describing timepact at the rocking interfacess derived,
accouning for the vertical impulses developed at the abutment ,saadsfordifferent span length\pplication of
theseexpressionshowedthat he vertical supports at the abutment seats increase the valueCoRte the rocking
interfaces (), leading to lower energy dissipation by the bridge compardgetaorrespondinframewithout end
supports This is moresignificant for higher degree oAsymmety in the pierheights Arguably, the most critical
finding in a design context is that for both symmetric and unsymmetric bridge configurations thefaititieainode
is not overturning of the pielshat was the focus of the bulk of previous analytical studies of rocking bridges)
rather the failure aothe abutmenbackfill system due targelongitudinaldisplacementsf thedeck

The seismic response mafckingbridges withdifferent levels of asymmetry in théer heightwasstudiedusing
the developed analytical modédlhe results reveal thatidges with rocking piers resisted a high seismic excitation
(PGA = 060 g, almost double that of the design seismic actigith a significantreserve capacity against the
prevailing failure modéi.e., failure of the abutmerbackfill systen); this reserve capacity is slightly higher in the
more asymmetric structuresmportantly, so long as the critical assumptions made are valid (in particular that sliding
does not occur during rocking) overturning of rocking pier is not an iksuas also observed thatéducing the height
of one of the pierdhiencereaching a morasymmetric configuratigincreases significantly its rotatislemand during
the rocking motion and also the rotation and the uplift of the deglgrtantly, however, it doesot increasethe
longitudinal displacemendemandof the bridge Furthermore the responséhistories of the bridgeshowed that
structureswith higher level of asymmetry experience less impduating the rocking motiodue to the delay in the
initiation of the rocking motion, and tredightly higher attenuatiorof this motion The latter is explained because
asymmetric bridgebave a slightly lower CoR at the rocking interfacésand higher levels of participation thfe
abutment/backfill ¢). Finally, it should be noted that the uplift of the deck at the abutments of bridges with rocking

piers with unequal height should by duly accommodated in design; one option is to use end bearing that allow this

26



552
553

554

555
556

557
558
559

560
561

562
563

564
565

566
567

568
569

570
571

572
573

574
575

576
577

578
579

580
581

582
583

584
585

586
587

588
589

590
591

592
593
594

595
596

uplift, e.g. withconcave surfaces (as in friction pendulum bearings). If this uplift is prevented (by a proper design of
p g p g p p Y a prop g

the anchorage of the bearings) the rocking response will be differentifabsescribed herein.
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