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ABSTRACT: The Performance Based Design in geotechnical eagilg requires an extensive research work prioth& details
establishment for the design. The seismic perfammaof the piles is certainly of this interest, shworthwhile discussions for the
engineers. This paper would allow one to findekample of the studies based on PBEE and EQWEARsinal A numerical study was
conducted for the piles located in Taipei Basin whte seismic conditions are significantly impottemthe design engineers.  Therefore
the local seismic design concerns of the Buildinge&wdre also incorporated into the measurementsllovithe simplified form of PEER
Framing equation, probabilities of the possible gierformance parameters were able to examine adhéne prospectives of such analyses
are suggested accordingly.
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1. INTRODUCTION

Performance based design has received tremendimmnsicis
from geotech societies in recent years. GeoCodesfil Furocode 7
were both developed for PBD concerns. To estimateseismic
performance of the structures, the so caledming equation was
suggested by US PEER for
engineering (PBEE) analysis. In such anysis, thabability in
terms of the annual rate of exceedance for thengitie measure
(IM) of the earthquake, the engineering demand matar (EDP)
and the damage measure (DM) of the structure a$ agelthe
decision variable (DV) can be evaluated for theicttrral design,
and the corresponding decisions in the managemeats be
analyzed using step-by-step discrete procedurese dan estimate
the probabilities of structural parameters and cm@ghem to the
limited values for design purpose. For a pile fdation located at
a site with known ground conditions, the seismiptlicements and
internal moments of the piles could be measuredrfany possible
earthquake excitations. One can estimate the bilihes of these
quantities following the PBEE procedures, and teggsmance of
the structure can be estimated with all possibfeiénce factors.
By proper controls of the factors, the analysiarisapplicable tool to
evaluate the seismic performance of the earth tsires. For
analysis for structural behaviors, static and peesidtic analysis as
well as the dynamic analysis are all availablegoolin this paper,
the wave equations of the pile segments subjedeithe seismic
ground motions are suggested for simplicity andetohependent
capability. A so called EQWEAP analysis is adopfi@danalysis
of the piles. The design practice for pile fournmlad and
concurrent PBD concerns in Taiwan are introducet eihumerical
example to show the applications of these analyses.

2. PBEE ANALYSIS

Comprehensive overview of the PBEE analysis can tedfdn
Kramer (2008). The ground motions, structural oeses,
physical damages and loss should be carefully aedlgonsidering
the occurrence of the influence factors and thabidity of the
design factors of interest. The IM, EDP, DM and ZAfues are to
be analyzed accordingly. ThEraming equation proposed by
PEER is written as follows,

A(DV) =”

In Eq. (1),G(ab) denotes a complementary cumulative distributio
function (CCDF) fora conditioned upotb (the absolute value of the
derivative of which is the probability density fuimn for a
continuous random variable). The three CCDFs refsaih the
loss, damage, and response models; the final @t\) is from
the seismic hazard curve. This triple integral dam solved

G(DV |DM)|dG (DM |EDP) ||

dG(EDP [ IM)[|dA (M) | (1)
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numerically for most practical problems as follows.
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The numerical integration can be accomplished asevRi|b]
describes the probability &f given b, and whereNpy, Nepp, and
N are the number of increments. According to Kra@908),
the discrete form shown in Eq. (2) can be brokenrdmto a series
of components. The individual conditional probipiterms can
be expressed in the form of fragility curves. Widome
simplifying assumptions, thEraming equation can be solved in a
closed form with the use of a power law relatiopghtween mean
annual rate of exceedance dil

A (im) = ko (IM) 7 ®3)

In Eq. (3),ko is the value ofiy (im= 1) andk is the slope of the
seismic hazard curve. If the response model & @adsumed to be
of power law form, then

EDP = a(IM)P 4
Based on lognormal dispersion that has statisticialtiependent
aleatory and epistemic components of uncertaghthe EDP hazard
curve can be expressed as

Aeoe(e3P) =k, [%]% ) exp[ (ﬁZ)}

Eq. (5) describes the mean annual rate of exceedimg level
of responseEDP = edp, given the seismic hazard curve and a
probabilistic response model. One could find dethéxplanations
regarding the use of this equation and correspgndires when the
damage and loss models were involved in Kramer §00For
response model in use, the numerical solution®f th
annual rate of exceedance,l for a certain level okdp can be

k2

Pl )

r?expressed as:

NIM
/]EDP(edp):z
PEDP>edp M =im My i |

(6)
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If one would like to omit the hazard rate incrensensed for
the integrations, simplified procedures to obtdie tstripes” data
and the “cloud” data can be used to find out tihepg relationships
of EDP and IM, and the results shall then becomeheasier to
obtain (Kramer, 2008). In using this procedureatwalyze the
bridge pier foundation, Shin (2007) found that timeertainty of the
earthquake is mostly significant to the analysislore than 80%
uncertainties will resolved from this variable. n$gtimes, the
effects of the soil parameters and the geologicafilps were
studied too. The details could be found in Shidissertation
(2007). It is necessary to point out that any proptructural
analysis can be incorporated with the PBEE proceddoe the
estimations.

3. EQWEAP ANALYSIS

Seismic responses of the piles could be analysety uke
time-dependent Winkler type foundation model, wherea
simplified two-step procedure EQWEAP was suggestgdthe
author (Changet al. 2001 and 2003).
motions are obtained first and then applied to pile for the
solutions, and the discrete wave equations are tasedlve for the
pile displacements. Figure 1 illustrates the layofuthe procedure.
This modelling was reported in good agreements thiehFE ones.
To model the soil liquefaction and/or liquefactiorduced lateral
spreading, a number of alternative models have temgested
(2006, 200%° 200829,

Free-field response
"

P

WEA for Seismic

Motions

v L S \
‘:@5\{; + )/%l

Figure 1. Uncoupled procedures used in EQWEAP

The free-field ground

using the suggestion of Seed and Idriss (1970ngrsamilar ones
with the dependence of shear strains.

Iterative procedures were performed to ensure oheargence
and equilibrium of the structural system. This aggh waives the
conduction of liquefaction potential analysis. Bofutions adopting
the direct earth pressures and the indirect or@a the empirical
ground displacement profiles, a more recent studyhe author
(2008) can be referred. It has been reported that Q®VEAP
can provide good estimations for seismic pile resps to an extent
that the pile damages may occur.

For large earthquake excitations, nonlinear pildaveors
based on the moment-curvature relationships wensidered. It
can be obtained from both experiments and rigoommsputations.
For simplicity, one can approximate the nonlinearves with the
bi-linear (steel pipe piles) or tri-linear (conaepiles) relations.
For given values of the cutting-point moments arlukeirt
corresponding curvatures, one can find the apprabdmmodel
constants for each line. With the El values a@siteratively
through the wave equation analysis, one can olapproximately
the nonlinear pile responses. The details of EQWEZn be
found in a recent paper summarized by the auth@@lQ).
Assuming fixed head and long pile conditions, tlasib forms of
the solutions of EQWEAP can be derived as follows.

General formulation:
[—u, (i+2,))+
(4-C,u,(i+1,j)

~(6-2C, - 2C,+C,)u, (,]) (7)
o 1 +(4-C,)u, (i-1,j
Up(l’]+1):c+c _( -_2)-;1(_ i)
1 3 Up(| 2,§)
(C,=Cu, (i, j-1)
+C,u (i, j+1)-u.(,j-1)]
| +C,u (i, j) J
Notethatcl:AAZ"/VﬂAtz, C,=RAZ/El » C,=CAz'/2MEl »

C,=K.AZ'/El -

In above equatiori,is theith nodal pointj is thejth time step,
V. is the compressive wave velocity of the pile, amdequal to
(E/pY? Az andAt are the thickness of the pile segment and time

The 1st step in EQWEARrocedure simply adopts lumped increment respectivelfE=Young’'s modulus of pilel= moment of

mass model to solve for the free-field ground reses. It is

rather convenient and simple analysis, neverthebess must be
cautioned to conduct the analysis using the bedemdelerations
and the base line corrections of the displacemeritsthe 2nd step,
the resolved ground motions should be applied ¢éosgrings and
dashpots along the pile in order to calculate tbisnsic forces
applied to the pile. The effects of pile-to-pitgdractions and the
soil-cap-pile interactions can be further includedf. the seismic

earth pressures were known beforehand, then thetdstanalysis
can be omitted. On the other hand, if the seiggmeind motions
were prescribed already and the subgrade reactamulms of the

soils could be used to model for the soil impedancthe

corresponding earth pressures could be computeapitbd to the
pile for the solutions. All these are feasibleusioins to model the
seismic pile responses.

For solution of the liquefied soil, the soil pardarereduction
coefficients suggested by the Japan Road Associ&liRA, 1996)
could be considered. The reduction coefficienésagplied to both
the free-field ground response analysis and theeweguation
analysis to reduce the soil stiffness due liquédact This
approach is rather simple but rational enough foroduce the
degraded modulus of liquefied soil.

One can also use the excess pore-water pressWé?) ({Rodel
to simulate the liquefaction. For example, Finn'sdel (1977) has
been adopted by the authors to simulate the ligtiefainfluences
on pile. The volumetric strains of the soils we@mputed and
accumulated during the seismic excitations to ol excess pore
water pressures. Soil liquefaction is modeled thhothe ground
response analysis. Shear modulus of the soil cbeldalibrated
80

inertia of pile,p=mass density of piléd=cross-section area of pile,
P,=vertical load,u,=absolute pile displacement;= absolute soil
displacement, u= uy,-us~relative pile displacement,C; and
Ks=damping coefficient and spring constant of thdssalong the
pile. Following equations are the ones derived ictamsg boundary
conditions:
Equation for the pile head:

[-2u, (i+2,])

+(8-2C,)u, (i+1,j)

1 -(6-2C,-2C,+C,u,(i,j)-

C, +C, (Cl _C3)up (i, ] +1)

+Cofug (i, j+1)—ug (i, j -1)]
| +Cu (i, i)+ Cq

0, (17 +1)= ‘o)

where ¢ =2a7p /E1 , Pt = horizontal load at the pile head.
Equation for node right beneath the pile head:
_—2up(i +2,))+ 1
(4-C,u, (i+1,j)
-(6-2C,-2C,+C,)
up(i,j)+ (4—Cz)up(i—1,j)
-(C, -Cy)u, (i, j —1)+ C,
ug (i, j+1)=u, (i, j - 1)]
| +C,u, (i,j)+C,

(9)

up(lil+l): C1+C3
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Equation for the pile tip:

[(2c,+2C,-C, -2, (i.j) |
+(4-2C,)u, (i-1,j)
o B —2u, (i-2,j) (10)
Up(l,]+1)_cl+C3 —(Cl—C3)up(i,j—1)
+Cylu, (i, j+1)-u, (i, ] -1)]
| +Cou. (i, ]) |
Equation for node right above the pile head:
[(2-C,)u, (i +1,j) )
-(5-2C,-2C,+C,, (i.j)
o (1) = 1 |+@-cu, (i-14) (11)
Py C,+Cy|-u, (i-2,j)-(C,-Cyu, (i.i-1)
+Cylug (i, j+1)-u, (i, - 1)]
| +Cou, (i, 1) ,

4. PILE DESIGN PRACTICE IN TAIWAN

A number of design codes are available for pilenftation
All the design codes and speatifbns require
the checks for foundation capacities at ordinand aseismic
The settlements and deformations ef fitundation
In general, both workingsst design
(WSD) and limit state design (LSD) are adopted umrent design
Fig. 2 shows the flowchart of a geneealipile design
It can be seen that siismic

design in Taiwan.

conditions.

also need inspections.

practice.

procedures taken in Taiwan.
concerns were mainly focusing on the foundation aciies,
whereas the liquefaction effects are consideredpaddently. The
flow pressure model for liquefaction-induced latesreads and the
soil parameter reduction coefficients from liquéifae potential
analysis of the site (JRA, 1996) were mainly usetihe pile design
details and the notes on procedures taken in diffeaspects were
summarized by Chang al. (2008) as an in-house publication of

MAA, Inc.

Evaluate liquefaction potential of the site

[

i

. Compute vertical
capacity of single piles,
includes negative skin
friction influences if it
existed.

2. Compute lateral capacity

for single piles

3. Compute pullout

resistance for single piles

4. Compute the capacities of

grouped pile foundation

NOTE: Grouped pile-to-pile
interaction and liquefaction
reduced soil parameters
must be taken into account.

¥

Compute all load combinations applied to the
grouped piles as required by the

Seismic forces of the superstructure and the
cap need to be counted in.

Specifications.

NO

|

Check FS to satisfy the

Change the design, e.g.,
pile diameter, pile length,
spacing and number of
the piles and their
orientations

Specifications

YES
v

Compute foundation

settlements and pile

displacements for all
possible loads

|

NO

Check to satisfy
the design limits

YES
1]

Structural design for reinforced bars of piles and pile cap.

Figure 2. Common pile design procedures undertak&aiwan
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PBD Work under Developments

The development of a new geotechnical design cadebleen
initiated at Taiwan Geotechnical Society (TGS) lie fpast years.
The load and resistance factor design (LRFD) andopeance
based design (PBD) have been introduced to locaheers since

2000.

The relevant works started to boom afftee 2nd Int.

Symposium on New Generation Design Codes for Geotech. Engr.
Practice held in Taipei in 2006. A number of internatiosaholars
have demonstrated their experiences on this iss&eliability
analysis for the design and the performance osthetures in lines
with the limit state design for the elements anel thembers were
discussed. Accordingly the seismic performancehefgeotechnical

structures is receiving many attentions.

In themtiene, Cheret

al. (2006) introduced the Design concepts for Seidpgiformance
of the Pile Foundations for Bridge Piers to TGS. céxding to
their suggestions, the seismic performances optleefoundations
could be categorized into three levels with the ceons of
foundation serviceability, rehabilitation and sgfeespectively (see

Tables 1 to 3).

Performance Level | indicates that the structuremiinly

governed by the elastic behaviors under small

todinme

earthquakes, where soil liquefaction does not oamuroccurs
slightly. The major interest of Level | is the weeability of the

structure.

Conventional design methods are appédalthis case.

Performance Level Il is applicable to medium tgéearthquakes,
nonlinear structural responses can be resultedhinh the ground
tends to liquefy. The major concern of Level Ithe rehabilitation
and safety of the structure, both short term amng kerm should be
evaluated. The engineers need to make sure thdoeal damage

of the structure is not allowed in this case.

&enince Level Il

is amendable to nonlinear responses of the stesttinat are
affected by soil liquefaction and liquefaction ied lateral spread

of the ground under very large earthquakes.

Tted &ollapse of

the structure is prohibited in this requirement.otideé that the
relationships between theses performance levels taadreturn
periods of 30, 475 and 2500 years are referablalife 2.

Chen et al. (2006) also suggested that nonlinear static and

dynamic analyses could be applied based on contplexi the

problem.

For design practice following their susfgmns, the

alternate approaches (see Fig. 3) are suggestesinherThe

approaches for

liquefaction and

liquefaction indlcéateral

spreading can be considered using conventionalc sWtnkler
foundation model and/or the dynamic one (e.g. FENEQWEAP).
In applying EQWEAP with different models and conipgrthe
dynamic solutions with the static ones for a nuniferase studies,
Chang et al. (2006, 200%° and 20089 had shown that the
dynamic and static solutions are agreeable totainezxtent.

4.2  Analysisand Design with Seismic Concerns

There are a number works in demonstrating valsliGeéthese

models using different techniques.

For example,nkiér's

foundation model was suggested by Hwang (2000). peAudo
static solution was suggested by Léh al. (2005) applying the
uncoupled analysis to model the pile damage uraterdl spread.
Hwang and Chung (2006) lately suggested a simplifleded form
solution for piles subjected to liquefaction indddéow pressures.

Changet al. (2003, 2006) on the other hand have successfully

incorporated these models into the EQWEAP proceduoe
dynamic pile responses due the earthquake exeitatioSimplified
moment-curvature relationships of the piles areegaly used in
these studies to model the nonlinear pile respons&sfew other
studies using linear/nonlinear finite element asedy could be

found.

However, due to the complexities of the el and the

material laws, the FE analysis is seldom used utime designs.
This rigorous analysis is only applied to certainjgcts, in which
the macroscopic influences of the structures, tlemgmaphic
conditions and the geological data need to be densil carefully.
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Table 1. Seismic Performance Concerns for Tranafiont Structures (after Chenal., 2006)
. o Rehabilitation
Performance Safety Serviceability Shoriterm Long term
Level | structure remains same as before not needed routine monitoring,
elastic protections
restricted local recoverable w/ .
urgent remedy method|  existing remedy
Level Il damages, short-term . .
. applicable method applicable
recoverable remedies
urgent remedies
superstructure and applicable, Replacing elements,
) e . closed for
Level Il main body collapse limited structural reinforcements reconstructions
prohibited speed/weight for undertaken
vehicles
Table 2. Seismic Performances and Return Period&dmsportation Structures (after Chetral., 2006)
Bridge pile foundation Underground structures
Hazard Level Embankment - - - .
ordinary important ordinary ‘ important
Sy Level | Level | Level |
Sy7s Level lll Level lll Level Il Level llI Level Il
S500 N/A N/A Level lll N/A Level llI

1. Level I: elastic deformations, no or rare licqaafon, in normal condition.
2. Level llI: plastic deformations allowed, sligbtrhedium liquefaction, recoverable damages.
3. Level llI: ultimate deformations occurred, sevsoil liquefaction, structure not allow to collaps

Table 3. Analyses for Seismic Performances of §partation Structures (after Chetral., 2006)

Performance Soil and structural behaviors relatigahple Soil anq structural pehawors
relatively complicated
Level | Linear static analysis Linear static analys
Level Il Nonlinear static analysis Nonlinear static analysis or
Level lIl Nonlinear static analysis Nonlinear dynamic analysis

Liquefaction
potential analysis
Determine the
parameters

Lique:

No

Conventional pile

faction
?

Yes

Check for
— pile
capacities

response
analysis

Conduct Free
field ground

Current design

Yes

eq

Winkler
model

—+| Performance
levels LILII

Wave
equation

Winkler
model
Performance
level IT and
level 111

Wave
ation

foundation design

Performance level 1

=

S

4

afic method

+ Cyclic Ground Displ. Profile (T&A. 1998)

SPRC approach

Dynamic method

SPRC approach ‘

PWP approach Check for
= displacement —
Permanent Ground Displ. Profile and stress

(T&A, 1998)

Stdtic method

Static Ultimate Earth Pressure
(JRA, 1996)

4
|
%
%
4

Direct Pseudo Dynamic Earth Pressure ‘

Dyhamic method

Indirect Pseudo Dynamic Earth Pressure

Figure 3. Seismic performance-based design preesdind methods suggested for pile design in Taiwan

At this time being, no standard package is used pite

foundation design in Taiwan. As long as the tool satisfy the
required specifications, it is a valid design toBbr example,
computer programs APILE, LPILE and GROUP have belepted
by several major firms. Some private sectors uséZR@0 to
analyze the pile behaviors. All these commercialkpges could
provide rational information for further structurdésigns.
the practice, the liquefaction and liquefactiontiodd lateral

spread influences are analyzed step by step idakign. In general,

82

As to

the liquefaction potential of the site is checkadstf If soil
liquefaction occurs, the soil parameter reductioefficients can be
used to reduce the spring constants and the shemjtthe soils.
Liquefaction effects are simulated in subsequendlyaes for
capacities and deformations of the foundation. Teduced
foundation capacity is thus compared to the spmtifioad
combinations at ordinary time and seismic conditiorensure the
safety. The most critical loads are used for stmattdesign of the
cap and the piles. Again, maximum displacements tiod
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foundation were computed and comparing with thédim

If the lateral spread is a major concern, therflthve pressures
were used to model the pile displacements. Pile agas are
examined. Accordingly, the method selected for diqation
potential analysis and the design seismicity arpoitant to the
results. The JRA method (1996), T&Y method (Toksnatind
Yoshimi, 1983) and the NCEER method (or modifieddSeethod,
1997) are often adopted by local engineers to ewaluhe
liquefaction potential of the site. The seismic igescode for
buildings in Taiwan has been modified after the A 3Ghi-Chi
earthquake. Figure 4 illustrates the old versiothefseismic zones
suggested. Note that PGAs of 0.33g and 0.23g aeectively
suggested for zone 1 and 2 in Taiwan after Chi-Chihgaake.
The corresponding design earthquake is designatedavd75 year
return period. In 2006, the newest seismic desigie dor buildings
was released. It follows the updated proceduregyestgd in
International Building Code. Again, three target lequiakes with
return period of 30, 475 and 2500 years were censdl for
earthquakes at different levels. The correspon&@f values at
various districts and cities in Taiwan were respebi suggested
for short period (0.3sec) and medium long pericge€) structures.
The ground stiffness and fault distance are consitiéo modify
the design PGA.

0.33g Jhi
0.23g ML

Zonel

Figure 4. Seismic zones suggested in old seisnsige
code in Taiwan

5. SEIMICITY IN TAIWAN

The importance of the fault sources and closesamfie to fault in
developing the ground-motion attenuation relatigosh is
pronounced in PSHA. Cheng (2002) has successtigdgd the
logic tree and weightings at branches to discusautitertainty of
PSHA considering the earthquakes in Taiwan. Tlegaderistics
of seismic sources in vicinities by deaggregatiagand contributed
from different magnitude and distance were cargfedamined. 3-
D plate source to model fault planes and subductimme plates
was used besides the regional sources. TruncagedrEntial
model developed by mainshock of EQ inyfom 1900 to 1999
was used to describe the magnitude distributiaegibnal sources.
Characteristic-Earthquake model developed by fdigtrate was
used to describe the magnitude distribution ofvactiault and
subduction interface sources.

Adopting suitable attenuation relationship for eaclurce in
PSHA, especially the crustal source including théi-Chi
earthquake sequence, the hanging-wall effect aaccendition for
specific site was revealed. According to the isera& hazard map
of PGA, 0.2sec and 1.0sec spectral acceleratienhalzard level is

strongly dependent of the fault. The hazard wasdosignificant
around the centre of the hanging wall. The highestard level
can be found in the eastern longitudinal valley aedtern foothills
to coast plain, separated by the central mountange in low
hazard level. Furthermore, the hazard level camsid faults
activity divided by regional sources shows that gh@minent ratio
always distribute on hanging wall. This occurseesgly on the
low background seismicity region such as Taichutgjinchu and
Miali. Figure 5 presents the hazard crves read f@hreng’s study
(2002) for Taipei, Taichung and Kaoshiung citieszrom the
deaggregation of PSHA, Cheng was able to show teahazard
contributed mainly from the distance and magnituala by

different return period. The deaggregation proaassid provide
information for hazard mitigation while choosing esario

earthquakes. Of course, there are some other esyiadde hazard
curve results in Taiwan. For example, the ones gse@ by

NCREE (2002) were suggested based on characteristic
earthquakes.
1E+O L) l L) l L) l L) l L) l L)
— Taipei
= e« = Taichung
1E-1 e = Kaochiung

1E-2

1E-3

Mean Annual Rate
of Exceedance (1/yaer)

1E-4

1E5 1 . | T BN
000 020 040 060 080 1.00 1.20
IM-PGA (g)

Figure. 5 Hazard curves of Taipei, Taichung anddtiung
(based on total mean curves by Cheng, 2002)

The data bank and number of sites considered irsefsenic
hazard study will result different results. Onesibe cautioned
when using the hazard curves to conduct the armlys&or
seismic design code used currently in Taiwan, thesires can be
designed at three levels of seismic resistancee¢dommodate the
ordinary EQs, the design EQs and the maximum censidEQs.
The return periods of these earthquakes for a ¢ifts0 years with
the occurrence probability of 80%, 10% and 2% caffiolind as 30,
475 and 2500 years, respectively. The mean anrata of
exceedance is simply the reciprocal of the retemiopl.

6. EXAMPLE STUDY

In Fig. 5, the associated PGAs at return perio80pf475 and 2500
years in Taipei are 0.12, 0.29 and @5ZXespectively. For
simplicity, the regression analysis of the PGAs show that the
hazard model can be expressed as a power functtorkw3.071
and k;=4.917E-5 (?=0.995). Using the simplified procedure as
the stripes data from the response model, the aB®/s are taken
as the target PGAs for response analysis of aespitg installed in
Taipei. According to the available earthquake datd seismic
records as well as the site information, the awthselect the
accelergrams recorded at 6 seismic stations in eTagasin
considering 1999 Chi-Chi earthquake (in-land, actfeelting
triggered quake) and 2002 Yi-Lang earthquake (@aest offshore,
subduction plate triggered quake). Figure 6 illatsts the
earthquake records in use. Only the maximum hotatoground
excitations are considered for the analysis. Thaoggcal data of
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the sites were found very similar, in which theraged shear wave
velocity of the soils at the depths of upper 30nth&f ground is
approximate 200m/sec.

Figures 7 and 8 illustrate the locations and théooiy
profiles of these stations, whereas Fig. 9 showsgtiound profile
of the foundation site. Typical pile dimensions n@ieh=29n,
diameter=in) and stiffness propertiesElE1.2x16kN-m) are
assigned for pile response analysis. The EQWEARysinawith
the Finn’s PWP model were conducted to obtain §readhic pile
responses subjected to these earthquake excitalibesmaximum
pile displacement occurring at the pile head (witstraints against
rotation) is taken as the EDP. Figure 10 presémtsiéemand curves
obtained using the medians of the discrete datéhtotarget PGAs
(IM values). If a power law is used, the correspngda and b
parameter will be 488.0 and 1.56350.998).
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The uncertainties of a certainedp could be computed by
summing up the uncertainties of these three evéitally, all the
parameters can be substituted into Eq. (4) to coéenfar Agpp.
Figure 11 presents the annual rate exceedanceafayue EDPs.
EDP of 20, 76 and 168 cm are corresponding to eéhem periods
of 30, 475 and 2500 years. One can simply takeethrakies and
compare them to the designated values (if availaiole possible
PBD assessments. Further comparisons could alsoobe fibr
damage and loss models. Figure 12 illustrates #sailts for
internal moments obtained by PBEE and EQWEAP asalyié the
critical moments of the pile can be found, then easily
determine the limits of the pile displacements. ISlimits can be
regarded as the indices for pile design purposes&hesults can
help one to conduct the seismic PB analysis foptles.
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Figure 12. Maximum bending moments vs. maximum pile
displacements for single pile located in Taipei Basi
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7. CONCLUDING REMARKS

It is shown in this paper that the PBEE analysiggsated by US
PEER can be adopted to analyze for the seismic ipesfoces of
the piles. Incorporating the simplified form ofgtprocedure with
the one-dimensional EQWEAP analysis for seismipoases of
the piles, a single pile located in Taipei Basin asalyzed
considering mainly the horizontal earthquake eoits. The
structural parameters such as the maximum pildatisments and
the internal bending moments were computed at wargeismic

design levels. It is pointed out that the desigrasured should be
kept within a certain limits based on the pile parfance. One
can manage the design by restricting the annualafaéxceedance
for the structural parameters in demand and/or itmjtihg the
structural displacements upon the damages. Thetysaf the
piles based on their strength capacity could belysed too
according to the procedures. The details of tles#gn criteria
however require more studies and attentions. awrporation of
these analyses onto the whole pile foundation,stiperstructural
loads and the interactions between the piles aadc#p-pile-soil
also need to be included in order to obtain moedistic results.
The proposed analysis applies only to single pilé®reas the
ground conditions were known based on availabla f@m the
site investigations.
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