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ABSTRACT

When the structure resting on shallow footing is subjected to an
earthquake excitation. The shallow foundation is usually considered to be fixed.
However, when the intensity of the earthquake excitation is sufficiently large, the
shallow footing can be uplifted and rocked. The uplifting and rocking footing can
dissipate the earthquake-input energy and reduce the structural damage.
Unfortunately, it usually results in some permanent system deformations. This thesis
studies the effects of soil-shallow foundation interactions on structural responses
under earthquake loadings. Numerical investigations were performed to compare the
responses between structures resting on fixed supports and considering soil-shallow
foundation interactions. The results indicated that uplifting and rocking footing can

reduce the damage of structures, but it causes larger lateral structural displacements.

Keywords : shallow foundation, earthquake, soil-structure interaction, numerical

model
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Wuasnlddudaunaylinanisiaszinlnadesiuisnamansuuula@adu drulunsdiveg
Tassas1amaaaznuazldn1sias1znasannemanswuulii@adulaziswaranswuuly

LTt
2.1.1 AsanneAransuuuliildadu (Non-linear static analysis)

Fatnomansuuulaiadu (Non-linear static) vi3efiSundnagamilsin 35
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distribution pattern)
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Target displacement
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NITNINANOUAUDITBIDIAT A@N1TvILAlaeNISADY 9 LINLIINTZINI
AIUTINTVBIDIAT AUNTEIIBIADIANTANITIAGDUTLVNAUAINISIAGUAIL UMY (Target
displacement) FangaAnI15iiinuse dauandluguin 2.1 Rndwiinisiiansausanigluy ns

al a a ' a Ay o & \ & . =
WWRpUN uarn1sidesy 1Y NSIARBUNANTINGSENINeTU (Inter-story drift) #58N151YUVDS
a a 2 . . . ]  Na g |
A unatainyUalgn1unIeLal (Plastic hinge rotation) AtaluaINluAINDUEAUDY

a9an (Peak response) iaainaziindulilosainauulm laefsshannadluilieuiieu
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Fefusuusdffifmunssiunisneuauseda1nis e An1sadeui
Wnuneve389an1A15 (Target roof displacement) a1ursadualilagduainnsau
HanaUaUBdaUNnIU (Response spectrum) ?iﬂmﬂﬂim%lﬁﬁmamLiqmauauaqqqqm
(Spectral response acceleration) TiAndusielassadte andnvazaedasiadisdunsam
A1PIUNTSEUVDIIATIES 9 (Structural fundamental period of vibration) ¢ uaNa NG A
LﬂﬁauﬁLﬂwwuwaﬁsﬁ{uagﬁuﬁﬁaéfmmumaLﬁauﬁaﬂmmmaqmmi (V,) waganiuaniu
Hrauszansna (K,) Samlalngldusanszvindnuinedifisuuuunisnssasussnsiinseiivie
9115 MntuAey q Wuusdlifnnty udnianslanuduiusseninusadeudigiu (Base
shear force) efiAuwhfunasInvouss s vaaTingzeh LL@sﬂﬁﬁLﬂﬁauﬁﬁ%uuuqﬂmaa
81815 (Roof displacement) dunsm7ildfideiiondn iduldausenseyidiudag (Pushover
curve) Wisl@Aminanangn ﬁﬂfdﬁmammmmmgmﬁﬁmuml’ﬂu FEMA 356 (FEMA 356,
2000) ez FEMA 440 (FEMA 440, 2005) §i19813n31kanavauotaiunniueedlassasng

waznsldulAwsInseyivuduanaiagui 2.2
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Spectral response
acceleration, Sa

Base shear

l Structural response

Response spectrum

Fundamental period, T Roof displacement

SUN 2.2 N51KNaNDUANIAUNASULALNTINEULALSINTZYINANUT19UBILASIASS

Y

2.1.2 Fwaransuuulidadu (Non-linear dynamic analysis)

02
2 0.1
 —
2 o0
©
o -0.1
3
g 02 PGA=022g

0.3

0 10 20 30 40
Time (sec)

(81989310 : Raychowdhury, 2010)

JUN 2.3 nsmideyauseiiainnuisavesiiumuy

N153A1EAlAssas19laedsnamansuuuliildadu (Non-linear dynamic)
wWiofiSundnetaniain3usy TRnandamanans (Dynamic time-history analysis) {unns
ArszsimnnsnevausweslassaiainnuaznaiAnnsdulmuesdassains fignnsudu
éfaammLi'waﬁuauﬁgmmaqmmi 1auN15AIUIMUTWUSLTIA LY (Numerical
integration) Tnglun1siiasizsity szdesiinisadiauuusiasmisndnmanivoslasading

warAoiitoyaUsyiiia AT IveIuAUNlYnTEvINTIgIuYete1As d1mSuileg1eves

ToyaUsrIRNAIANULTVDINURAULAAIAIFUN 2.3
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2.1.3 LUUIABINOANTIUNITSUUTINTZN1V09ABUNTA (Non-linear constant

confinement concrete model)

NuATeUlYTLUUI1a99U99 Mander LazAne (1988) A1MTUNOANITTUVD
ABUNIATINNTAANAYRINITTUTANI9A1ULE19 (Lateral confinement effect) Fe¥usg iy
ANWULYDUNANATUNIAIUDTIALNANETUAINEY NIFUNTIEMEBLLAFUNTINAY

v v ¢ ] = 1 a . Y]
ANUFUTUETENINAUASEALAYAINAUYDIABUNTAYNLEUBLAY Popovics (1973) Auuans
lusun 2.4 nuddeillduuudiaesienailunismal Confinement factor ¥asTanABUNIA

dqunnudmsunsasindanlolulusknTy SeismoStruct

Compressive siress
‘ Confined concrete

7 /

First hoop fracture

frol )
co “4——Unconfined concrete

\
|
1 Assumed for

\ . | cover concrete

\
\
\

|
|
|
T
€co é:Sp See Eeu

Compressive strain
(61989910 : Mander wagzAgnsy, 1988)

JUT 2.4 LUUTR09ANLEITUSAIUAL-AUATEAF NS ULTINTEYINTANIUFE YRR UNTA
dwnigniuiauazlignduin

[V 7
&Y [y

Havein1siuianeuindunsunintuiued furuiauwaz JUs19vemtsn

a

wazUSunaveananiasy lnevsuandluguresduuszdns k, daguil 2.5 dmsunthdnnay

a [ a 1 a &vw
Laimmaﬂﬂaam@mawmm‘mmamﬂizawﬁimm
!
S
(I-—)
2d,

l_pcc

L 2-1)

e
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dnsuntindanaliasuivanlasnindgiaiunsaneduyseansiaann

2d (2-2)

Ausuntndngmasuaiusamedulssanslaain

2 ' '
R 3 5
L 6b.d. 2b, 2d. (2-3)

e
(1-p.)
e p,, Ao dnsrdiuszniniuinidaresnanasunueniuiuinidaduiignius

YDIADUNIN
ds
] b
A o
N Y I !
s
A\ By
SECTION B-—F
SECTION 7—7

(’ ‘ dy [ V ijs

; - r- ) 1 PPN
sy, U &Y ‘ ey |
OIS—S'/Z f b 1
ds I - \
SECTION Y—Y
SECTION _A-A

(91989910 : Mander LazAny, 1988)

o U Y

JUT 2.5 unuiigndusaussansnadmiunidnaeuninasumanuuunauuasdvaeuytain

a v

AUSUM IR UNIULTIDAVBIABUNTATIONTUSA Mander wazanle (1988) 1a

Y

ueANNdITUSvRIT AN UL nTasnaunsafigniuiauazlilagnduiadaaunis

fr=r (—1.254+2.254 /1+%—2%J (2-4)

1

f;': Ekepsf;/h (2_5)
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v Y %

Iy f Aa Maswunuusidavesnauninigniuin
f1 Ao Mawnununsdavesreunsnitlilagniuin

[ v

[ a N <
JUILAYVDUVANLATUANVININIBMANUFDN

) W

p, Ap dRTEUsEHINUSIAeLraNE ALY UUSIN MY snsun3afignTuse

Y

v L (]

2.2 vpuiiiieadasiunuusiaasgiusnuaziuuiiamgAnssuva sy
suATedinsnwingfinssuveslassadrslasAnnavesnisufduius
syyeuLaglasaain (Soil-Structure interaction) Meldussusufulm Tagldndnnnsiign
tiauelny Winkler (1867) Wiialdunumngfinssureagiusnfuuasn13a519uuus1aemis
ANAAERNS Iuam%’a‘ﬁﬂizqﬂﬁsﬁwé’ﬂmﬂaq Raychowdhury wag Hutchinson (2008) Tu
nsadauvuSaoswedlasiaiaiideoguugiuaniiy warldruugiiives Gazetas (1991) Tu

ANSAUINMANERNLEDANARNYDIAY

2.2.1 WUUIIABIFIUTINVBY Winkler NHN58NAD

lif
Uplift area M Elasto—plastic spring

= 3

| B |

(91999970 : Chen wag Lai, 2002)

JUT 2.6 LuudaesgusIndanain-narainuuy Winkler

WUUT189951UIINVBY Winkler Hauufigiume Auuwasgiusninnudunusiu
Tuguuuvad3siifiszezvinai o Adu lnvausasimuulinnududasedeiu fsnnuduius
sgrnsluuuduazyudatuiusuudady uidmniussiunseiiselasiasnedudamin

W UAUNTIMATIUNIUVIFIUTINGAY v IngIusInAuluiansendusandlugui
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2.6 wazdwalingAnssuvesgiusniudisuandadudunuulidadu ndnnisdandiagn

w@ulne Chen way Lai (2002)

A9ud7luN193AINTTY LUUTIRBINGANTTUVDIRULALFIUTINLUY Winkler

v
v A a = a

azdundeuvazldograuninans waLuudtanstidesidinfe AruAunAndulufuil

D

] [% I
v ¢ 1 v a [ [ v

AuduiusiuaInIImyasingatuintgy Tunuidedddndufiezsesddnisdinszaudu

= & vl oA o ° YR a a °
ﬂ'l']llLaim@ﬂﬁqu3qﬂmu1ﬂﬂﬂjqumaLu@ﬂﬂu a'ﬁ/ﬁ‘Uﬂ']ﬁmwLuam@QWUWImULLU‘UQWa@QVHQ

[
= (9

ANAFNENS 9 TVUBLAVUILLNANVOITUAULAZ SEAUANUENTRITUAY S lUTvUIAvaIgIU

Y

AU FIFLUTaAWIUleIINANN1SUBY Gazetas

2.2.2 ANafNLUaVDIAY

L

| (length) |
| |
Y
B
(width) X X
Y
Plan
D
(depth)

Section

(91999970 : Harden, 2005)

SUN 2.7 seegene 9 vesgunndwsuldluaunisafniuadanafinves Gazetas

ANARANLUATDIAUFINSTULUUINBDINNAMAAIANS LU UITOU @1u15amla

i o

naunsnlagniaualng Gazetas #elagninludssandldodisunsnatslunaigauisedn

Y

' ° [ S 1 Y a da a < & o [y = ¥
NN ﬁ’?%i‘Ui’]‘Ui?ﬂVlGNEJE\JJUU“U‘U@UVISJWZ]G]ﬂiiML‘UULUEJLWEJ’J?IU wazdvunANNe1 lun1y

#1199 Fa3UT 2.7 AaRviualagsavesgunndAfeEuns (2-6)



K, =Kle,

Iy K] fio @@ uavesgIusInyineeguuiiug

e, An FIUTTNOUAINANTDIFIUTIN
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(2-6)

M131991 2.1 @UNI5V09 Gazetas dmSUNIIMIANARUAYDIFIUTINAY

Stiffness Parameter

Equation

Surface Stiffness

Vertical Translation

-V

0.75
K :ﬂ{o,73+1.54@j }

Horizontal Translation

(toward long side)

K' = GL 2+2.5
To2—y

2]

Horizontal Translation

(toward short side)

K!

0.85
L= GL 2+2.5(£j
2—v L

*m{“(l‘%ﬂ

GL

Stiffness Embedment

Factors

Embedment Factor,

Vertical Translation

e, = {1+0.095%(1+1.3§ﬂ I+

0.67
0.2 2L*+28
LB

Embedment Factor,

_(D—2)16(L+B)d

0.4

d

(toward short side)

D\
Horizontal Translation e, =|1+0.15| — 1+0.52 >
B BL
(toward long side)
- J 0.4
Embedment Factor, 05 (D_J16(L+B)d
Horizontal Translation e, = |:1 +0.15 (%j :| 1+0.52 2

(914989910 : Harden, 2005)

v
av a4

A o A | a a
AINANTIN 2.1 AUNISUHINALG I UNITUIAFAN L UAVDIRUIUINUITITUAD

@un13 Vertical translation wag Horizontal translation tHesa1ngrusinauiilduuduwuy

v @

n3d

#1N15U89 Horizontal translation FaAauAd1ULAYY A1ntwiAflaluauivaunis

Stiffness embedment factors Tufifinnatiu § Aaglaarafniuavosiu
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2.2.3 MSA3 UV AUAAERS

NI Usrendlindann1sues Raychowdhury wag Hutchinson (2008) Tu

N5a31UUTa89adlATIATINNAIRLUU LT INAULAEAANAYRINSUJ AN WS SenI iUy

=Y

F1usN Mlalaenisuisesdusenauvesguniudududgey 9 megase weldlunisld

auSamNaNNAFIUYY Winkler Feluwuusraesifaziiveausdluuuai (vertical spring) wag
aU3dluuuasu (Horizontal spring) au3slununsiulddmiuunungAnssuvesiudusessu
Tudruvesauislunuasu Wunuwginssunisfuusemsiuiiwosgiusniiu fvuald
aUsensaeswuutudussdusznaudildiinauenn (Zero-length element) agszezng
sywinaUivlununfudasiriniu 2 Wesifusvesaueniienunvesgiusin deananse

Weuduuuuiaeaauadlinauwandlugui 2.8

Mass
)
Elastic beam column
elements
Zero—length element
Nodes

/Xj\\i . o o/ o &
b a4 22 JWW%
7
Zero—length element
7

B E——— e

Dynamics shaking
(for dynamic test)

(971989970 : Raychowdhury tag Hutchinson, 2009)

JUN 2.8 LuudaetanuaRveseuulaTIaseiugIusINey

[
=

AraAniuavesaUslulwIfWuad fuvauLYnYeIgIUIINAY AdlanlugUn

Y

a0

2.9 IngAainiuanveulndludany (End region) dandu 5 ivesmainiuanveuian

¥ v
A !

daunans (Mid region) tlasa1nnislendavesgiusnivdmalinutusessulinnuudauniy
fvualiszzvesweulndulaiy Jna1nveuvesgIusInauduringy 16 Wesidudves

ANYTIFIUIIN WA AMUAIIANANLINTVDITLELINTUIADIRY
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T

Vertical stiffness
intensity

(81989970 : OpenSees, 2008)

SUN 2.9 uuudasaiuy Winkler Miinsudsiuanuduvesmasiniua

2.2.4 LUUIIABINGANTIUNITFULITINTLVINVD AU

a

sUTl 2.10 uansfauuudraamninssuvesiulunsdivesgiusiniudidinisen
Frildlusuised Tnefidomn ¢ wuu fe Fuldsauunnsuuudady (Linear symmetric
curve) lEulAslaaunInsuuuTady (Linear asymmetric curve) LAULAIENNIATUUUEDUT
V@ (Bilinear symmetric curve) wagldulasudesfvauaiansuuuaaudady (Bilinear
kinematic hardening curve) Tnedudruau3efildlulusunsy SeismoStruct 13un37 Link

element

dmsulpseadrnesoarnulunudded TunisinseidiedsssTanads
warmans 19ausuioun 3 wuu teud @uldsaunnsuuudady duldsliaunnsuwouds
vy uazidulfvaunnsuuuaendadu dnsunsilieuiisunginssuvesgiusniiudled
nafindnadiueutaenfevesgiun waensdlinseilassaiieeiaisgs 3 du agld
aUseiamus 2 wuv Thud @uldsliauunnsuoudady wasdulfwdsnoaurmaniuuuans

G

Tneraulaudaduldanuinsduaiuisalddnsuausalunulfg iawny
NOANTTUVDIAUTUTDITUNAINITARTUNIUKIION UALIAINTAAIUNIULIIRILG drunsdives
EULAITL T UL UUANLINTIG 3 WUV aunsaldlenaludiuresausalunulfwaziulsu 1oy

aUsalulwI Uil g9naemg AnIsUNITTULIIMNIIAIUTITBIFIUTINAY
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Force Force

Ko Ko

Displacement Ko Displacement

Linear symmetric curve

Linear asymmetric curve

Force Force
%
Ky ;
/
3 F fKo
- Ko /
/ . Displacement
KOI/ Fy
/
/
/ Ko

Bilinear symmetric _curve

Bilinear kinematic

hardening curve

JUN 2.10 AmnuduiusvasusaiunsindeuiivesaUTausaziuy

ARuauURA19 9 vesauiildlunsdlveslasiaiianetoarniugiedernn
111398904 Limkatanyu (2012) uag Loli (2014) drunsalvaslasasneeinisas 3 dulden
AanURsng 9 v095uaIN Bowles (1996) Nlasiusiulidmiunisesnuuumademnssu lag

1 1 I~ a a = ! a = < [ =
kUGBNUUY 3 UTTNN AB AUNTIY AULNUEIDDU LAZAULAUY LTS FaLERILUAISIIN 2.2

M1319% 2.2 AaNURAvTewUUTEIANA 9

Apparent Modulus of
Mass density | Friction angle
Soils . cohesion elasticity
Mg | m
p (Mg /m) ¢ ¢. (kPa) E, (kPa)
Sand 1.85 31 0 10,000
Soft clay 1.75 20 20 5,000
Hard clay 2.07 20 62.5 75,000

(91999310 : Bowles, 1996)



21

v [ a

2.3 NQEHANNYIVIINUNITNINSAUNLATIAS195ULLT LA UALLHA?

drwfuoransiioanuuulidununssduasiteunduiulmlusnuided 19
VANVRINYNTENTI (NYNTENTIATU W.A. 2550) uae ugn. 1302 (nTules1snsuaziauiles
nsEnsreumalng, 2552) ntuiluusediuanudenisveslaseadislngds Pushover
analysis 3am33aseflnedat asddnie Amsedousdmnevediasiaing Wesen
wdnnsveisdaensudnlassadslulufirmaiensudsinisindeusaiiang feuen
mim?ﬂi@uﬁaLi’]mmﬂﬁuaﬂmaa%ﬂﬁamaﬁazé’aqa‘jmmgﬂéfaammzamﬁuimm%”mLLagLLiq
wrudulmiilassadierenanazdessu nsdunanisndsuii e fimunzauves
Tnssadedutuegfuvanedade 1Wu wgRnssunismovausswaslaseadine dindnuos
Tassadns duinillassadredieg Wudu wosdeainisufuuiasing q Wlanumunzauty

L5HUALlITATIE5199EAR IS U
2.3.1 ANULSINBUAULTIEUARSUVDIIATIASNS

\deiinnisduaziieuainuruiulm lassadrsazinisnevaussionts
Fuasitouunnseiuly Tastuagiutiatendnde aunsduiiugiuvedasiaing uazdade
Usznoudu 9 nansuausseslassaiisuandluzues “mnuisinovausudsaanin” fai
wanslilusudl 2.2 Fedanusanevausadsannduvesuduiulmuussgagaiiansan
(Maximum considered earthquake) fianunsdu 0.2 Juadi (Sg) ey AuNIsEY 1 3und (
S,) vosiuilufmiauazsnosis q faussmdlneldgniauelaensalessnsuasiadles
ugH. 1302 dmiuAnnuismevausadsaUnnsuvesusiuAulmuLssgegaifiansaniiay

A58U 0.2 FUN9 warAIUNISEU 1 U7 VI3 IMInEIvaN A LARIFINIGIeN 2.3
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MITNTN 2.3 AAINLTIROVAUBITIAUNATUAAIUNITAY 0.2 Tui (S) wag

AIUNNTAU 1 3W9 (S,) veauNuAulITULTIEIaANNAN TN Jninaavan

ANULIINDUAUDY

LD S, S, 91LND S, S,

NIYLARUS 0.069 0.074 | w3 0.072 0.076
Asdunenanivies 0.077 0.083 | Lilovasvan 0.069 | 0.073
Assnewvsiey 0.072 | 0076 |s¢lun 0.068 | 0.072
Asdunounana 0074 | 0079 | 3nnd 0.077 | 0.083
Asnedwmuas 0.070 0.074 | aansy 0.069 | 0.073
ALl 0.073 0.079 | dzen 0.079 0.084
WU 0.069 | 0.073 |@asinges 0.069 | 0.071
LN 0.066 0.068 | mnluey 0.074 | 0.079

(91999970 : WK, 1302 NSULEITASLATNMIIDd NSENTIUMAINE, 2552)
2.3.2 USTNNVDITUAY 0 NAalASeas9

N13914UNUINNTDIAY F2NATUINANENTRYITUAY ALARIANATLY
UDIAMUAN 30 LA USehAnveetuiuatusanuseantaldy 6 Ussinn fs A (Runds) B
(#u) C (Fuwda) D (RuUni) E (Ausau) wse F Runildnwuziiay) 1aginuain1sankud

UsenNUestuauLanal lun1s1an 2.4

1 a

Tunsainlusideuaiu wazldaiusarinnisdrsiranule TrauuAInusennues

Y

(%
v oa

FuAudusuuUssian D Vuwsinsdinlfdeivgvseniisnusgiieides fmuaiituiu o

' I
aAaa v a

auntsiududseinn E vse F wenaind lunsdlffidufufinuiuinnin 3 wns ogsening

FusInAuTuiu szfesliimualiunuiulssom A vie B
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AN 2.4 N1TILUNUSLLNNVBITURAY

UszLavduiu v, N 3o N, 5
A > 1500 m/s - -
B 750 - 1500 m/s - -
C 360 - 750 m/s > 50 > 100 kPa
D 180 - 360 m/s 15-50 50 - 100 kPa
E <180 m/s <15 < 50 kPa

[

FYUAUNIANUMIUININATY 3 1S NdAuETRAA
Plasticity Index (PI) > 20
Moisture Content (w) > 40%

s, <25 kPa

-n

iU mua i luids 2.3.2.1

(971999910 : WK, 1302 nsules1insuaziailes nsenswumalng, 2552)

Taef A1 v, AeAAusAAudounasuY19AN0AN 30 WAL

2
1N AernaaeuRarnnnsgueaglugaaudn 30 wWasksn

3.

oM

1 N, AeAnadeuaanansguaedmsutunselugdennudn 30 wasksn
—_ A

A1 5, AeANassulsndaukuullsruIsasd s uAumiealugsaudn 30
LIATWIN

MniNaeives N, wae s, waneaiu Widenussantufungeunii

2.3.2.1 YupuUszIAN F
SuruiiidnvarselUdldsmbuduiulseian F uazdosinisinseinis
AeUAUBB TR LR AAUNSEUaz T IouvR wHuRy L
1. Fuduillonainnsivaneldusuiuiul Wy fAufiauisainnismand
(Liquefaction) 3o Auwmdleniigeuunn Wud
2. Sufumilendiiingdunidedunn uazilanusunnnnii 3 wes

q

3. gupunidanudunanaings @anuvuiuinndi 7.6 wWes waglien Plannnii 75)
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Y]

4. FURUML LI UDIUIUNANANUININ (EANUAUININATT 37 LUAT Waziinadsu

usaRoukuuliszuiein 5 Weowni 50 kPa )

Y
al

ANTNVDITUAU f USLIUNAIUDILATIASIS @105 UASULUAYTEAUAINY

(%
Y v v o

JULTIVRINTTAUAETRRAINUH AUl delunIsiAIAMUswavaNe L ltaUnaTuly
A157197 2.3 ulglunisesntuutu IndunazdeslsuwnaliunzauiuanIniy o usiu

NAsvolATIasIeiu 9
2.3.3 N15USULAAIANULT IR UAUBLTIEUNASY

AU UANB LA UNATUVRILNUAULMITULTIEgAN T TN

4
a o

UINUNAIUBIATIASS aunsausunA iz auiuUssLANUeITuRUsIaun1saalull
Sys = F,Sg (2-7)
S, =F.S, (2-8)

= 1 1

gl S, AD ANAUTIREUALDLIIEUNATINATUNTTAY 0.2 JunTT NignUSuLALosNKa

T Y
a =

YostuRy a Nnalassadte naedu anusinussdiuaadan (g)

A 1 |

S, A8 A1ALTIMBVANRUTIANATITIAMUNTSAY 1.0 FWi NignuTuniiilesannaa

4
v 1

Y a a o [ ! o/ 1
YOITUAY Bl NASlATIASS el Anussanusslunasian (g)

(%
a v U A

F, fp dudszansdmsutunu o 916alaseasng dmsumiunisdu 0.2 Jund

o,

[ '
VU U A )

F, Ao dudszansdmsutuiu s Nlaseasng drusuaiunisdu 1 3w

Doy

[

wUszans F, uaz F, uanslilussnei 2.5 uag 2.6 muasu

a

AN
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o '
U U A =

M15199 2.5 ArduUseansdmsutuny a Nslaseasne F,

AsLTImeUALe L aNA TR K UALlIN UL IgIEn TR
Uszlanved r .
§ AU 0.2 79 (g)
Funy
S,<025 | S,=05 | S,=075 | S;=10 | S;>1.25
A 0.8 0.8 0.8 0.8 0.8
B 1.0 1.0 1.0 1.0 1.0
C 1.2 1.2 1.1 1.0 1.0
D 1.6 1.4 1.2 1.1 1.0
E 2.5 1.7 1.2 0.9 0.9
F Judusesimsinsgvinsnevausswasdulunsd 9 U
(61989910 : wew. 1302 nsulesndnishaziaiied nssnsrumIalng, 2552)
5197t 2.6 AdulsEAnSAmTutuRy o fiddlassase F
AT ImeUALe L AUNASuve HUALlINTULSIgIEA TN
UseLnnaes 4 oA
e AU 1.0 N (9)
Fupiu
S;<01 | S=02 | S$=03 | S;=04 | S;>05
A 0.8 0.8 0.8 0.8 0.8
B 1.0 1.0 1.0 1.0 1.0
C 1.7 1.6 1.5 1.4 1.3
D 24 2.0 1.8 1.6 1.5
E 35 3.2 2.8 2.4 2.4
F Sududesyinsimsginisnevausweshiudunsea o U

(91999910 : WK, 1302 nsulesinisuazAadies nsenswumalng, 2552)
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2.3.4 AIANNLIINBUALDILTSEUNASUF S UNTRRNLUL

ANANULIINBUAUDWTIFUNHSUFINSUNITODNUU NATUNISAY 0.2 JUI¥

(S,) wazVAUNITAY 13U (S,,) awnsadwialaainaunis

2

Sps = ESMS (2-9)
2

A\YS ZESMI (2-10)

2.3.5 @UNASUNANDUAUDIVBILATIASNS

AMULTIREVAUDLTsAIUNASud S UN1eanLuY S, (lunuleauseain

[
[y

ussldunndlan, ¢) VUAUITNITOONUUUINIDLIADALT UMD IBLTINAFIERNT LazTuny

AU U NRIUBIlATIASS

a

ANAIINLSINBUAUDILTIALUNASUAINSTUNITOBNWUY AINSUITLSIFDM

(]
a aa

Wiuwin ildaugun 2.11 dwsuiunngden Sy, < S, waglaldniugun 2.12 dmsuiiun

Aa = & ] a o o o
A1 Sy > S, laedl S, waz S, ABAIAIINLINEUALBUTIAUNASUAMTUNITERNIUY

ANUTITDN 2.3.5
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Ts :SD1/SDS

Spectral acceleration, S, (g)

|

I

I

|

|

|

}

T 1.0 2.0
Period, T (sec)

JUT 2.11 alnafunansuauesdniuniseenuuumgIBussaiaiguminiiien S, <S8,

W)
-
%)

%)
=

Spectral acceleration, S, (q)

0.2 1.0 2.0

Period T (sec)

c{' ) ° o Y aa a a | aa
E‘U"Vl 2.12 @UnNPSUNARBUAUDIEINIUNITODNLUUAIBITLIIADALNSULNINLAT SDS > SD]
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2.3.6 usaBaunnszrinngiuvaslaseaiing

dmiulATeaieeAs N FUNSIalaNe @asaAuIunILsRuAulnala
Ingldisusaadaiiouwin lnangnsensisadu w.e. 2550 lanmualia1uiamIvestsile

PIPUALULUITIUNTEAUNUAUANUALNT
V = ZIKCSW (2-11)
e V' A9 wSUR0UNINUA ULLITIUNTEAUN LAY

7 79 &uUs¢AN5U99ANU TN UAUIA MUNAUAlUAISIeN 2.7

I fie Migaunednunsldenns aunivualumsen 2.8

I3
a

K 79 duUseansue9lasaasnannmsnsuksatutkilsIu mMUNmuualumisnean 2.9

s
a 1

C A9 duUseans manlaanaunis

(2-12)

1
C=——
15T

dnAuAduUsEanslaunndi 0.12 ldvidu 0.12 wasdmagusenig
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YIAYDIDIAS RGN
annsidlusenulusgvosasisayy 1.50
2 A o v ' 1%
aransidunguyuauasmile 4 lhunnnitausesau 1.25
9IATOU 9) 1.00

(61989370 : NYNIENTIATU WA 2550)

AN5199 2.9 ANdUUTEaNSYIlATIAS1991ANTNSULII LISV (K)

TYUULATTUALATIASIITULTIMUBUITIU

ARy K

Tassas1edalasuniseanuwuuliiwmasuLsaaau (Shear wall) #3alAsa

LGS (Brace frame) ANULSIVIIALA MWLV

1.33

TassasagalasuniseanuulilAsIduwsIAnNTANUATe7 (Ductile

moment-resisting frame) AMULIVNRIUNATULUITIV

0.67

Tassadedalasunisesnuuulilaseinuusesafidanumiersauiu
ATLNISULTURD UM BLATILAILUIAULTILLLLITIU tnedvanirun
TunsAuaeenuuy fll
1. Tassdunsesaifianundedesasnsadunssunwisulal
touninferas 25 veausslunulsIuTLn
2. funsdunsadeunselasaunsuuaiionsniiudaszanlasedu
usasndrumiledesaunsadunsslununsulgvaun
3. Tassduusesaisianumdonsutusunssunsadounselass
Lnanusdesanunsadunsunuasuldiomn Ihduluaiuy
dndiuauae (Rigidity) TnaaAtlaian1sa18 MU dLsIsenIng

1AS9As19N9@D4

0.80

vedadn sasfumeianlidosndt 4 su wasiunawwsdauazlilanseguy
81A17 DINAAMTENINAY K war C Mildedigawiniu 0.12 uag

ANGENEALINAY 0.25

25

1ATIAUNIULTIAANHAMIUTET LAz lATIDIAITIZUUDY 9

1.0

(61989910 : NYNIENTRATY W.A. 2550)
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AN5199 2.10 FUUTTANTVRINSUSEAUANUDSIITUYVIRTEWINDIANThazTURAY (S)

ANWULVBITUAU ANYDY S
A 1.0
a <@
AU 1.2
AuDaY 1.5
AUBDULIN 2.5

(81989970 : NYNIENTIATY W.A. 2550)
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F. @o usslubnmuiinsgyvioiutuil x vesenans
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dmumunsaumusIsuvIRvedlasaie mnlianansamuinmlagnaes
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Ine350u Tmwineuaunis (2-15) dusvermsilunneie wavaunis (2-16) dmsu

g o v aa =
a']ﬂqiwmiﬂiqmquuﬁﬂﬂﬂwmﬁﬁqﬂL'VI‘UEJ'J

0.09/

T= n (2-15)
JD

T=010N (2-16)

o
v oA

ledl A, A9 AUEIVDINUEIATTUGIEATAINTEAUNUAL
D 79 AMUNIN9U09lASIAS19U9991AN S IUAAN IS UUIUA UL LN LA UL

N fig IuutuveseIisnuaiegvileseauiuau
2.3.7 NNSATUIUAINISIARIUAT MUV ATIHSNS

UIN5FIUVRY FEMA 440 lausudganisarwanainisiaaasusdinune

(Target displacement) 31n3AS51U FEMA 356 Aeaang

2

5: =G, CCGGS, ng (2-17)
4

A 1

laen S, fio AIANULSIMIUALRLTNAIUNATUFIMTUNSERNLUUTIATUN T UYRIlATIATIY

T Ao Aun1sauiugIulseavsnarodanslufianisneisan

e

3

¢ f AAnusaieinusddudisvadan

C, fo Arduuszanifidenloaseninanisiadoudiifeaiunndu (Spectral
displacement) funsiadeuiivesene1ans (gnAunx) dauandunisnedl 2.11

C, Ao AduUszansiidenlesseninsAinisindousigigavosssuunatainiunis
\ndeuiigsgrussszuudanannidadu Tneduiamnmanns (2-18) Wlda1 C, Aiduiaain
ATUNNSEL 0.2 Fundl dmvduaunisduiiugiuiitesndn 0.2 3uidt uaglden € windu 1
éi’w%’ummfﬁé"uﬁugmﬁmﬂmﬁ 13U

R-1
G =l+— (2-18)

e

a A9 dUUSLANTAMSUTUAU 1 NHILASIASIS TANVINAU 130 dmSutuaulsenn A
LAY B 1A 90 @ nsutuAuUsEen C hazdlan 60 dnsuduaulsean D E way F
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S

a

= Cm
V,Iw

(2-19)

=Y

V. a8

Y]

MATULTURIUTINNFIUNAATINUTEENTHE
W fe mtinlasasnelsednsuavedanns

C, Ao AdNUTZANSUTULALIARINITINT 2.12
C, Ao AFUUIEANTUTURANAIINNISLFOUNDEUBIARNL AL DT UAIUSNAUTULIINGY
#AN19 N15LERNNDEVRERNUALUUTNINT WATNITEDNNREATUMGIRBNISLATEUMIEIEN

Y8991A75 Wik C, Wiy 1 dwumunisauiiuguiuinnai 0.7 3ui dulienunis

g [
o A

duiiugnuosndt 0.7 3uit IAuimmuauns

2
c =1+ &1 (2-20)
800\ 7,

e

C, Ap AduUszansusuninaiilosnn P - A Effect Inefiawvindu 1 dusulassasig

AHAIAMULTINEINITATINNIIUIN dIUNTALATIASNTAIAULTINEINITATINNIAY 197

ANUIUAINAUNT
3/2
a|(R-1
C, :1+||(—) (2-21)
o o ArduussavsvesaiviasuineUssansug
m31efl 2.11 edudszans C,
Shear building (1) Other building
Number
Triangular load
of stories Uniform load pattern | Any load pattern
pattern
1 1.0 1.0 1.0
2 1.2 1.15 1.2
3 1.2 1.2 1.3
5 1.3 1.2 1.4
10+ 1.3 1.2 1.5

(91999910 : FEMA 356 code)

1. Buildings in which, for all stories, interstory drift decreases with increasing height
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o,

M990 2.12 endulsedns C,

Steel Steel
Concrete | Concrete Steel
Number of concentric | eccentric
moment shear moment Other
stories braced braced
frame wall frame
frame frame
1-2 1.0 1.0 1.0 1.0 1.0 1.0
3 or more 0.9 0.8 0.9 0.9 0.9 1.0

(91999370 : FEMA 356 code)

v [

2.4 NquNNIvaINUNIsUsEUlATIE59

SEAUANULELNEVBIATIAS19TL @unsnesunglaandnwuzuadlAIasaN

b4 U 1

Lﬁ@ﬂ’]il’aﬂ‘lﬁﬂﬂLLﬁBﬂ'J’]lI‘Ua@ﬂﬁﬂsﬂaﬂﬁgﬁ@E;JjEJ’]ﬁEJIUi%W]"NﬁIﬂiQﬁiN’iULLiQLLNuaUIW’JLL@%

[
= 1

wdanunsauduiulm Tnevluuds veuwnvesaudomeiiintudelassaiieasldly
nsUszdiulassaiaiofuusinseyh sefuanudemevedasaiadofuusauduiulmi
pousuldtusinfelassaituazdodldiinnistimareide fuusausiuiulmgegaiiannsa
Aaduld 11msgiuves FEMA 356 ldutsseduanudemevedlaseadiafanansd 2.13 us
Tnevhluseauanudemevedasiadiifenlflunmsiiensiwareenwuulassaddifios 4
56U Lan Operational, Immediate occupancy, Life safety, Collapse prevention Fadl

a o X
INY[SLBYNPIY
2.4.1 Operational level

AuLEemevedlaseassluseiull Tnssadragldsuaudemedesun
videliifiaudemeiintuas sisludiuiidulasadng (Structural member) wagauitlslle
1598519 (Nonstructural member) mﬂmiwﬁ 2.13 nu mwm%wwﬁﬁmsﬁuﬁumdm
Tnssa¥1eglusedu Immediate occupancy wagaudsmevosduilalylassaiisegly

5¥AU Operational Anudsmgluseauiinusunsienedinlaznsnddutesuin nela
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wstuRuAulmnguLstlesunn o lassasidulvgasiinanudemelussduiinioganinf
Wuld agrelsAny Tuniseanuuulassasislrsunsawaunulmazlidoueanuuulilaseadna

Janudevnglusyauil
2.4.2 Immediate occupancy level (10)

= % % dyd = @ ¥ & 1 a
ANMULAYMEa9lATIas 19l usEAuTTANULEs N ELaN U EUT D199 bilkAA

a \ Py o YR A g % P a 2 v
A AsmgagludlInvelaseasie dusudrunlilalaseasieaziimudeviedniley
21A15densiianulannnewarausaldanulaniud Ineseuulaseas1991aNsdanasnwnan I
TnaAeauaninnauiakiufulm wienaseinAuazenasasauwsuaIun ulslasaasa

v o a

& v = Y] v o & ! v v v o X d'
LanNuU8Yy %QI@UVIQIULLa'JbLll'ﬂ']Lﬂu@@\‘iﬂqLu‘Uﬂqiﬂ@‘Uﬂa‘ULSU']QI,“UQ']‘U&LU@']?YW MIUAITNULAEN

v '
(% U A

Ingsausonsuinidviionadelugadedindulswnananudemevedasainaiied

TR

[y

Tuseauinnann
2.4.3 Life safety level (LS)

AMULANEYDILATIAS19 I UTEAUTTANUESNETEAUUIUNANDINNN NIbU
| A & v | v v | o 1 aa o & v P |
drumdulassasrarazarunlulalasasne willaulasndenedin sndufssdinistouwkyy
ADUNITHIN I TIUKALE19ANNILASIAS 199 i TiussAanS Nl auduilonauunldeu Ml
Anudsslaesson suIAduionatugydedinduidewnananudsmevedlasaiig

mategluseausn nseeniuulastaidliianudomeluseduiiavdedddausaunuiulm

dmiuniseenuwuu (Design earthquake)
2.4.4 Collapse prevention (CP)

anudemeveslassadiclussduiiinnudsnedelaseadronn ua
Tassad99gladiinnsive anudemessiuiitausunsioredinideminnisimaneves
Fuaruiildlalaseadne wu funsdendeonasiianiswanans senslsinig ilesainda
TnssadsadlaifinmsiiR shlvtestunsgapdedinld essadsiiaudemeluseauill
wnzaufiazyhnsgeunsy nseenuuulassaisliianudemeluseiuisdeddauss

wufulmasaatanusainfuiulaswaield (Maximum considered earthquake)
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A15199 2.13 SEAULATTIVDIUTEANSAIN1ANSLUINUNY

Structural performance levels and ranges
Nonstructural
S-1 S-2 S-3 S-4 S-5 S-6
performance
Immediate Damage Life Limited safety Collapse Not
levels
occupancy | control range safety range prevention considered
N-A Operational 1- Not Not Not Not
2-A
Operational A recommended | recommended | recommended | recommended
N-B Immediate
Not Not Not
Immediate occupancy 2B 3-B
recommended | recommended | recommended
occupancy 1-B
N-C
Life safety
Life 1-C 2-C a-C 5-C 6-C
3-C
safety
N-D
Not
Hazards 2-D 3-D 4-D 5-D 6-D
recommended
reduced
Not Not Not Collapse Not
Not considered 4-E
recommended | recommended | recommended prevention 5-E | recommended

(91999370 : FEMA 356 code)

2.4.5 N g lun1sUsEiiuseauANULE e Ya9lASIES 1

AsUsEUANM AL MeVRalASIas19luN15 A1z wU Ul L EW (Non-
linear procedures) W ANUL1RIFIUVDI FEMA 356 ladinnsimuanaeiiveldlunisiiansan

szauaudemevedlasiasiadofuusaunuaulm lngfiarsanainyutanatadn (Plastic

[
a

rotation) At uluudastudinvedasademuszduresmuTuLsoiuAulm Taed
uudiafiAntulutudvedlassaiafisnnnimiitrueluinesguansilasadadull
siunausinasgulussduaudsmeiiu thifelasiaisenadamudsmeinnniiiitmue
Tusgduanademeiiu q inaeinnsgIues FEMA 356 uanafinsned 2.14-2.16 fadu

el santuduveudIulATIENEAYAD AU 1A LaYARDTENINNATLLAZLEN



36

AN5197 2.14 INUNNISUSEEIUTEAUANULANE

Ansunm ezl udurosnunaunIaLaEsULIan

Plastic rotation angle, radians (3)
Performance level
Conditions 1O LS cP
i. Beams controlled by flexure (1)
p—p' Trans. Reinf. V
Lo @) b,d\[f!
< 0.0 C <3 0.010 0.020 0.025
< 0.0 C > 6 0.005 0.010 0.020
> 0.5 C <3 0.005 0.010 0.020
> 05 C > 6 0.005 0.005 0.015
< 0.0 NC <3 0.005 0.010 0.020
< 0.0 NC > 6 0.0015 0.005 0.010
> 05 NC <3 0.005 0.010 0.010
> 0.5 NC > 6 0.0015 0.005 0.005
ii. Beams controlled by shear (1)
Stirrup spacing < d/2 0.0015 0.0020 0.0030
Stirrup spacing > d/2 0.0015 0.0020 0.0030
iii. Beams controlled by inadequate development or splicing along the span (1)
Stirrup spacing < d/2 0.0015 0.0020 0.0030
Stirrup spacing > d/2 0.0015 0.0020 0.0030
iv. Beams controlled by inadequate embedment into beam-column joint (1)
0.01 0.01 0.015

(91489910 : FEMA 356 code)

1. When more than one of the conditions |, i, iii and iv occurs for a given component, use the minimum
appropriate numerical value from the table.

2. “C” and “NC” are abbreviations for conforming and nonconforming transverse reinforcement. A
component is conforming if, within the flexural plastic hinge region, hoops are spaced at < d/3, and if, for components of
moderate and high ductility demand, the strength provided by the hoops (V,) is at least three-fourths of the design shear.
Otherwise, the component is considered nonconforming.

3. Linear interpolation between values listed in the table shall be permitted.
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Plastic rotation angle, radians
Performance level
Conditions 1O LS cP
i. Columns controlled by flexure (1)
L Trans. Reinf. V
Af! @ b,d\[f!
<01 C <3 0.005 0.015 0.02
<01 C > 6 0.005 0.012 0.016
> 0.4 C <3 0.003 0.012 0.015
> 04 C > 6 0.003 0.01 0.012
< 0.1 NC <3 0.005 0.005 0.006
<01 NC > 6 0.005 0.004 0.005
> 04 NC <3 0.002 0.002 0.003
> 04 NC > 6 0.002 0.002 0.002
ii. Columns controlled by shear (1,3)
All cases - - -
iii. Beams controlled by inadequate development or splicing along the clear height (1,3)
Hoop spacing < d/2 0.005 0.005 0.01
Hoop spacing > d/2 0.0 0.0 0.0
iv. Columns with axial loads exceeding 0.70P, (1,3)
Conforming hoops over the entire length 0.0 0.005 0.01
All other cases 0.0 0.0 0.0
(91489910 : FEMA 356 code)
1. When more than one of the conditions |, i, iii and iv occurs for a given component, use the minimum

appropriate numerical value from the table.

2. “C” and “NC” are abbreviations for conforming and nonconforming transverse reinforcement. A

component is conforming if, within the flexural plastic hinge region, hoops are spaced at < d/3, and if, for components of

moderate and high ductility demand, the strength provided by the hoops (V,) is at least three-fourths of the design shear.

Otherwise, the component is considered nonconforming.

3. To qualify, columns must have transverse reinforcement consisting of hoops. Otherwise, actions shall

be treated as force-controlled.
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AN5197 2.16 NUNNISUSEEIUTEAUANULANNE

dusumsiessiuuulidaduresgadenu-tansunsaLEsILAan

Plastic rotation angle, radians
Performance level
Conditions 1O LS cP
i. Interior joints (2,3)
F T Reinf 4 3
Agfc' rans. Reinf. (Vn)
< 0.1 C < 12 0.015 0.03 0.2
< 0.1 C > 15 0.015 0.03 0.2
> 04 C < 12 0.015 0.025 0.2
> 04 C > 15 0.015 0.02 0.2
<01 NC <12 0.005 0.02 0.2
< 0.1 NC > 15 0.005 0.015 0.2
> 04 NC < 12 0.005 0.015 0.2
> 04 NC > 15 0.005 0.015 0.2
i. Other joints (2,3)
P Trans. Reinf. 14

41 W Z
< 0.1 C < 12 0.01 0.02 0.2
< 01 C > 15 0.01 0.015 0.2
> 04 C <12 0.01 0.02 0.2
> 04 C > 15 0.01 0.015 0.2
<01 NC <12 0.005 0.01 0.2
< 0.1 NC > 15 0.005 0.01 0.2
> 04 NC < 12 0.0 0.0 -
> 04 NC > 15 0.0 0.0 -

(91989310 : FEMA 356 code)

1. “C” and “NC” are abbreviations for conforming and nonconforming transverse reinforcement. A joint
is conforming if hoops are spaced < at hc/3 within the joint. Otherwise, the component is considered nonconforming.

2. P is the design axial force on the column above the joint and A, is the gross cross-sectional area of
the joint.

3. Vis the design shear force and V,, is the shear strength for the joint.
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AaudRe1e 9 veddassaiauariutusesiuiug198aunaneuideves Limkatanyu (2012)
WernsSeuiigunanaUauewedlaTIasenIgisUsEIRnALdmanans lneaiueaves
medoMIAU 3.40m Amualiiulawuy Lump mass agfidnuuuveda nidnvedandu

v |

wihdananvuaduuguInaIwiniu 0.60m fgusnfuduluudndatiaueraviiu
a0

1.68m ANAIAIUNTULITIOAYBIABUNTAWINAY 278 kg / cm® AnafRWiugvosnutusassuiial

WINAU 33.4 MPa /m %aghsakunyuluwilnalseasdawinnu 1500 kPa
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Time
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VAU LAULA AL TWUULTEY WaLEULAYANLNIASLUUADITUEY TN1SAITBLUUINEDIAL
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AN5199 3.1 518aLLRUAYRILUUIaDIRRNaAs N UluLAaE NSl

Model Link element
Base condition
name Vertical Horizontal
SF1 Fixed support None None
SF2 Rocking shallow foundation Linear symmetric Linear symmetric
SF3 Rocking shallow foundation | Linear asymmetric | Linear symmetric
SF4 Rocking shallow foundation | Bilinear symmetric | Bilinear symmetric
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Mander et al. nonlinear concrete model
Compressive Tensile Strain at peak Confinement
Concrete
strength (kPa) | strength (kPa) | stress (m /m) factor (-)
Cover 17400 0 0.002 1
Column 21315 0 0.002 1.225
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Menegotto-Pinto steel model

Modulus of elasticity (kPa ) | 2.00E+8 Yield strength (kPa ) 460000
Strain hardening parameter 0.01 Transition curve initial
20
Fracture/bucking strain 0.1 shape parameter
Transition curve shape Transition curve shape
18.5 0
calibrating coeff.Al calibrating coeff.A3
Transition curve shape Transition curve shape
0.15 1
calibrating coeff.A2 calibrating coeff.Ad
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Column section

ol

Mass

3% drift ratio

Apply load —nE

@ Mass

RC column RC column

Moment vs Rotation

Elastic footing
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Model Factor of safety Footing sizes

name (FS) Width (m) Height (m)
FS2 2 2.8 0.50
Fsa a4 3.6 0.60
FS6 6 4.4 0.65
FS8 8 4.8 0.70
FS10 10 5.4 0.75

AN519% 3.5 Useennuasadsanigluwsas@ouly

Model Link element
Condition
name Vertical Horizontal
1 bl kin Bilinear kinematic Bilinear kinematic
2 lin_asm Linear asymmetric Bilinear kinematic
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Tein Ardaily Tein g ey
ADUNIA 200 ksc ADUNIA 240 ksc
WiANLEsY 3000 ksc N GRIGER 3000 ksc

Detail of beams on 3 stories structures

BG1 B1
BG2 B2
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= = = = I = =] = = I

| ( (

! ! 55 m

55 m 4 m 55 m 4 m 55 m
1.70L + 2.0LL 1.4(DL+SDL)+1.7LL+1EQ
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Footing size

Footing Soil  |B (m)|d (m)|D (m)

Gravity design|  Sand 240 | 0.60 1

D
" § :|:(d€pfh) - CLay 1 oo :
(thicknessEEL ==

e e B B

EQ. design Sand 250 | 0.60 1

Soft clay | 2.85 | 0.60 1

footing Hard clay| 1.75 | 0.60 1
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AN5199 3.7 ATNNSITLADVDIADUNSAT U LULUUINABILATIAS1991ANS

Mander et al. nonlinear concrete model
Compressive Tensile strength Strain at peak Confinement
Concrete
strength (kPa ) (kPa ) stress (m / m ) factor ()
Coverl 19620 0 0.002 1.000
BG1A 25363 0 0.002 1.293
BG1B 22624 0 0.002 1.153
BG1C 25049 0 0.002 1.277
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Mander et al. nonlinear concrete model

Compressive Tensile strength Strain at peak Confinement
Concrete
strength (kPa ) (kPa) stress (m / m ) factor ()

BG2A 23989 0 0.002 1.223
BG2B 22212 0 0.002 1.132
BG2C 23717 0 0.002 1.209
CG1T 23307 0 0.002 1.188
CGIH 24886 0 0.002 1.268
CG1HBG1 25098 0 0.002 1.279
CG1HBG2 25198 0 0.002 1.284
Cover2 23544 0 0.002 1.000
B1A 25661 0 0.002 1.090
B1B 24648 0 0.002 1.047
B2A 25533 0 0.002 1.085
B2B 24665 0 0.002 1.048
c1T 27273 0 0.002 1.158
C1H 28893 0 0.002 1.227
C1HB1 29117 0 0.002 1.237
C1HB2 29216 0 0.002 1.241
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Menegotto-Pinto steel model

Modulus of elasticity (kPa ) | 2.00E+8 Yield strength (kPa ) 300000
Strain hardening parameter 0.02 Transition curve initial
20
Fracture/bucking strain 0.06 shape parameter
Transition curve shape Transition curve shape
18.5 0.025
calibrating coeff.Al calibrating coeff.A3
Transition curve shape Transition curve shape
0.15 2
calibrating coeff.A2 calibrating coeff.Ad
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usadeuiignu (kN )
N98Ud 0.1¢g 0.3¢ 0.5¢
AgeEn | anad (%) | Aigean | anad (%) | AgwEan | anas (%)
SF1 16.52 - 49.6 - 82.6 -
SF2 8.55 48.3 35.8 21.7 62.3 24.6
SF3 9.87 40.3 36.3 26.8 70.0 15.2
SF4 8.55 48.3 35.7 27.9 62.2 24.7

4.2 N15IATITANGANTINNITATINTENINFIUIINAUAULAIVR9LATIAS19M 03D
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NANDUAUDILTIAUNASTUUDILATIASS
0.200

0.175
0.150
0.125
0.100
0.075
0.050
0.025
0.000

——Design EQ

Unmsu (g)

—Maximum EQ

a

AINULIINBDUAUDILYIEAL

0 025 05 075 1 125 15 175 2 225 25 275 3
ANUNSAUYDILATIASNS (sec)
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NANDUAUDIN TENTULUUINED9LASIAS1991AN5 T 2 NS6l AD WARUAUDY
voslassassralsunuAulmd msunisesniuy (Design earthquake) Lag HARDUAUBIVDY

lassaiasiounsaunuAulmIaIaniiinnsan (Maximum earthquake)
4.3.2 AAIUNITAUNUgIULAzAINISiAdauR U angvadlaTeEing

ﬁhm‘umié"uﬁugmsuaﬂiﬂiﬂa%'w (Fundamental period of structures) iag
Arnsadeusatlinune (Target displacement) vaslassadianaundmasuinanilale
poNUUUTULILALALlmgs 3 Fu deguugusnitliAnnaveansufduiusseminaiut
§1usn TuAeg s niduuuuauiiu (Fixed support) wazgiusniidanavesnisufduius

[y

P a = aa o . . 2 O Y a
LU IFUAUFIUIIN TegUTINTIHINNSleN (Rocking footing) FeRsuuagdunuy 3 Uszinm

all

Ao Aunse Auniletoou wasAunieands vislunsdlves Design earthquake (DEQ) Lay
N5V Maximum considered earthquake (MCEQ) Landfian19199 4.3 lagA1A1unIsau
fuguvedassasradumnlaannsiaszilasldlusunsy SeimoStruct d@auaIn1sAdou

A g uedlAsIETNAILINAINNINTFINYEY FEMA 356 Uag FEMA 440
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M131991 4.3 AAuNSaUNUgIUkazAINIseaeusidminevedasiai

Uszuamwesgusn | nadlvesudufuln | Aaun1sdu seo) | Ansiadeusatiming (m)
FIUIN DEQ 0.348 0.0590
wuudnay MCEQ 0.348 0.1312
FIUTNGIL DEQ 0.377 0.0666
vuduRunse MCEQ 0.377 0.1431
FIUTNFIL DEQ 0.388 0.0697
vutufuniisou MCEQ 0.388 0.1478
gﬂuimgu DEQ 0.361 0.0623
vuduRumiends MCEQ 0.361 0.1362

AU UUIIADIINNAIAIUNITEUVDILATIATI9INENNIT (2-15) F9TAWINAU 0.209 sec

4.3.3 AUFURUS NI ARaUNFIULAZALARIUAINIINEEAYRIlATIESN

ns1NIsUSEULBUANNENRUSTEI AL Lo UNE LI INYBlATIET LAY

AINILARBUMINYAGIGATDILATIASIULARIAITUN 4.18-4.19 1AgazNUIILTURDUNFIY
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Wadulunsalgiusnuuudakuy JAunninsaivesgiusinfuninislensds

PN i a = A ] = & d'
M99 4.4 LLa@ﬂﬂ']ﬂJ']ﬂVl?j@SUENLLiQLﬂaumiqusLULL@agﬂim LA LINLRBDUN

a aa o ~ ~ o = = i & %
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AN 4.4 Agegavattsuounguluusiaynsel

WSARBUNFIW (AN )

N3l DEQ MCEQ
AR | anas (%) | Ageam | anas (%)
FIUTINRUUTALLUY 299 - 380 -
FuTnAULTURTE 286 43 368 3.2
PusnAuULTuAumiegeu 261 12.7 366 3.7
gusnAuuTuRumdeuds 289 33 365 3.9

4.3.4 MsUszfiuszAuAMUdenIgvalaseasng

AINNITIAIIZAATIASI9ADUNTALESLMANNIUTUTWATY SeismoStruct Tag

1435 Static pushover analysis aglaryudananainMinvulundasiudiuvolaseaing

LARNIRINITI9N 4.5

iHlofansaUTEAUANNEMEYlATIATIMULIATEILYEY FEMA 356 Wuh
Tusgauusufulng Design earthquake 1As9a519NATOEULFIUTINTY 4 Useananunsaniy

LNUTIUINTFIUTEAU Immediate occupancy (10) dauluseduwnufulng Maximum

(% [ 1%
1

considered earthquake Tnssaiainseguugusndauiu grusnRuULiuRuWe wargIy
snRuuTuRLmEen duilunedudiuvetiaseadtadiliiiuinast Immediate occupancy
(10) ussunusluszeu Life safety (LS) 399mnu1nsgiutes FEMA 356 anuideymeseiuil
vnganuilassaiefinanliiiansidivienmans dmueaiiinyudanaradnly
Tassadrauazszduanudemevoslassadauansdasuil 4.20-0.27 Tnelassadisiidaoguu

FusIAULTUAUUMleIgouliyu UanaafninTuwaz AL deelaeian
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Fululassasrnldlioenuuuiuusausuaulmas 3 4u

. ANLIATFIUYDY
UsgLnn ASEUYDI ANUUANAERN
. A" P FEMA 356
YDIFIUTIN Nt NMARIY (rad)
- 10 LS
DEQ 0.00021-0.0012
s Column 0.005 Column 0.015
wuugauuy Beam 0.01 Beam 0.02
MCEQ 0.00035-0.0076 Colurmn 0.005 Column 0.015
DEQ 0.0002-0.00068
Ny Column 0.005 | Cotumn 0.015
vutuRumIe Beam 0.01 Beam 0.02
MCEQ 0.00035-0.0068 Colurmn 0.005 Column 0.015
Beam 0.01 Beam 0.02
DEQ 0.00019
ﬂ']lﬁ?ﬂayu Column 0.005 Column 0.015
vuuAumileIgeu Beam 0.01 Beam 0.02
MCE . -0.
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MCEQ 0.00075-0.0075

Column 0.005

Column 0.015




10 10 10
10 10 10 10
10 10 10
10 10 10 10
. . 10 10 10
10 10 10 10
J J
A B B R - o s ne

d‘ a a aa dy U =] 2/
E‘U‘V] 4.20 lqlllU(ﬂ‘Wﬁ']aﬁﬂVlLﬂWUULLazigﬂ‘Uﬂ’ﬂﬂJLﬁEJ‘Vi']EJGU'ENIVﬁQﬂTN

nsallassasinldlasanwuuiuwsasuaulmas 3 4u gusnuuuganly (DEQ)

70

10 [ 10
10 10 10 10
10 10 10
10 10 10 10
_ _ 10 10 10
¢ 10 10 10
L d *®
[ L1 I [ | ] [ | \ ] 1

a a a aa dy U =) 2/
E‘U‘V] 4.21 lqlllU(ﬂ‘Wﬁ']aﬁﬂVlLﬂWUULLazigﬂ‘Uﬂ'ﬂﬂJLﬁEJV']EJGU’E]\‘]IﬂiﬂﬂTN

nsallassainldlasaniuuiuwsasuaulmas 3 $u gunuutuRumse (DEQ)

10 10 10
10 10 10 10
10 10 10
10 10 10 10
_ (o] 10 10
10 10 10 10
I

JUN 4.22 yudananafniiindulagseauanudenevadlaseasn

nsdllassasenldlasonuuuunsasumulmgs 3 4u gunnuutuAumileIgey (DEQ)



L]

]

[

]

[

JUN 4.23 yudananafnfindunazseauanudenievadlaseaing

71
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nstllassasnnlilieanuuuiuusaduiulmegs 3 4w grusinuuduiumiends (MCEQ)

4.4 M3ATIERLATIAT190IATTTRNLUUTULTSEUANLUIgS 3 YU Aa835n1s

[ 1'% 14
NANNATUVY
4.4.1 AAIUNTITAUNU LAz AN SIARRUA U MINgYaIlATeE3I9

ﬂ"]ﬂ’mﬂ’l'ﬁﬁuﬁug’mmaﬂﬂiﬂa%’m (Fundamental period of structures) wag
AnsiAdeumItvMIg (Target displacement) ¥a4lATsas19RBUNIAESUMANTTODNLUUTU
WSUHUANIEY 3 PU AseguugIuTINT llAaNavesn1sUAuRusTEnI A uiugINTIN Yise
&) = 1 . Aa av o ¢ 1 a [y
Frusnilusuugauiu (Fixed support) kaggIusINAANaYeIN1TUFURUTTENINFAUAY
FUIIN MR INNLNTIENT (Rocking footing) Fasauusgfy 3 Useinn As Aunse fiu

wilgagou wazAuuiloawds valunsdlves Design earthquake (DEQ) Laynsmuns
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Maximum considered earthquake (MCEQ) Lanisidn15197 4.6 IngAIATUNITHUNUFIUYD
Tassasraduanlsainnisiasizilagldlusunsy SeimoStruct @uAnNIstAdaudndnune

suaﬂmqa%’ﬂqf-ﬁ’ﬁmmmummgmsuaq FEMA 356 ey FEMA 440

M131991 4.6 AATUNITEUNUgIUkazAINIsARusdmInevedlasIEie

Ussiamvesgusn | nsdlvesiduduln | Aaunisdu sec) | Ansiadeusaitming (m)
515N DEQ 0.293 0.0392
WUUBALUY MCEQ 0.293 0.0861
FIUTINGIL DEQ 0.321 0.0450
UuuRLNTIE MCEQ 0.321 0.0951
gwuifmfﬁu DEQ 0.331 0.0472
vutuRumlensou MCEQ 0.331 0.0986
FIUTINGIL DEQ 0.305 0.0416
vutuRumoauds MCEQ 0.305 0.0897

MFIFDULUUIIADIINNAIAIUNITEUVDILATIATI9INENNIT (2-15) F9TAWIAU 0.209 sec

1
=

4.4.2 ANUFURUSTINTNUSARDUNFIUUAZALARIUAINYNFIEAYDILATIATN

ns1nsiUSEuLBUANEIRUSTEIA LI UNg LI INYRlATIETIUAE
AINISLARBURINYNGIAATDILATIATIUARIAITUN 4.28-4.29 TagagnUITLIAROUNF U

a X = = oA i = X da o =
LﬂﬂsquUﬂimgmﬁﬂLLUUEJmLLuu llﬂ']lnﬂﬂ')qﬂﬁﬁu%@ﬁﬁ'ﬁ»ﬁ'}ﬂmuwmﬂqiiﬂﬂmﬂ I@SIUﬂimT@Q

(% (%

1 [

FusINAuARseguutuRuwiletgouinusudeungiulasian wid1azdaA1n1siadousn

Y

WhnneNunian

q
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350
300
%‘ 250
=
z, 200
£
2 150 —— Fixed
% 100 —e—Sand
50 —a—Soft clay
0 —e—Hard clay
0.000 0.010 0.020 0.030 0.040 0.050

NN5LAABUAIVDILATIASS (M)

JUT 4.28 anuduiusseninusaeungiuiuainisingeusivedlasasne (DEQ)

500
400
=
=
= 300
>3
2
=
e 200 ——Fixed
§ —e—Sand
100 —a— Soft clay
—e—Hard clay
0
0.000 0.020 0.040 0.060 0.080 0.100 0.120

N1SLAADUFIVDILATIASS (M)

JUN 4.29 Anuduiusseninausedeungiuiuanisiafouiivedaswaing (MCEQ)

= i = = = i = = =

M13197 4.7 wansAunNgavestsudoungiuluwdasnsal uasuwsudoun

= A Y ~ = 9 =~ = | < 1%
anasreINIfligIuIINiinislend wWisuiisuiunsdigiusiniuuauiy 91nn15199zLule
31 nslenfvesgiusnfuaiuisaantsadeufigiuasiadnioslumnuuseszau Maximum

considered earthquake Wuignfiulasaitomsililaesniuusunssunuiulnigs 3 4u
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AN 4.7 Agegavattsulounguluusiaynsel

WSARBUNFIW (AN )

N3l DEQ MCEQ
AR | anas (%) | Ageam | anas (%)
FIUTINRUUTALLUY 298 - 422 -
FuTnAULTURTE 273 8.4 401 5
PusnAuULTuAumiegeu 242 18.8 386 8.5
gurniuuniufumieuds 283 5.0 398 5.7

4.4.3 MsUszfiuszAvAMUdeIvalasIasg

AINNITIAIIZAATIASI9ADUNTALESLMANNIUTUTWATY SeismoStruct Tag

1435 Static pushover analysis aglaryudananainMinvulundasiudiuvolaseaing

LARNIAIRNITIN 4.8

[y a

dofinnsansgiumnudemeveslassainemuannsgiures FEMA 356 wuii
Tnseafiafidsaguugiuainiis 4 UssLanaiunsod unmeiuInsg1uszdu Immediate
occupancy (10) sislunsdlvaussunuiulmszsu Design earthquake wazsERU Maximum
earthquake Inonsalvosuruulmszsiu Design earthquake tu TassadnausasUszinlaldl
sudananafnindy Sadunamannseenuuiviilidaumisnfatu dwalieay
nsduiirnanas wagsilidinsiadousaidminedesasmiuluse dmiugaiiinyude

wanadnlulasiailuarseAuaIEsMevedlasaaLanIiagUN 4.30-4.37
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M5 4.8 Audanaradniiiadululasiasieieeniuuiulsausiuiulmas 3 du

. ANLIATFIUYDY
UsgLnn ASEUYDI ANUUANAERN
Q‘," P FEMA 356
YDIFIUTIN Nt NMARIY (rad)
. le} LS
DEQ -
s Column 0.005 Column 0.015
wuugauuy Beam 0.01 Beam 0.02
MCEQ 0.00090-0.0046 Colurmn 0.005 Column 0.015
DEQ -
Ny Column 0.005 | Cotumn 0.015
vutuRumIe Beam 0.01 Beam 0.02
MCEQ 0.0012-0.0035 Colurmn 0.005 Column 0.015
Beam 0.01 Beam 0.02
DEQ -
ﬂquﬁqﬂayu COLUmn 0.005 COlUmn 0.015
vuuAumileIgeu Beam 0.01 Beam 0.02
MCE . -0. 1
CEQ 0.00060-0.003 Column 0.005 Column 0.015
Beam 0.01 Beam 0.02
) DEQ .
gﬂmﬂﬂau Column 0.005 | Column 0.015
VutuR e Beam 0.01 Beam 0.02
MCEQ 0.0012-0.0042

Column 0.005

Column 0.015




e

10 (o) 10
10 10 10 10
10 (o) 10
10 10 10 10
10 (o] [o)
(o) 10 10 10
77 7 7 7 707, 7. 20, 707,

JUT 4.30 yudananafnfiiintunazseauanndenievedlaseaing

nsdllassasneieaniuuiulsauniuiulmigs 3 Tu g1usinuuugauiu (DEQ)

10 10 10
10 10 (o] 10
10 10 10
10 10 (o] 10
(o) 10 10
10 10 (o] 10
L1 L1 L1 L1 1 L1 L1 L1

d‘ a a aa dy U =] 2/
SUN 4.31 yuTdanana@inyinnTulas seAUANLEYN8v09lATIES 9

Y 9

P Y A [y I a ] Y a
ﬂimiﬂﬁﬂai'm‘m@@ﬂLLU‘UiULLiQLLNu@IUIﬁ'JQQ 3 YU ﬂqu5qﬂUu7}u@umiq8 (DEQ)

10 10 10
(¢ 10 10 10
10 10 10
10 10 10 10
10 10 10
(¢ 10 10 10
1 [ 1 ] I I I I I 1

SUN 4.32 yUOANAERNTALNATVULALTLAUAIMUELBVDILATIASS

Y 9

= v A o I a ] G a = i
ﬂiﬂﬂﬂﬁﬂaiqﬂwaaﬂLLUU?‘ULL?QLLNU@UI‘VI'J@Q 3 YU ﬁquiqﬂUusﬁUWUL‘WUSqaau (DEQ)



10 10 10
10 10 10

10 10 10
10 10 10

10 10 10
10 10 10

[ L1 [ ]

SUN 4.33 YUOANAERNTLNAVULAZTLAUAIUELBVDILATIASS

Y 9

= 1% a o 1a ) & a = 13
ﬂiﬂﬂﬂﬁﬂﬁi%‘ma@ﬂLLUU?ULLNLLNUWU‘I%’JQQ 39U FIUIINUUTUAULRULILUY (DEQ)

78

10 10 10
10 10 10 10
10 10 10
* L ] L]
10 10 10 10
R " . R 10 10 10
10 10 10 LS
2 A 2 A 77 . 77
JUN 4.34 yulananafnfiindunazseauanudenievadlaseaing
nsallassaseneaniuuTulTwauAulmas 3 U grusnwuugauwiy (MCEQ)
10 10 10
10 10 10 10
10 10 10
[ ] L ]
10 10 10 10
R L R R 10 10 10
10 10 10 10
— — i R w— I — —

A a a aa 49{ U =] 14
SUN 4.35 yudananaininndulas seAuAINLEYM8v09lATIEs9

Y 9

nssllassasieneoniuuTulTwmiuAulmas 3 U gIusnuutuiumse (MCEQ)



10 10 10
10 (¢ 10 10
10 10 10
< L
10 10 10 10
R A AR _ 10 10 10
10 10 (o] 10
L2 L. * >
[ 1 1 1 1 1 1 1

a

SUN

Y

4.36 yudanarafniiinTulazszAuaudenevadlasEse

nsnllassaseneaniuuTuLTmiuAulmEs 3 u rusnuutuiumieiseu (MCEQ)

10 10 10
10 10 10 10
10 10 10
L 3 L]
10 10 10 10
. R R R 10 10 10
10 10 10 10
L4 Ld L]
1 1 [ I | ] I ] | I 1

al

JUT 4.37 yulananafnfiiintunazseauanudenievadlaseaing

natllassasnefoenuuuiuusnuAulngs 3 du grusnuuduRunieds (MCEQ)
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UNN 5

A3UNan15Y

5.1 aguwaitléainn1side
NuASeiAnyIRgfungAnssuveslasaineiidsoguugusniu Taefimsfn
wavesnTUfduiusseninsduiulassaine insAnuidelaelduuuiaemsadamansd
asratulpgldlusunsy SeismoStruct anifuvhmaiUSeuifieunanevaussvedlassadionsd
LiAnnavesn1sufduiudseninfuiulassade dudegrusnidunuudauiu (Fixed
support) uagnstifiAnNaTeINITUfEuTuSsErinshufulaseade wioguniuiiinislen
#1 (Rocking footing) Meldusanszyiuduiulm Tnsuvusiassfivhnisinwnvseandy 2
WUU B LUUTNaedlaseasananaas Iy Laskuuinaedlasiaineme1ans
wuuiasdlassaduneeasniuiviinisfnviutsesnidu 2 naneasade
N1TIATIERMEITUTL IR NTINAAIENS KATNITIATIEINGANTIUNITATINTENINGIUIIN
P iBnesdnediudng mnmslieseideisuss Buadmamanslnglidoya
wHuAulyg Taiwan 921 Chi-Chi wudn Tuynssduaduussaufulng (0.1g 0.3g uag 0.59)

n13lenAIveIgIusINAudralilasIaielinnsindouiiNgnaaLiuinTullaweuiu

Y 9

]
a = ! =

NIAFIUTINLUVVEALUY WAEIBNIITUINANDUAURIYDUUUARANFIUNUTT NTAFINITIN

43

=

wuulgnfauisaanalumudanfigiuadls wuhiiuaAwssdoungnuiiotuy taeAwse

9

WBoululaAranaslioisuiunsaigiusnuuudauwiulssunn 48% 27% way 21% Lunsdl

<

0.1g 0.3g k@ 0.5¢ Auaau auiiuladn n1slendivedgusIniuty aunsaanaudene

[

voslassassadlaegralidudfey
dmSun1TIATIEingAnssun1sATINSENI TN IUSINA U UETiTNS
wlstuAndandunnudasafelagldisnsndnmmadiudnaiu annsidenuidmiuen
é’mwdaummﬂaamﬁaﬁwﬁqﬂ (FS2) %udwmmgmsm?‘?uﬁ&y’wu Bilinear kinematic link
element \ian1sasInnou dmsunnA1dnsaunuUaendeiigedu (nsd FSa-FS10)
Fudruiiansannnouiedudiuan Turneiilifinnsasnindulufudiugiusniuas
mnmsisuifisunaneuausssenineis 2 Feulures Link element agiiuldindeldiiey

Y8aN15LeNAIvRIgIUIINAUTuanailog s NAuTivwIaN g T
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ludiuveuudiasiennisgs 3 Fu aualidueasaeunimasindn
Tngldinisesnwuulassasadioldlunisadanuusiast Tnsutsenaseondu 2 Useian
Ao p1msiiluldeenuuuiunsawuiuln warerarsfieenuuulisuusauiuiulniniu
UIATFIUYDINYNTENTH WA, 2550 LATAIATHIUNNTODNKUUDIAITHUNIUNTE LA LTToY
yosusiuAuly wew. 1302 01A3AanaNaFeasuLssusuALlTiTiaLTuLTe 2 52U fe
LsawsuAUlMITEAUN1588NUUY (Design earthquake) WazusalHuALlMIFIAATIaN1T0
{Antuls (Maximurn considered earthquake) ¥msiaseidedinsudnmeiudneauds
ArnsadousaidmunglaefuiuaInudnnisues FEMA356 was FEMAGAO wWisuiiieu
nameUALDIAYANLABETI AT UsErensAlTnuuEaufuguTnAusuuTend Tng
walssanautusessudu 3 Usznn Toud funsie Aumilen waviunioasou Tneituii
Tiasandumumisdfifeinsie a.melng) 2.awan

Pnnsiaszsmuinlasadsildldoenuuuiuusaduiulm finnuuss
uNuAUlITZAU Design earthquake ﬂizﬁsuaagmswﬂ?Tuuu%uﬁumﬁméauﬁ?uﬁﬁwmsmﬁ'au
é’hLﬂmmaﬁLﬁ'mmwﬁmﬁaLﬁauﬁ’umajgmﬁmwu%LLu'mJizmm 18% LaaIU1TNAALTY
Bouflguadlaiuszann 12% damnsdl Maximum considered earthquake U1 gaus i
vudufumindeuisnisedoudfiindulszanu 12% udansnanusadeuiigiuadld
LNENWLA 3.7%

dnsunisuszdiuanuderesernisilidldeenuuuiuusauniudulnamudn
nslendaesgiusinannsoanayudanatainiifntululasaield Taenndudiuianm
@eonelusedu Immediate occupancy Tunsalues Design earthquake d@auauussluseiu
Maximum considered earthquake iy gmsmuu%uﬁumﬁméaummaaaﬂmmLﬁamsﬂéf
wnitan dawalinnfudiuiidanudemessdu Life safety 1Wasunnfusedu Immediate
occupancy

Tudiuveserarsfisonuuuiunssudufuln fauwsausuiulmsedu
Design earthquake 1 n3digusniuuutuiuniseu fidnisedeusudmne ity
Uszanm 20% warannsaanusidouigiuadlduszana 19% Wefinsanuseiuiulmszdu
Maximum considered earthquake Frus AL URUMTseuiidnadeusumng
Fduduuszn 15% LavansnanLIndeufigiuadld 8.5%

dusunisusziliuaudereusse1nsiunsaiuAulnnuit n1slendd
yosgrusnannInanayudanarafniiiatululassadislfduieatunsdonnsilals

9NLUUSULTILHUAUIM taztilafasaNsEaUAIMULALTI8YIlASIAS1I9NUIN NAIULS
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320U Design earthquake iﬂﬁymﬁﬂwa’lﬁaﬂLﬁﬂ%ﬂiﬂiﬂiﬂﬁ%’l%ﬁﬂ drufisEAUAILLTY
Maximum considered earthquake szAuAINNLENIBDIlATIaS 1 luLRaznTaAlTA21Y
TnalAeetu Tuwdvesniseanwuusussawduiulmmnui erasfieenwuulisuussusuulm
annsaanmnsidoudtiminevediasiadicld wWesnlassadeduilauwmidenfiuiu
damaliinunisduveslasiadsdiinanas wavluuudsaiiiedulutudiuiidanas vl
Anenudsmetesasieiioudisuiulassadsldlfosnuuudunsausuiulm

dmiunswseuiisutelasuureinsAnnavenisufdunusssninafuiu
Tnssadraseninauuusiasdlasiadanesioaynunazuuudiassslasiadiens 3 su 14
miﬁmiwmﬂﬁhLml,aauﬁgmqqqﬂﬁﬁm%u INNTENUT TszRunLLs LAYl
g9gnvaILsarn Il wuudrasslassaiineteasniuaiuisnanusudouiisiulddnds
LUUTaRwBIlATIEZ9eANSUSEIR 15-17%

Mneuifeianusoagdlddn nsdanavesnisufauiusseninsdudy
Tassadensuerhgusniutuinislendauiniuneldusnseyusuiulm aansnan
anudemeiiiatululasadelddmsmannigiuiinily lneuuusiaedasiasanoe
axwutuansnaneuEsmeldanIuusasdasiadieans ewnanlasiadiauy
posoazmuiienubandusarlondléfinilasadauvuiiennis uidoldiuisuresnisan

HaYRINTURANNUsTEnIRuiulassasilavanas Weagusndvun gy

5.2 YDLEUDLLUL

1A598351991A15 N AT el U T8 T T UlATIaS 1M UUALNINT WaLyinnIs
FATIZIEIUBUUIIADIAMAANEATLNELA 2 TR J9A5AnwIRLLANTuduralATIaS19T
[ 1 a o dy 1 a 1 a P =
dnwzkana1931InITel Wy e1asildanuins 3unseiiiduyy wazaisfneiain
wUUIaedu 3 1R Wen1sIeTIEAaiouase8eTu Wesannlumnuduassiusndun
efsAntudIuveIusInTeyibasrudLazLssUnuneItes Tuluiadayavesuwniumulmnly

ARSHANNMAINIA1BUINNINT
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4 Y A 1 a
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NIEIYUYYRAIUANDIANT WA, 2522
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Suaiiouvowaumilng Jep 1302, RURASI 1. NFUNN: AN sanies Loy
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AANUATDIFIUTINAUAIMTUNMTIAATIB NG ANTTUNITATINTENINGIUTINAURULEN

Size

87

FS B(m) D(m) A(m~2) E(kPa) EA EI22 EI33 Ton/m Kz (kN/m) Kx (kN/m) B.Capacity (kPa) L.E.Pressure (kPa)
2 28 05 1.4 24288130 34003382 708403.79 22215543 3.36 40916 42889 1034.3 28.6078
4 36 06 2.16 24288130 52462361 1573870.8 56659350 5.184 50135 50358 1107.5 28.6078
6 44 0.65 2.86 24288130 69464052 2445713.5 112068670 6.864 59291 57692 1186 28.6078
8 48 07 3.36 24288130 81608117 3332331.4 156687584  8.064 63850 61320 1226.4 28.6078
10 54 075 4.05 24288130 98366927 4610949.7 239031631 9.72 70668 66722 1287.9 28.6078
Vertical link (kN) Horizontal link (kN)
Stiffness Yield f. Stiffness  Yield f.
Rim End Mid Rim  End/Mid Lateral Lateral
5728.24 11456.48 2291.296 81.08912 162.1782 120089.2 40.05092
9024.3  18048.6 3609.72 143.532 287.064 181288.8 61.79285
13044.02 26088.04 5217.608 229.6096 459.2192 253844.8 81.81831
15324 30648 6129.6 282.5626 565.1251 294336 96.12221
19080.36 38160.72 7632.144 375.5516 751.1033 360298.8 115.8616
4 ¥
wa Il o U o I ¥ U
ﬂmammaagmimmummuLmeaaﬂ ﬂiﬂﬁi’]ﬂa’]ﬂﬂiéjﬁ 39U
B(m) t(m) A(m2) fc'(ksc) E(ksc) E (kPa) EA EI22 EI33  Ton/m Kz (kN/m) Kx (kN/m) B.Capacity (kPa) L.E.Pressure (kPa)
Gravity | Sand 24 06 144 200 213829 20969471 30196038 905881 14494098 3.456 42457 47410 853.49 28.35
3stories | Softclay | 2.7 06 162 200 213829 20969471 33970542 1019116 20637104 3.888 23361 25480 655.18 17.51
Hardclay| 1.7 0.6 1.02 200 213829 20969471 21388860 641666 5151150 2.448 243410 292100 1638.70 20.71
EQ Sand 25 06 15 240 234238 22970904 34456356 1033691 17946019 3.6 43880 48598 869.93 28.35
3stories | Softclay | 285 0.6 171 240 234238 22970904 39280246 1178407 26587816 4.104 24426 26360 658.93 17.51
Hard clay] 1.75 0.6  1.05 240 234238 22970904 24119449 723583 6155484 2.52 248790 296710 1640.20 20.71
Vertical link (kN) Horizontal link (kN)
Stiffness Yield f. Stiffness Yield f.
Rim End Mid Rim End/Mid| Lateral Lateral
5095 10190 2038 49.2 983 113784 40.8
3154 6307 1261 47.8 955 68796 28.4
20690 41380 8276 47.4  94.7 496570 21.1
5485 10970 2194 54.4 108.7 121495 42.5
3481 6961 1392 53.5 107.0 75126 29.9
21769 43538 8708 50.2 100.5 519243 21.7
1 ¥
1 2 LY 1 o
mmsmaaumLi’]'mmasuaaiﬂinas'ma'm’ﬁqﬁ 39U
Fixed Sand Soft clay Hard clay
Gravity - 3 stories Design EQ Max. EQ Design EQ Max. EQ Design EQ Max. EQ Design EQ Max. EQ
AUNTITHULRIATIATS (T) 0.348 sec|] 0.348 sec|] 0.377 sec| 0.377 sec|] 0.388 sec| 0.388 sec| 0.361 sec| 0.361 sec
Q"wmuLi\as\auauaomﬁumsaanu.uuuaommi (Sa)|] 0.0877 g| 01316 g | 00894 g| 01342 g| 00901 g| 01351 g| 0085 g| 01327 g
Wi Tasvasolssanaua (W) 1348267 N | 1348267 N |1348267 N | 1348267 N | 1348267 N | 1348267 N | 1348267 N | 1348267 N
a 0.058 0.058 0.058 0.058 0.058 0.058 0.058 0.058
Vy 217000 N | 217000 N | 217000 N | 217000 N | 217000 N | 217000 N | 217000 N | 217000 N
Cm 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9
R 4.81 7.22 4.90 7.36 4.94 7.41 4.85 7.28
Cco 13 13 13 13 13 13 13 13
Cc1 1.524 1.856 1.458 1.746 1.436 1.710 1.493 1.803
Cc2 11 14 11 14 11 13 11 1.4
c3 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Target displacement 0.0500 m|] 0.1312 m | 0.0666 m| 0.1431 m| 0.0697 m| 0.1478 m| 0.0623 m| 0.1362 m
Fixed Sand Soft clay Hard clay
EQ - 3 stories Design EQ Max. EQ Design EQ Max. EQ Design EQ Max. EQ Design EQ Max. EQ
AUATSHULAIANATST (M) 0.293 sec|] 0.293 sec|] 0.321 sec| 0.321 sec|] 0.331 sec|] 0.331 sec| 0.305 sec| 0.305 sec
AAusIRauRuaYEIuiuNITaanuuLaYaInIg (Sa)| 0.0844 g | 01267 g | 0081 g| 01292 g| 0087 g| 01301 g | 0081 g| 01277 ¢
ininTasvasdssaniua (W) 1401829 N | 1401829 N |1401829 N | 1401829 N | 1401829 N | 1401829 N | 1401829 N | 1401829 N
a 0.0438 0.0438 0.0438 0.0438 0.0438 0.0438 0.0438 0.0438
Vy 278000 N | 278000 N | 278000 N | 278000 N | 278000 N | 278000 N | 278000 N | 278000 N
Cm 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9
R 3.76 5.64 3.83 5.75 3.86 5.79 3.79 5.69
Cco 1.3 13 13 13 13 13 13 13
C1 1.535 1.901 1.458 1.769 1.435 1.729 1.500 1.839
Cc2 11 13 11 13 11 13 11 13
c3 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Target displacement 0.0392 m| 00861 m|0.0450 m| 0.0951 m| 0.0472 m| 0.0986 m | 0.0416 m| 0.0897 m
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Abstract

This paper presents the effects of soil-shallow foundation interaction
on forces and moments in a bridge pier structure resting on a shallow
foundation under earthquake ground motions. 2D models of the soil-
shallow foundation interaction were created using the finite element
program, SeismoStruct. The models include both the structure with
shallow foundation allowed to uplift and the structure with normal
shallow foundation models. The purposes of these models were to find
effects of soil-shallow foundation interaction and compare the structure
responses. The analysis results show that the models with shallow
foundation allowed to uplift cause bridge pier structures to be more stable

than models with normal shallow foundation.

Keywords: shallow foundation, uplift, soil-structure interaction

1. Introduction

When the structure with shallow foundation is subjected to an
intensive earthquake excitation, the design of shallow foundation is
commonly considered to be a fixed support. The lifting of foundation
does not occur. However, if the seismic action is large enough, the
shallow foundation will be uplifted and the interaction between soil and
foundation structure should be considered.

An experiment study on the rocking response of bridge piers with
spread foundations was conducted by Hung et al. [1]. In this series of
tests, several columns resting on spread foundation with different
amounts of steel reinforcement are tested and compared. Deng and Kutter

[2] employed a centrifuge model to characterize rocking shallow

* o uiaveuuNAW (Corresponding author)

u

E-mail address: boom_longtooth@hotmail.com

foundation responses The main purpose of this centrifuge test is to
compare settlements between foundations with and without a concrete
pad. Subsequently, Deng et al. [3] studied bridge systems designed for
rocking foundations using the centrifuge model.

Several mathematical models of soil-shallow foundation have been
proposed in literatures. Seismic response analyses of bridge piers on
tensionless elasto-plastic Winkler foundation were conducted by Chen
and Lai [4]. Both responses obtained with fixed and uplifting foundation
are compared. Mergos and Kawashima [5] studied rocking isolation of a
typical bridge pier resting on spread foundation using mathematical
model to compare responses of each excitation direction. Raychowdhury
and Hutchinson [6] [7] [8] compared the results from numerical model
and experiments result. The models consist of shearwall-footing and

bridge-footing.

2. Elasto-plastic Winkler foundation model-allowed

uplifting

The elasto-plastic Winkler foundation allowed uplifting model [4] is
shown in Fig. 1. The soil was considered as a series of discrete springs.
The relation of bending moment and rotation of foundation is linear.
However, if the intensity of earthquake is large enough, the overturning
moment will be more than the resisting bending moment from the
foundation. Thus, the relation of bending moment and rotation is

nonlinear.
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Uplift area Elasto-plastic spring

Fig. 1. Elasto-plastic Winkler model.

3. Numerical modeling

For the numerical model of structure with a shallow foundation
footing, a schematic diagram can be shown in Fig. 2. The springs are
placed along the length of the footing. The spacing of vertical spring is
2% of the total length of the footing. One lateral spring is used to provide
passive resistance and capture lateral displacement. The stiffness of
vertical springs is depending on the region of the footing. At the end
region, the stiffness intensity is increased by 5 times of the middle region.

The length of the end region is assumed to be 16% of the length of the

footing.
I Mass |
L@
[ GEN

-
I
Elastic beam column elements }
]
|
|
|
|
I
Nodes }
I
|
|

Zero-length element

Dynamics shaking

Fig. 2. Bridge-footing idealized model.

The numerical model in this experiment was created from Finite
Element Package Software, SeismoStruct. The idealized model in Fig. 2
was applied from Opensees [9]. However, it cannot use the Opensees’s
entire idealized model because it has different of setting especially the

mechanistic springs.
4. Numerical Model Example

4.1 Bridge pier model

In this example, the height of the bridge pier was 3.40 m. It had a
lump mass on top pier with 120 t. The column was circular section with
0.60 cm diameter. The support is the 1.68m x 1.68m shallow footing and

its height was 0.60 m. The compressive strength of concrete was 278

kg/cm2 [1]. The stiffness of clay was 33.4 MPa/m and the ultimate
vertical bearing pressure is 1500 kPa [10]. The mass of column was not
accounted in this model.

To compare the responses between fixed support and uplift allowed
support, the models were created for different conditions as show in
Table 1. The springs in the case of uplifting footing, was represented by

link elements.

Table 1 Types of numerical model used in this example.

Model name Base condition Link elements
SF1 Fixed support None
SF2 Rocking shallow foundation Linear symmetric
SF3 Rocking shallow foundation Linear asymmetric
SF4 Rocking shallow foundation Bilinear symmetric

The appearances of the models were shown in Fig. 3. The SF2-SF4
models are similar. However, the properties of link elements are

different.

__. 4 -
Fig. 3. Model for SF1 (left) and Model for SF2-SF4 (right).

The relation between force and displacement for each type of link
elements were shown in Fig. 4-Fig. 6. The compression stiffness of linear
asymmetric link element was assumed to be zero, because the behavior of
the soil underneath the shallow foundation cannot resist tension force.
Bilinear symmetric link element was used for non-linear relation

analysis.

Force

Ko

Displacement

Fig. 4. The relation between force and displacement

for linear symmetric link elements.
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Ko Displacement

Fig. 5. The relation between force and displacement

for linear asymmetric link elements.

Force
Ky |
!
A i f Ky
- Ky 1"
," Vo ~  Displacement
Ko ‘f F [
/
,’ Ky

Fig. 6. The relation between force and displacement

for bilinear symmetric link elements.

4.2 Ground motion

In this study, dynamic time-history analysis is performed to simulate
the system response under earthquake ground motion using the Taiwan
921 Chi-Chi earthquake ground motion (Fig. 7). The peak ground
accelerations of 0.1g, 0.3g and 0.5g are used and a damping ratio of 5%

is assumed.

Acceleration

Fig. 7. Taiwan 921 Chi-Chi earthquake ground motion.

5. Simulation Results

The comparison between lateral displacement responses obtained for
each base condition was shown in Fig. 8-Fig.10. For all intensities, it can
be seen that the shallow footing on linear asymmetric link element (SF4)
has the maximum lateral displacement, while the fixed base support

(SF1) has the minimum lateral displacement of all conditions. It should

be noted that the lateral displacement in Fig. 8-Fig.10. is at the top pier
and is relative to the base of column. For the high intensity case, the

displacements of rocking foundations (TF2-TF4) increase.
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Fig. 8. Top pier displacement comparison of SF1-SF4 responses (0.1g).
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Fig. 9. Top pier displacement comparison of SF1-SF4 responses (0.3g).
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Fig. 10. Top pier displacement comparison of SF1-SF4 responses (0.5g).

At the end of the analysis state, the structures with uplift allowed
shallow footing have a residual displacement at top pier. The case of
linear asymmetric link element (SF3) has the maximum residual
displacement because the link element properties are asymmetric. As
shown in Fig. 5., linear asymmetric link elements can only resist the
compression.

Corresponding well with the ground motion shown in Fig. 7., the
displacement responses of Figs. 8-10 all reach their peaks at 14 second.

For the bending moment responses at the base of column, the

comparison of three support conditions were shown in Fig. 11.-Fig 13.
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The bending moment increases with higher intensity. For all intensity, the
bending moment responses of rocking shallow foundation (SF2-SF4) are
different from the displacement responses. The SF2-SF4 models have a
similar amount of bending moment.

Around the peak ground motion state, the fixed support condition
(SF1) has the maximum bending moment at the base of column. It can be
seen that the uplift of the footing can reduce the bending moment of the
base of column. On the other hand, the flexibility of structure can reduce

a large amount of the bending moment under the earthquake excitation.

SF1

60

40

20

Bending moment (kN.m)

0 10 20 30 40
Time (sec)

Fig. 11. Bending moment comparison of SF1-SF4 responses (0.1g).
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Fig. 12. Bending moment comparison of SF1-SF4 responses (0.3g).
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Fig. 13. Bending moment comparison of SF1-SF4 responses (0.5g).

The responses between force and displacement for each type of end

link element were shown in Fig. 14-Fig. 22. For the linear symmetric link

element as show in Fig. 14.-Fig 16., the force and displacement also

increase with higher intensity.

- /
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D
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=
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Fig. 14. Relation between force and displacement of linear symmetric link

element (0.1g).
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Fig. 15. Relation between force and displacement of linear symmetric link

element (0.3g).
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Fig. 16. Relation between force and displacement of linear symmetric link

element (0.5g).

The relation between force and displacement of linear asymmetric
link element were shown in Fig.17.-Fig.19. In the low intensity, 0.1g, the
effect of tension force from the foundation is not occurred. However,

with the higher intensity, it came to have an effect of the tension force.

1.5

% 1 o~
E 0.5 /
St
é 0

-0.5

-0.0005 0 0.0005 0.001 0.0015
Displacement (m)

Fig. 17. Relation between force and displacement of linear asymmetric link

element (0.1g).
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Fig. 18. Relation between force and displacement of linear asymmetric link

element (0.3g).
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Fig. 19. Relation between force and displacement of linear asymmetric link

element (0.5g).

The last case of the link element is bilinear symmetric which show in
Fig. 20.-Fig. 22. The relations between force and displacement are also
similar to linear symmetric link element. It is because of the symmetric

properties of stiffness.
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Fig. 20. Relation between force and displacement of bilinear symmetric link

element (0.1g).
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Fig. 21. Relation between force and displacement of bilinear symmetric link

element (0.3g).
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Fig. 22. Relation between force and displacement of bilinear symmetric link

element (0.5g).

6. Conclusions

This paper compares the responses between fixed support and uplift
allowed shallow footing, to find the effect of soil-shallow foundation
interaction. The numerical models of bridge pier structure were created
by the finite element package software, SeismoStruct. The models consist
of four conditions; fixed base support, shallow footing on linear
symmetric link elements, shallow footing on linear asymmetric link
elements and shallow footing on bilinear symmetric link elements. These
numerical models were considered in two dimensions and intended only
one direction of the earthquake excitation.

Under the Taiwan 921 Chi-Chi earthquake with different intensity;
0.1g, 0.3g and 0.5g of peak ground acceleration, the different responses
of three conditions were shown in the simulated results. The rocking
shallow foundation can reduce large amount of the bending moment
when compared with fixed support. However, the structures with rocking
shallow foundation also have a permanent lateral displacement at the end
of earthquake excitation. The relations between force and displacement
of end link element were shown in the study. In the high intensity, the
effect of tension force of linear asymmetric can be seen. However, the
force-displacement relations of linear symmetric and bilinear symmetric

link elements are also similar.
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Abstract

Shallow  foundations  with  non-linear  soil-structure
interaction can dissipate the energy of structures under the
earthquake excitation. This is an advantage of rocking designed
shallow foundations over normal foundations, or fixed supports.
However, the rocking foundation may cause the permanent
system deformation. When the seismic analysis of structure is
carried out, the fixed support is yielded first. For the rocking
foundation, the yielding response depends on properties of the
system. This paper studies the responses of the structures on
rocking shallow foundations using the Winkler foundation
model. The purpose of this work is to find the yielding
responses of column and shallow foundation and their variation
with factor of safety. Two dimensional numerical models of
reinforced concrete bridge piers are used in conjunction with
the static push-over analysis. The behaviors of column and
foundation are non-linear and elastic, respectively. The analysis
results show that the first yielded element is the footing for a
lower value of factor of safety. However, the footing remains

elastic for a higher value of factor of safety in which the yielding

occurs in the column instead.

Keywords: shallow foundation, earthquake, soil-structure

interaction, numerical model

1. Introduction

For the structure with shallow foundation under the
earthquake excitation, its foundation is commonly considered

to be fixed. Therefore, the lifting of foundation is not accounted

for in the structural model. However, when the structure is
subjected to sufficiently large seismic action, the shallow
foundation will be inevitably uplifted. Therefore, the soil-
structure interaction should be considered in the analysis.

Experimental Investigations on rocking responses of
structures have been performed by several researchers. The
bridge piers with spread footings were used in the study of
Hung et.al [1]. The tests used several columns resting on spread
foundation with different amounts of steel reinforcement and
compared the experiment results. The study of rocking shallow
foundation by Deng and Kutter [2], is to compare the
settlements of foundation in different sand conditions. The
concrete pad was used to decrease a settlement.
Subsequently, the centrifuge model was used by Deng et.al [3],
to investigate the bridge system designed for rocking
foundation. Liu etal [4] used centrifuge models to find
responses, with different combinations of foundation and
structural component yield strengths.

Several researchers employed mathematical models to
study the soil-shallow foundation interaction problem. Chen
and Lai [5] conducted seismic response analyses of bridge piers
on tensionless elasto-plastic Winkler foundation. This study
compared responses obtained with fixed and uplifting
foundation. Mergos and Kawashima [6] used mathematical
model of a typical bridge pier resting on spread foundation, to
of each

(78l

compared the results between numerical and experiment

study rocking isolation and compare responses

excitation direction. Raychowdhury and Hutchinson

models. The models consist of shearwall-footing and bridge-
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footing. The numerical models of steel frame buildings were
studied by Raychowdhury [9], to compare responses between

fixed, elastic and non-linear shallow foundation.

2. Elasto-plastic Winkler foundation model-

allowed uplifting

This study used the elasto-plastic Winkler foundation model
for numerical modeling of a shallow footing [4]. This is not a
traditional foundation model. It can uplift when the intensity of
earthquake is sufficiently large. The resisting moment will be
less than overturning moment. The relation of bending moment
and rotation of foundation will change from linear to nonlinear.
Fig.1 shows the elasto-plastic Winkler foundation model

allowed uplifting. The soil was considered as a series of discrete

springs.

Uplift area . .
piiTL ar Elasto-plastic spring

Fig.1. Elasto-plastic Winkler model.

3. Numerical modeling
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I (e) 1
@
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Zero-length element
Nodes

Zero-ength element

Dynamics shaking

Fig.2. Rocking shallow footing idealized model.

Fig.2 shows a schematic diagram of numerical modeling for
the structure with shallow foundation. The discrete vertical

springs are placed along the length of footing. The space

* Corresponding author

E-mail address: boom_longtooth@hotmail.com

interval of all vertical springs is 2% of the total length of the
footing. One lateral spring is used to provide passive resistance
and capture lateral displacement. The stiffness of vertical
springs is depending on the region of the footing, because of
soil compact effect from rocking of the footing. For the end
region, the stiffness intensity is increased by 5 times of the
middle region. The length of the end region is assumed to be
16% of the length of the footing.

In this study, the numerical model was carried out using the
finite element package software, SeismoStruct. Fig.2 shows the
idealized model modified from Opensees [10]. However, the
model in this study cannot use Opensees’s entire idealized
because of difference in

model, setting, particularly the

mechanistic springs.
4. Numerical model example

4.1 Bridge pier model

In this example, the height of bridge column is 10.75 m. It
has a lump mass on top pier with 300 tons. The column cross-
section is rectangular with 1.5 m x 1.5 m [11]. The support is the
shallow foundations with different sizes, depending on the
factor of safety of the shallow foundation, as given in Table 1.
The compressive strength of concrete is 17.4 MPa (cylinder
strength). The supporting soil is dense HST95 sand [12]. The
specific gravity is 2.63. The maximum dry density is 17.58 kN/m?>.
Its critical angle is 32 degree. The modulus of elasticity is 8000
kPa and can be calculated to shallow foundation stiffness [13].
The appearance and details of the numerical model are given

in Fig. 3.
Column section

o)

Mass

RC column

" Elastic fodting |

A— FA—— g N

Fig.3. The appearance and details of the model.
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Models are created with two different conditions of vertical
link elements as shown in Table 2. The first one is bilinear
kinematic hardening curve while the other one is linear
asymmetric curve. Fig. 4-Fig. 5 show the relation between force
and displacement for each type of link elements. The shallow
foundation stiffness and yield strength are represented by Ko
and F, respectively. Bilinear kinematic hardening curve is used
for non-linear relation analysis. Linear asymmetric curve used

for behavior of soil underneath the shallow foundation cannot

resist tension force. Also, the tensile stiffness of linear

asymmetric link element is assumed to be zero.

Table 1  Footing sizes.

Model Factor of safety Footing sizes

name (FS) Width (m) | Height (m)
Fs2 2 2.8 0.50
Fsa a4 3.6 0.60
FS6 6 4.4 0.65
FS8 8 4.8 0.70
FS10 10 54 0.75

Table 2  Footing conditions.

Link element
Condition
Vertical Horizontal
1 Bilinear kinematic Bilinear kinematic
2 Linear asymmetric Bilinear kinematic
Force
Ko
5
. e b !
r— /
/ /
/ /
/
/ Ko 1
,’ ! Displacement
/
/ /
/ /
/ /
/ _d
/ ==
F
Ko Y

Fig.4. The relation between force and displacement

for bilinear kinematic link elements.

Force

Ko

Displacement

Fig.5. The relation between force and displacement

for linear asymmetric link elements.

4.2 Static push-over analysis

This study employs static push-over analysis to simulate the

system response of structure. For all models, the applied load
is exerted at the pier top. The target displacement is 3% drift
ratio in horizontal direction. The purpose is to find the yielding
response of the structure-foundation system. The schematic

representation of the structure-foundation system is shown in

Fig.6.

3% drift ratio

Apply Iaad—.ED ( j’r)

Mass f

RC column h

| Moment vs Rotation

Elastic footing

RN =

Fig.6. The schematic representation of the structure-foundation

system.

5. Simulation results

5.1 Moment vs rotation

Fig. 7 — Fig. 11 show static push-over responses of the
footing element of all models, comparing with two conditions
of vertical springs. For the condition | (bilinear kinematic spring),
the footings experience yielding in model FS2 and model FS4.
However, the footing remains elastic in all models with
condition Il (linear asymmetric spring) because of the difference

in vertical spring response. The bilinear kinematic spring results
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in a stiffer footing. The linear asymmetric causes the footing

more flexible with the rocking advantage, but also causes more

rotation.
) Shallow foundation (FS2)
: bl kin
: _
lin asm

©

Fig.7. Moment vs rotation of shallow foundations (Model FS2).

Shallow foundation (FS4)

Mament (kM.m)

©

Fig.8. Moment vs rotation of shallow foundations (Model FS4).

Shallow foundation (FS6)

Mament (kM.m)

Fig.9. Moment vs rotation of shallow foundations (Model FS6).
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Fig.10. Moment vs rotation of shallow foundations (Model FS8).
) Shallow foundation (FS10)
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_Zi 6000
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nonne A nne

©

Rotation (Rad)
Fig.11. Moment vs rotation of shallow foundations (Model FS10).

The comparing responses of column elements are shown in
Fig. 12 — Fig.16. For both conditions, the column does not
experience yielding with the lowest factor of safety. However,
the yielding occurs for all higher factor of safety, model FS4 -
model FS10. For all of models, the condition | has larger
maximum rotation than the condition Il. The maximum rotation
of column in model FS2 is similar for both conditions. For
yielded column (model FS4 - model FS10), the model FS4 is
very different between the maximum rotation of two conditions
and the difference decreases when the factor of safety
increases. It is because of the rocking advantage of linear

asymmetric spring decrease in the higher factor of safety.

Column

Fig.12. Moment vs rotation of columns (Model FS2).
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Marnent (kM.

Marnent (kM.

Marnent (kM.

Marnent (kM.

For the lowest factor of safety, the first yielded element is

Column

the footing on bilinear kinematic springs as shown in Fig.7. The
column does not yield in the lowest factor of safety. For the
higher factor of safety (model FS4 — model FS10), the first

yielded element is the column.
5.2 Plastic hinges

0.012 Table 3 Plastic rotation comparisons for all models.

Plastic rotation (Rad)

Fig.13. Moment vs rotation of columns (Model FS4). = ConditoniibEsym) Condition 2 ({n“asm)
Footing Column Footing Column
- 2 0.013 - - -
Column
4 - 0.007 - 0.001

: 6 - 0.012 - 0.007
8% 8 . 0.013 - 0.010
bk 10 - 0.014 - 0.012

The plastic rotation of columns and footings of all models

©
©
=1
=1

are shown in Table 3. The footing element has the plastic hinge

e in only the model FS2 with condition I. The plastic hinge of
Fig.14. Moment vs rotation of columns (Model FS6). column element occurs in model FS4 - model FS10. The
condition Il has lesser plastic hinge rotation than the condition I.

Column

10000 6. Conclusions

: The purpose of this paper is to find the yielding responses
oo of the bridge piers on shallow foundation, with effect of soil-
o bL kin foundation interaction. This study employs the finite element
= R package software, SeismoStruct. The numerical models of

bridge pier structure on shallow foundation are created. The

©
©
=1
=1

models consist of two conditions of vertical springs; bilinear

B kinematic hardening and linear asymmetric.
Fig.15. Moment vs rotation of columns (Model FS8). The static push-over analysis is used to simulate the
yielding responses of systems, with the target displacement of
Column 3% drift ratio at top pier. The moment-rotation responses are

shown in the simulated results. For the lowest factor of safety,

' the only yielded element is the footing. The footing dose not
e experience yielding for a higher value of factor of safety, while
e bl kin the yielding does occur in the column. The two types of
- —lin 2sm vertical springs show the different results. The linear asymmetric

springs result in larger footing rotation due to rocking, and it can

©
©
=1
=1

reduce the maximum rotation and plastic hinge of the column.

However, the advantage of linear asymmetric springs decreases

Fig.16. Moment vs rotation of columns (Model FS10). when the factor of safety increases.
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