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ABSTRACT :

Seismic design of extended pile-shafts requires a d@eraion of the influence of th&urrounding soil on tt
overall response of the soil-pile system. A procedurestsmic design of extended pile-shaits bridge
structures is presented in this paper. The design natigydfollows the displacemetased design philosopl
where a target displacement is specified as the Barsiesign to ensure goqaerformance. The procedure
capable of incorporating soil effects into the degigrcess so that the influence of soil stiffness arehgth ol
the seismic response of the structure can be atador. The design procedure invohees iterative process
arrive the required amount of longitudinal reinfment. Other outcomes of tdesign include the stiffness ¢
strength of the structure and the local curvatwetility demand. Tie versatility of the procedure is illustra
using a numerical example, which showmt reliable design results can be obtained favidge range c
structural and soil properties. The proposed procedurelatively straightforward to implement anddiseme
useful for performance-based seismic design.

KEYWORDS: soil-pile interaction, ductility, displacement-basigbign, bridge, reinforced concrete
1. INTRODUCTION

A cost effective design for bridge substructures ive® the use of column/pile-shaft combination, oftailec
the extended pile-shaft. The supporting column iginoad below the ground level as a cast-in-drilexde pilg
as shown in Figure 1(a), until the member reachepth dehere the vertical load bearing capacity isqadéel/
developedFor this type of structures, the overall seismic oasp is characterized by an increased flexil
due to the compliance of the soil. The increaseddility poses a special challenge in design as theslatgra
displacement may lead to significant inelastic deformatio the pile-shaft with potential fonnacceptab
damage of the structure below ground. In order tomiize the severity of the damage in the pile-shh# leve
of the seismic displacement imposed on the structuresriedze carefully controlled:hus, for proper design
extended pile-shafts, the influence of surroundioiy on the overall perfomance of the structure must be te
into account judiciously.

In this paper, a procedure for seismic design déreded pile-shafts is presentéthe procedure follows tl
displacement-based design philosophy, where attdigmacement is specified as the basis for desigmsure tt
satisfactory performance of the structure (Prigsteal 2007). The stiffness and strength of the phaft are nc
direct design variables but are outcomes, amongy oisults, of the design. gecant stiffness, instead of the in
stiffness, of the pile-shaft is used to charactettee seismic response of the structure. Th@ulggocedure
developed on the basis of the analytical modelgmtesl in Song and Chai (2008he procedure incorporates !
properties into the design process so that thaenfles of soil stiffness and strength on the \idorat period an
lateral displacement of the structure are consitete is shown that the desigprocedure is relative
straightforward to implement, but more importantyydeemed useful for performance-based seismigrdeghe
versatility of the procedure is illustrated usinghamerical example, which shows thatiable results can
obtained for a wide range of structural and saperties

2. METHODOLOGY

The proposed design procedure is suitable for rapdin bridges with individual bents supported oncoete
pile-shafts that are restrained from rotation &t piile-head.The structure is assumed to have a fairly uni
distribution of strength and stiffness between $eaat that seismic response of the structure mashaeacterize
by the response of a single bridge bent modeleal single-degree-of-freedom system under the trassvead.
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Figure 1 (a) The soil-pile system of a bridge bent summbron extended pile-shafts and (b) its lateral -load
displacement relation

The bridge is assumed te Ibcated in a high seismic risk zone so that stielaesponse of the structure mus
considered under the design level earthquakes.ingtastic load-displacement response of the pitgtstan b
approximated to a tri-linear curve, as shown inufggl(b), with the initial elastic stiffness,, followed by
reduced stiffnesk,, due to the development of the first plastic hiagpile/bent-cap interfacand then by a ful
plastic mechanism after the formation of thcond plastic hinge below the ground level. In dispinenbase:
design, the inelastic single-degree-of-freedomesysis substituted by an equivalent elastic systewiny an
effective stiffnesKer equals to the secant stiffness, which is definethb stiffness from the origin todhultimatt
displacemend, as also illustrated in Figure 1(b) (Priestial 2007).

The design task at hand is to determine the amdueirdorcement for a given level of seismic demand site
condition. The design process involves nonlinear swlatand successive iterations. The followsdl anc
structure parameters are assumed to be known dtetfianing of the design process: Structural prtagserThe
above-ground heigHht, is known since the need to provide traffic cleaeafrequently dictates the abogmunc
height of the structure. The number of columnsltpilge bent is assumed to be determiagatiori. The seismi
massm tributary to each pile-shaft is obtained from shemmation of thenass of two adjacent half spans of
superstructure and the mass of the bent-cap ditigede number of columns per bent. The met@roperties suc
as the Young’s modulus and compressive strengdth of concrete and the yield strength of the reirgorentf, are
also assumed to be known. Soil propertiashis cesign procedure, the soil is broadly divided intbesive an
cohesionless soils, assumed to be characterized lytiiained shear strengthand effective friction angleg,
respectively. For cohesive soils, the modulus of hotal®ubgrade reactiok, which is commonly assumed
be constant with respect to the depth, can be estihask,=67s, (Davison 1970) For cohesionless sails,
rate of increase of modulus of horizontal subgradeticran, can be estimated using the effective friction angle

@ (ATC-32 1996).1t is further assumed that liquefaction will not ocat the site under the design le
earthquake Note that the undrained shear strengifictbion angle affects the site response, Whigeans tr
selected design spectrum must be compatible with thesgkrties

Step 1- Select a trial diameterD. The trial diameteb can be selected on the basis of the aspect tytioally in
the range of L, /D< 8. The selected diarteg, however, should result in an axial stresslléw is within th
nominal axial stress range for reinforced concketége columns, i.e. 0.685mg/(f'cAg) <0.15, wheremgis the
gravity compression tributary to the pile-shaft aAg =D?/ 4 is the gross sectional area.

Step 2 - Establish the target displacementd,. Seismic performance of a structure dependghenlevel ¢
inelastic deformation that is developed locallyha critical sections, which in turn depends ondisplacemenbr
drift ratio imposed on the structure. For extengel@-shafts, a goodeismic performance can be ens
conservatively by limiting the inelastic deformatiof the second plastic hinge to within the lingtistrainfor
serviceabilitt so that post-earthquake repair below the grouwel lean be avoided. The limiting serviceab
strain can be selected from the strain limits ki@ plastic hinge) proposed by Priestiyal (2007) for differer
performance limit states. In this paper, the tadigtlacemend\, is specified using the ultimate drift ratig i.e.:

Au =VYu X(La + Lm) (21)
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wherel, is the above-ground height of the pile-shaft bpds the depth to the second plastic hinfee ultimat
drift ratio y,, determined using the serviceability strain limofsPriestleyet al (2007), is shown in Figure fr
cohesive and cohesionless soils. It should be nittedthe depth to the second plastic hihgein Eqn. 2.
depends on the ultimate strength of the pile, amathgr factors, and may not be accurately caladilatil the
design solution has converged. To start the dgsigeess, the following preliminary estimation o tepth to th
second plastic hinge, for soil profilesS:, & and<, as defined by NEHRP (2001), may be used:

45+0.022L, -19)L, for NEHRPsitecatagorySc
Lm =—2 ={5.0+0.021L, - 20)L, for NEHRPsitecatagorySp (2.2)
6.0+0.020 L5 —22)l; for NEHRPsitecatagorySg

where L, is the normalized depth to the second hinge, &he L,/ D is the normalized above-ground height.
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Figure 2 The ultimate drift ratig, defined using theerviceabilitylimit strain in the second plastic hindger
pile-shafts embedded in (a) cohesive soils anddbgsionless soils

Step 3— Select a displacement ductility factoip, and obtain the equivalent damping ratioge,. As noted earlie
an iterative process is needed for the proposeguladsment-based design &orive at the required amount
longitudinal reinforcement for the pikhaft. The process can be facilitated by iteratimghe displacement ductil
factor i, until convergence of the solution. As an initiakegs, a value gfy = 3, corresponding to the displacern
ductility limit recommended implicitly by ATC-32(B2®%), may be usedlhe design procedure then require:
estimation of the equivalent damping rafigat the displacement ductility level considerede €uivalent damping
ratio is conventionally taken as the combinatiothefelastic damping ratf, and the hysteretic damping rafigs
under the inelastic response. For reinforced comateuctures, the elastic damping ratio is comgntaken as, =
5%. Equations relating the equivalent damping ritithe displacement ductility factor for pile-stsah mediun
sands and soft clays are available in Priesttegl (2007). These equations indicate that the ecgerivadamping
ratio increases with increasing displacement diyctéctor. The rate of increase of the equivaldamping rati
reduces at large displacement ductility factord, @ventually the equivalent damping ratio tendse@ta constar
level. However, a preliminary study of hysteretsping raticgs using the experiment dataisblated extende
pile-shafts by Chai and Hutchinson (2002) shows the hysteretic damping increasknearly with increasir
displacement ductility factor. Correlations betwehe hysteretic damping ratio and thepthisement ductilit
factor, as extracted from the experiment resulShai and Hutchinson (2002), are shown in FigurltBough the
experiment result and its influenoa hysteretic damping is insightful, it is none#ss limited to only one soil ty
and one pile diameter and does not constitute beoadghbasis for establishing the equivalent damping liie
wide range of structural and soil properties exgebdh practice. To complete the displacement-bategig:
procedure in this paper, equations given by Pegstt al (2007) will be used, but it is recognized thefinec
expressions for equivalent damping ratio upon tutesearch can be readily incorporated into thegohare.

Step 4— Determine the effective periodT«;, effective stiffnessKg and lateral strength V,,. Upon knowing th
target displacement, and the equivalent damping rafjg, the effective period. of the equivalent elastic systerar
be estimated using the displacement spectra f@usadamping ratios. The effective stiffndé&sg is then obtained by
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Figure 3 Correlations between the hysteretic dagpatio and the displacement ductility factor usiig
experiment results of Chai and Hutchinson (2002)

2
Keft = 4T|2 xm (2.3)

Teff

where m is the seismic mass per pile-shaft. The ultimaterdl strengthv, can be therdetermined using tl
equivalent elastic system shown in Figure 1(b), i.e

Vi = Keg XA (2.4)

Step 5— Determine the depth to the second plastic hinge, and the flexural strengthM,. The ultimate later:
forceV, from step 4 is used to determine the depth to tbergeplastic hingé, which is in turn related to t
flexural strength of the pile and depends on thietgpe, which means the depth teethecond plastic hinge &
the flexural strength must be evaluated separatlicdhesive and cohesionless soifer cohesive soils, tl
depth to the second plastic hinge, expressed imraalized form of Ly, =L,/D, is given by the solution of

3 .2 . .
— L, +3L for L, <

VJZ qu m m m LIJr (25)
9L, -3, for L, > Y,

where V; =V,/(s,D? is the normalized lateral strength abds the diameter of the pile-shaft. Theeffiwient
Y, =65, /(y' D+ O.SSJ) is the critical depth coefficient for a pile embedde cohesive soils, whesg and Y
are the undrained shear strength and the effegtiiteveight of the soil, respectively. It is wontloting that ér
soft cohesive soils with small undrained shear strertgth nomalized depth to the second plastic hinge
likely be greater than the critical depth coeffitie.e. L, > W, . After the depth to the second plastic hihge
has been determined, the design flexural strerigth can be calculated from the following equation

3
Sul 2bm” [3p5 3t || 23D, for Ly < W,
2| w 2 m 26
M r r ()
’ 9
%{EDLmZ+9DLaLm—D2qu(3La+DlJJr)} for Ly > W,

where L, is the above-ground height of the pile-shaft. Nb&d the ultimate soil preare distribution propos
by Matlock (1970) for cohesive soils has been useckterchine the depth to the second plastic heuge th
design flexural strength in Eqns. 2.5 and 2.6. ¢adresionless soils, the normalized depth to the seplarsdic
hinge L, and the design flexural strendit of the pile-shaft can be determined by

2, 2.7)

3
" :%{Vu " L] 9
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where V, is the normalized lateral strength, which is dedirasV, =V, /(K,y D% for cohesionless soils. Tt

rm y_is the effective unit weight of the soil, aig is the passive soil pressure coefficient define&g@=
l+ sin@|/|1-sing), where @ is the effective friction angle of the salote that a linearly increasing ultim
soil pressure dlstrlbutlon proposed by Broms (19&4) been assumed in the derivation of Eqns. 21 2ah

Step 6 — Determine the amount of longitudinal reirdrcement p, and effective moment of inertial . of the
section The amount of longitudinal reinforcemegmtfor the design flexural strenghi, can readily be determen
using the procedure outlined in Everard (1997). feseilting reinforcement ratio should lie in thagiical rang
of 0.75%=< p, <4%. After calculating the longitudinal reinforcenieatio, the effective moment of inertiaof the
pile-shaft section can be estimated. For the lef/akial force currently used for design of pileafik, crackingof
the concrete is expected to occur before the gl state, which would reduce the lgral rigidity of the
member. The expression, proposed by Kowalskgl (1995), relating the effective moment of ineftidgo the
longitudinal reinforcement ratig and column axial load lev®, will be used:

= {0.21+ 12p, + [o.1+ 2050.05-p, )? PAQ } (2.9)

wherel, = D*/64 is the gross moment of inertia of the sectiaredtimating the effective moment of inertia,
axial force in Egn. 2.9 may be assumed to arigeenfrom the tributary weight of the superstruetu.e.P =mg

Step 7 — Determine the initial elastic stiffnesi;. The initial elastic stiffnesK; depends on the soil type ¢
can be calculated separately using the set ofieggah Table 2.1, wherg, andR, are the characteristic length
extended pile-shaft embedded in cohesive soilcahdsionless soils, respectively.

Table 2.1Equations for calculating the lateral stiffneserfended pile-shafts

Soil type
Parameters Cohesive soils Cohesionless soils
Characteristic R. =4 LI, (2.10a) R, =3 El. (2.10b)
length kp np
Above-ground L, L,
. . =— 2.11a =— 2.11b
height coefficient Sa R, 1 S R, ( )
Initial K =— L Ee o - 1 bl
elastic stiffness ﬁia + ﬁ‘:a +%§a +ﬁ Re ééf +%§a +5 780+ 1z 15

Step 8 — Determine the elasto-plastigield displacementA, and calculate the displacementluctility factor
(Ma)ear- Upon the determination of the initial stiffneSg the elasto-plastic yield displaceméytand displaceme
ductility factor {15)co can be calculated using the elasto-plastic idat#diz shown in Figure 1(b), i.e.:

Ay (2.13)
Ky
A,
(HA )cal = A_y (214)

whereV, is the ultimate lateral strength of the pile-shait] A, the target displacement specified in Step 2.

Step 9 — Iterate on the displacement ductility factr until convergence.The initial selection of the displacem
ductility factorp,in Step 3 is unlikely to result in a converged 8otuin the first iteration. If the difference bedtar
the displacement ductility factpr used in Step 3 angii{).. given by Eqn. 2.14s greater than a specified tolera
say 5%, the displacement ductility factor is redigsing the value from Eqn. 2.14 and the iterat@uorns to Step.3
The procedure cycles between Step 3 to Step Shmtilisplacement ductility factpr converges.

Step 10 — Performance assessment of the pile-shdftpon convergence of the solution, the lateral 4oad
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Table 2.2 Equations defining the lateral load-disphaent response of the extended pile-shafts

Soil type
Parameters Cohesive soils Cohesionless soils
Lateral force at the Vo= ﬂ “ (2.152) V,= __S.ti M, (2.15b)
1* yield limit state g &3 + \/fia +1 K ’ %&3 +%§” +l? R,
Post yield Ky = ! Ll (2.16a) K, = ! 2
stiffness 183 +428% +28, V2 RS 183 +782 + 8B, +17 g3

displacement response of the pile-shaft, as shownguaré&il(b), can be generated using d@nalytical mode
presented in Song and Chai (2008). The lateral forgaired for the formation of the first plastic hingeanc
the post yield stiffnesk, can be obtained using the equations given in Talfle The pilehead displaceme
Ay, at the first yield limit state can be calculatedmirad;, =V, / K;, whereK; is the initial stiffness of tt
soil-pile system, while the lateral displacement atsideond yield limit stateA,, can be detenined from th
idealized tri-linear response, i.efly, = Ay + (Vu —Vy)/ K, . The curvature ductility deman(u(p)dem =Qu/¢y
which signifies the level of local yielding in thé@eashaft, may be calculated by

(Mgt)gem = Ha ‘ﬁw(l—aﬁw(m -a)  for thefirst plastichinge (2.17)
K2 A pl A pl
(Uwz)dem =1- ﬁw (1— 0() + M (uA - 0() for thesecondplastichinge (2.18)
K2 A p2 A p2
_., KiB(Ln+L3)
=1+t PUEmTra)g (2.19)
He Kz NApm ( )

whereAp, andAp, are the length of the first and second plastigésmormalized by the pile diamekrGuidanc
on the estimation of the plastic hinge length &inforced concrete pilshafts can be found in Song and (
(2008). The termsl’; and L;, are the normalized above-ground heightd normalized depth to the sec
plastic hinge, respectively. The coefficieat=A,, /A, is the ratio between the dlsplacement at the yiedtl
limit stateA, and the elasto-plastic yield displacem&ntThe coefficient 3 =A,/[@, (La+ L) ? is relating th
equivalent elasto-plastic displacemeftto the elasto-plastic yield curvatuge of the pile. The coefficien
corresponds to the ratio between the characteristigth, denoted a&. for cohesive soils andr, for
cohesionless soils, and the distance between thelasgtic hinges, i.eL{+L,,) (Song and Chai 2008).

As noted previously, good seismic performance déraded pile-stfa can be ensured by limiting the inela
deformation of the second plastic hinge to withiagerviceabilitylimit state.In situations where the design exce
the recommended performance limit or a certainopesdince criterion cannot be satisfiedthg trial diameter
target displacement, design parameters must kmeckivi order to arrive at a satisfactory respohtgeqile-shatt.

3. EXAMPLE

The design procedure is illustrated using a thoderen bridge bent with extended pile-shafts in stdy. The
following material properties are used: (i) coneredmpressive strengthfis = 34.5 MPa and Young's modulu:
E = 27790 MPa, (ii) longitudinal reinforcement isopided by Grade A706 steel with yield strengthf,of 41<
MPa. A concrete cover of 76 mm is assumed for tlgesgction. The above-ground height of the pilafsis L,=
3.75m. The total mass, based on the mass of adjackmpaas of the superstructure and the mass dighecap,
is 675x 10°kg, giving a seismic mass tnbutary to each pilafisbf m=225x 10°kg. The soft clay site iassumed |
have an effective unit weight gf=15.5kN/m* and an undramed shear strengtls,af 40 kN/nd, giving a modulu
of horizontal subgrade reaction laf=67s,=2680kN/m?. Note that the soft clay site also correspondsésoil
categoryS: according to NEHRP (2001). The design is conduasdiming a peak ground acceleratiopgs=0.4
g. A convergence criterion of%s is assumed for the displacement ductility factahe design process.
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Ster 1 — A trial diameter of D =1.0 mis chose, resulting in an aspect ratio L,/ D =3.75 for the pile-shaft
The axial stress on the pile B/ (. Ag) = 8.1%, where A; =0.79m?. The gross moment of inertia ig=
0.049m*. The critical depth coefficient of the soil-pilgstem is ¢, =65,/ (Y D+0.55,)=6.76.Step 2 — For
estimating the target displacement, the ultimaifé @dtio is y, = 4% from Figure 2(a). ie normalized depth

the second plastic hinge is estimated tolle=4.7 per Egn. 2.2, giving depth to the second plastic hingt
L, =47m. The target displacement is thds, = 0.335m per Eqgn. 2.1Step 3 — The iteration starts with an init
guess of the displacement ductility factor of =3.0. Using the equation by Priestleyal (2007) for fixedhear
pile in cohesive soil wil s, =40kN/m?, the equivalent damping ratio &, =15% for p, =3.00. Step4 -
The pile-shaft is designed with reference to aldegment design spectrum using a peak ground acceleral
pga=0.4g, a peak ground velocity gfigv=1m/sec and a peak ground displacementpgfd = 0.765m. The
peak ground velocity and peak ground displacemave been estimated using pga/ pgv ratio of 0.4g/(m/sec
and a pgax pgd)/ pgV ratio of 3, as guided by a study in Saetcal (2006) for NEHRP site catego8z. For the
target displacement @,=0.335m and using an equivalent damping ratioff, =15%, the effective period
the equivalent elastic system is found tohg =1.63 sec. The corresponding effectitéfsess of the equivale
elastic system K¢« = 3333 kN/m from Eqn. 2.3. Witk =3333kN/m and a target displacement/gf=0.335m,
the ultimate lateral strength of the pile-shaftMg =1117kN per Eqn. 2.4Step 5 — Using the normalized late

strength ofV; =V, /(s,D) = 27.93 and the critical depth coefficient gf=6.76, the norméaed depth to tr
second plastic hinge obtained by solving Egn. 2.8%j,=5.24, givingan actual depth to the second plastic hin
Ly =5.24m. The substitution oD=1.0m, L,=3.75m, L,=5.24m, s, =40kN/m? and @, =6.76 into Eqn
2.6 gives the design flexural strength bf, =3768kN -m. Step 6 —The longitudinal reinforcement of 1
pile-shaft is determined using the procedure outlingdEerard (1997). The axial loa& is assumed to ari
entirely from the weight of the superstructure,. iR = mg = 2200kN . For the flexural strengthof
M, =3768kN —-m , the longitudinal reinforcement ratio is found be p, =2.85% . The longitudina
reinforcement is assumed to be provided by unifpritributed #32 bars. With longitudinal reinforcement ra
of p, =2.85%, the effective moment of inertia is. = 0.571 4 =0.028m*, as calculated using Eqn. 2hick
gives an effective flexural rigidity ofEl, =7.754x10° KN —m2. Step 7 —The characteristic lengthhom Eqn
2.10a isR.=4.12m, giving an above-ground height coefficienttgE0.91 per Eqn. 2.11&he lateral stiffness

the soil-pile system calculated from Eqn. 2.12;is 7288N/m. Step 8 —or the ultimate lateral strength \éf=
1117kN and the elastic stiffness & = 7288N/m, the elasto-plastic yield displacement\js-0.15m per Eqr
2.13. The displacement ductility factor calculafienin Eqn. 2.14 isix)ca = 2.19.Step 9 —The difference betwe:
the displacement ductility factor used in Step& i, =3.00, and the value calculated from Eqn. 2.14(ji8ea =
2.19, is 2%, which is much larger than the specified toleganic5%. In this case, the displacement ductility fa
is updated using,=2.19 and repeated in Step 3 until the displacemhactility factorconverges. Table 3.1 shc
pertinent results during the iteration. It can be seemftbe table that the displacement ductility factonverge
fairly rapidly, resulting in less than% difference after two iterations. In this case, displacement ductility fact
converges t,=2.15. The final longitudinal reinforcement ratigpjs= 3.07%, which is within the practical limi
for longitudinal reinforcement.

Table 3.1 Convergence of solutions for the desfgameextended pile-shaft in a NEHRPcohesive soil site

difference
between
Ceq Ty Ko Va L, M, P K, A, Ha & (Ma)car
Iteration U (%) (sec) (kKNm) (kN)  (m) (kN-m) (%) (&KNm) @m) (u)., (%)
1 3.00 15.0 1.63 3333 1117 5.24 3768 2.85 7288 0.15 2.19 27.0%
2 2.19 14.2 1.60 3459 1160 5.38 3963 3.07 7430 0.16 2.15 1.5%

Step 10 -Upon convergence, local inelastic deformations leence a sense on the expegtedormance of tt
pile-shaft can be evaluated. The lateral forced redque the formation of the first plastic hinge\ig=822kN,
per Em. 2.15a. The post yield stiffness of the pile-sleafculated by Eqn. 2.16a k& =2428kN/m. The latere
displacement at the first and second yield lingtest ared,, =Vy/K; = 0.1Im andA, =4y, +(Vy-V,) /K2 = 0.25 m
respectively. The ultimate displacementdgf 0.335m can be converted into an ultimate drift ratioyof 3.7%.
The curvature ductility demand under the convemjsgdlacement ductility&ctor is then calculated using Ec
2.17 to 2.19. The dimensionless quantitied andn used for curvature ductility assessment are caledlas
a=Ay /A, =071, B=A,/[@ (La+ Ly =0.38 andn =0.78. The normalized plastic hinge lengtht the
first and the second plastic hinges, calculatedgugie guideline in Song and Chai (2008), 5= 0.58 andh;
=1.03, respectively. From Eqgn. 2.19, the curvaturetitity demandpy is pg =7.80. The curvature ductilit
demaids ir the first an second plastic hine, ascalculater by Eqns. 2.17 and 2.18, &(l¢)ger =11.0¢ anc
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(Me2)dem= 2.8E, respectivel. For ar extended pil-shaft with a diameter oD = 1.0 n and a longitudin:
reinforcement ratio ofp, =3.07%, a curvature ductility capacity ofif)ca,=2.97 isexpected to be provided
the serviceabilitylimit state, and the curvature ductility capacdgtyadequate for the curvature dlity demand o
(Me2)dem=2.85 in the second plastic hinge. To minimize tbeesity of damage in the pile/bent-cepnnectior
the ductility limit for damage-controlimit stateshould be applied to the first plastic hinge. Hoe telecte
geometry of the bridge, a confining steel ratiomf =1.0% is sufficient to ensure a curvature ductility cape
of (Me)cap=12.68 for thedamage-controlimit state. The provided curvature ductility cajtq is larger than tf
curvature ductility demand ofifs)¢em=11.08 in the first plastic hinge.

4. CONCLUSIONS

A procedure for displacement-based seismic desigexi@nded pile-shafts is proposed in this papetaye
displacement is specified to control the inelastiformation in the plastic hinges of the pile-shatt that
satisfactory seismic performance of the bridge lmamensured. The design procedure ussscant stiffness of t
soil-pile system and an equivalent damping ratisictvincludes the inherent (elastic) damping aredhisteretic
damping from vyielding of the pile and soil. A udefaature of the procedure is that soil propertiesre
specifically stiffness and strength of cohesive aoldesionless soils, can be incorporated into #sigd process
The proposed procedure is relatively straightfodmarimplement, requiring relatively few design graetersy1)
above-ground height{2) mass of the superstructure, (3) material gntigs, and (4) soil conditions at the bri
site. Lateral strength of the structure, local curvaduetility demands as well as the main reinforcetmatio fol
the pile-shaft are among the outcomes of the desigoedure. Although the design process requiegatibnon
the displacement ductility factanumerical example conducted in this paper shaiver rapid convergence of
design solution. Even though the procedure istithisd using onlyne example, it is contended that the proce
will yield reliable design solutions and is appbtato a wide range of structural and soil propertirheversatility
of the proposed procedure makes it useful for pesdomce-based seismic design.
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