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ABSTRACT

Tsunami is the severe disaster that damage in structure and life in many countries in the world.
To prevent and reduce structural damage in the future, there is a need to understand the behaviors
of buildings under tsunami loading. Most buildings in many countries are reinforced concrete
structures with masonry infill walls. Generally, the building is modeled by considering only the
primary structures i.e. beams and columns. From previous researches, the masonry infilled wall
enhances the seismic performance of the structure, significantly. Therefore, to capture the reinforced-
concrete building behaviors, the masonry infilled wall model is needed to consider in the building
model. Moreover, in Thailand earthquakes has occurred frequently. Those damaged to residential
structure and killed people.

This research studies of the behavior and responses of masonry infilled wall in reinforced-
concrete frame under tsunami force which is represented in the hydrodynamic load pattern. From
the results, the lateral resistance of reinforced-concrete frame is enhanced by masonry infilled wall,
significantly. The lateral resistance of reinforced-concrete frame with masonry infilled wall depends
on the compressive strength of brick type. From the experimental results, it can be seen that, the
solid clay brick expresses the highest compressive stress, therefore, the compressive strength of
masonry prism made of solid clay brick has the highest compressive stress. Moreover, in this research,
the seismic fragility curves of residential building are developed to reduce, prevent and use in seismic
risk assessment. The seismic fragility curves are developed by using damage building data of the Mae
Lao 2014 earthquake which were classified into 3 damage level. In the estimation of seismic hazard, 3
ground motion prediction equations are considered. The seismic fragility curves are established by
the maximum likelihood method. In development of seismic fragility curves, the damage data is
classified for all damage data, engineering buildings and non-engineering building. From the results,
the seismic fragility curves are related on the different ground motion prediction equation,
significantly. Furthermore, due to different seismic performance between engineered and non-
engineered structures, fragility functions developed by non-engineered building database resulted in
steeper fragility curves compared to those developed by engineered building data set for all

considered ground motion prediction equations.

Keywords: Tsunami, masonry infilled wall, earthquake, fragility curve
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2.1  w39NERalAseEs1suuYIgaliasandund

Ramsden uag Raichlen (1990) lévihnsvaassdlurieslfiRnmaiotaussinaduiiusngiuiumnsi
laifivoudn fadurduiiuandaneutzngiumumns tnslunsadieduiuldlivinnsveanandniidegngu
(Piston-type) Ll lsituinndu duihnismaass 6 nsdlasnsuusiasusnsidmanudnizudiu H, /d, &
wandluguil 2.1 nranisvnassaunsnagUliilunnnsdussgeandinsgisefunaaziiandsananugs
AAugean ussiialsnnmsnaaeuimfesnitaussidualdanaunisi (2.1) lneauufiussiuvesndudl
mMsnszefluugnnadn sgslsfinuusaifaldannsmaseuiidlndifssturussiiunldnnaunisues
Cross (1967) faamunisil (2.2) usefindunszyiviorunsiimuszanal 5.5 fa 7 winueaussennads uanNies
Ifauordulszansanuiinau N =c/ JgH, msidwintu 1.55 dwiurduunndiifvunndn uayd

AU 1.8 dMTUAAULANAITUIADY 9

erftical Wall
Wave Gencru'lc-r;, \_ f

B o S—

Ry e ]

e 2139 m ]
f 24.02m
(M) nmeSueiinuslunisAuin (¥) MwaSUIEANEIRAY

JUN 2.1 dnwazresmaiianduusdufulnluzuwuusing 9 (Kramer, 1996)

F =%b7/(77w+dw)2 (2.1)

F =%yb(n+dw)2+éCFbcz(77) (2.2)
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Hamzah uagaue (2000) bavinn1suseuianisnsganedivesanuduannnads (Hydrodynamic
pressure) ¥a3nAUTLANFI9INNIMARBdluT9TAMAnS 91NHANIIAABINUIANYAZIEAYEIAIANLTY 2 AN
a;mLLiﬂLﬁmmmiﬂizLmﬂﬂuaﬂﬂ?{wiaﬁWLLWde%mﬁwﬂLﬁmmﬂmmﬁuﬁwﬁﬂisﬁ]waﬁuﬂmmquﬂwai’ﬁ
wonandslevimsAnuuuusans 2 uas 3 37 Sewaiildanuuusiastdenadeiunanisnaaatlusea

FNERNS BALIUAIAMNAULTLDIIINNITNTEUNNUDIAAU

Asakura wag Ay (2002) latauaiasaalienldlunisasrenaulnenislatudnelvniaeduniaing
g19PAUNN TUS9vadIans 2 07 way 3 4 a8 laauaaNNITEANISNYLAITNTEINYAMUAUARUTIVINNIS
AI5UMUNPAU 2 wUUAB kuulilinn1skANG (Without fission) kAZLUULAANITLANG (With fission) Tag

N13N58318V0IANNGUGIARvRNATUTLIARNSUANFIE NN SaLARIIEANNFUT LS LA URTATUAE?

(Linear) ASUaR4a3UN 2.2 duntaduiiiinn1suaniiaea1usauanin e duiusvo L dun s

Y

(Bilinear) ﬁQLLamﬁqgﬂﬁ 23

5 r
s @ = 75mm, T= 45sec, up
A H=100mm, T= 90sec, up
1 " ® H=100mm, T=240scc, dn

JUN 2.2 MInseaeanuiuresraunliiinn1suandd (Without fission) (Asakura wag AR, 2002)



TR Y S

e H=100mm, T=30sec, up
5 ® H= 75mm, T=30sec, up
Ri + H=100mm, T=45sec, up
¢ H=100mm, T=30sec, up

Plax/ pEN nax

gﬂﬁ 2.3 A1INTLAYANUAUVBIAFUMANNITUANG (With fission) (Asakura wag Ay, 2002)

1NFUN 2.2 @UTOTHUANNITHAAITNYALNIINTEIBANNAUTRIAT U T AR UlARNITUANAY

(Without fission) éaunsdi (2.3)

Pm ax — Z

pgnmax nmax (2.3)

INFUN 2.3 A1UTARHUANNTUANITNWLNITNTEANLANUAUVDIAAUNMTIAFUAANITUANGT

(With fission) édaaunisa (2.4)

P = max(« —L, 1.8 —£)
Pgﬂmax Tmax TTimax (2.4)
Tagil
V = mudwesth (wes/Aui)
P. = muduseseduiinnniian
P = ANuMUULLTENH
g = enusslduaasedan
Mo = m’mqqﬁu’mﬁqmamﬁuﬁmﬁ%ﬁmmﬂﬁzﬁvﬁuau
= dufenuduadu (1S a <3)
Z - serlunidsianniiuiulvauiineidesmmmmusanudureseiu
Fo = aweausdunnsuinnigainszvhvielasaing

1NN15NAABINUIMTINTEINTUBUITIUALSINANNIST 2.3 wazaunish 2.4 Wuaunisnnilaenis

nszatemvesnNRuAiunanindunseuiulunnmuiaivininmnsiain dalagunfinnudununignay
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a

ASEYNAUINNAATNATUIZ TINANANITNAADINUIN TUVULTLTINTEYIRBIATIAS 19T AIUINTGA N15NSE8

q q

ANURuYendulidiianIsuandlldnuagagun 2.4

5.
4 ¥ li= 75mm, T= 45sec| up
4P 4 H=100mm, T= 90sec| up
Py ® [=100mm, T=240sec| dn
g
=
N
N

Pi/p -4 nnx

JUN 2.4 M3nsgneanuduresrduiiliiansuandluraugiusnseiselassasnadiiuinian

(Asakura tazAnly, 2002)

NJUN 22 A1 @ TAwnfigawiniy 3 wiluuaensun 2.4 Aa daunigawiniu 2.7 Falle
wiw @ =3 war @ =2.7 adduaunisi 14 ilvanunsadasslusnsviuniigaiinssyisielasas

il
1 9 2
I:x = (E)(?ﬂ]max)(spgnmax) = (E)pgnmax
1 7.29
F, = ()(2.77,,)(2.7 p9n,,) = () P97
2 2 (2.6)

Faaziulainlunsdlvasndunliuandiilownu o = 392 lAusInseyin NN IwsINgE AU

o = 2.7 Uszanas 20 Wasidus

Okada Wag ang (2005) lotauaaunisAldlun1smuImmINLAUbarLsIAnIINAauaNID Tngdl

SNeazdunname Ul

AUNTVRIANMUAUTLAAINAAUFUN WARIAIAUNITN 2.7
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g, = erwduaneduAund

p = emwwvutuvenh

g = enussliduaaedan

h = anugeivhudmiunmsesnuuy (nundation depth)

z = mmqﬂmmﬁﬁﬁﬂmﬂixﬁvﬁuﬁu‘[mﬁ 0<z<3h (wn9)

building

design inundation depth ®

.
//

o]
: i
| 7=
X 3pgh
Ul 2.5 mnusunaduduniilngldannisil 2.7 (Okada wag Az, 2005)

AUNTVDILSITANINAAUFUNT LARIAIAUNS

Q. = pyB | (3h-2)dz

1

1 2 2
Qx = EPgB{(Ghzz - Zz) - (6hzl —4 )}

(2.8)
Taofi
Q, = usmneaudud
B = anuniweseans
z, = mmqqﬁﬂqmmﬁuﬁﬁlﬁ%’uLLiqéfu 0<z,<z,
z, = Arwgegeanesiuiinldfuusedu 2, <z, <3h

building

design inundation depth s

Z2

U 2.6 ussnadudunTlagldaunisi 2.8 (Okada uas g, 2005)



wenMNUUIIlMALDNTNTEILUTIAUANFULUUYBID AN IAMARIlUTUT 2.7 Fadeasilannugs

HeaninanugaivhufasAnnsnszaeANRURINZAINIUDIe A TRandlugUR 2.7 (b) uazdiiudueans

gandanugnivhuaduasalvaiululdagyibilidiernudutudgun 2.7 (e)

Tsunami wave pressure distribution

Z  base on cquation 1 \‘\\
"y .

Load of the lost portion is disregarded.

L.

7
7/
r= =
Design inundafion depth \ Design inundatjon depth é:% Building
Y. . " v £
\ " §
o & N\
AR
3pgh 3pgh
(a) When pressure-resistant members are all positioned (b) When the building is 3h or lower
from 0 to 3h in direction z
. Hypothesized distribution base on
z Tsunami wave pressure distribution B e - N
b : z flow velocity implicitly included in \
ase on equation 1
\ equation 2
% \ Building N Building

£
(5]

Design inundafion depth

Y.

i

s \
Design inundatjon depth g // \
@
V. s £ \ -
i A

L

(c) When pressure-resistant members shift in direction x

z No load because the tsunami
passes under the building
l x %
. / \
©

Design inundation depth /

_V —I
| 3pgh

(e) When there are no pressure-resistant members

between 0 and h in direction z

* Excluding windows and other small openings

L

-3 pg(hh')"‘z
3pgh |

(d) When pressure-resistant members are missing

between 0 and h in direction z

UM 2.7 MmI3nseangusviudelassainemsguiuusnge (Okada uay g, 2005)

Yeh (2006, 2007) 1ivin1siauaaun1svedusgnanaingedn (Maximum hydrodynamic forces)

ausaA1uIlaaInNaunIsn 2.9 Yeeguuiugiunisivaveduuudy (Momentum flux) AildAIwIN
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1IINLUVTI0UTIRIAY (Numerical models) waglavinisuugininlunisauiausignnnainiuyiasaly

wHRINTUNTUUTEAVSYDIUTIRA (Drag coefficient) Mvsgaysiy

F, =%pCdB(hu2)

max

(2.9)
Tagdn
B = anuniweseianslussunusunss
C, = duUszdnduausan (Drag coefficient)
£ = AVNRILUUYeN)

lned (huz) # h,,U° o Wesannfinnugegsaniuanudigeanlildiiniivanistu Tnglunisivaves
max

Tausy (huz) lANFNNITN 2.10 wazaunIsn 2.11
max

2 2
(U7 ) _ 0.11(1J +0.015 (ﬁj
L L

9oL’ (2.10)
2 2

hu_ =o.125+0.11(i] —0.235(%

9R R R (2.11)

ool

- szezanduvteitaulaauissysuiiviviuds
- szzmnmewmadessRuTiviuEs
ANAINTUYBITIYY

= ixﬁummqqﬁﬁ%mﬂqmmi

T N Q ™ X
Il

= szAuANNgIisuiaiviigan

Lukkunaprasit  kagAde  (2009) 1ﬁﬁ1ﬂ15miaaaauLmeqmiaamLUUsl.ummgm FEMA P646
2008) Togldwanisnaanslusisvarans anaunsiauslas FEMA P646 (2008) lunismIuisminss
desangnnmaiRuazisaiosnnaduiiuandauumeilafiannsi 2.12 wagaunisit 2.13 auadu Tngldans
auMsaAuIMALS TRt uUSs T URansaaeudsldmanugilunsiveanmsialusisvarans
ﬁwﬁiﬁuﬁmﬁqgﬂﬁ 2.8 %qagﬂlé”hﬁhLLﬁﬁii’ﬂlﬁmﬂmimaauaamﬁmﬁ’whLl,ﬁa‘ﬁﬁ’lmmimauﬂ’ﬁﬁ’lmmm

WemnannnaialeglddudsyansueusmaiiAiu 2.0

F, :% pC,Bhu’ (2.12)

F, =4.5p9Bh’ (2.13)
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N
o

W
o

Force (N)
N
o

=
o

o

Time (sec)

JUN 2.8 MslUTeuliiguAiAnuLsiiinduiunanisnaaey TngiduiiufieAssidwInInaunsamiy
AAUNUANAIULIIEE LHURRRALSITIALAAINNINAZEU WagldudvADA1LIINAILINGIN

auNsEmIULSIENNNAIR (Lukkunaprasit kagandy, 2009)
2.2 MSANYILUUINGDINGANTTUTFN

2.2.1 ATaiungAnssuvesneunsnilidnislousa

Kent wag Park (1971) lalauswuuinasswasnaunisiibiinisieusalnelomnuduiussenineminy
WukazANUAIEananslugun 2.9 damuirludusnidedasdaniudunudadiureaunisdulaamian
Tuan wazthamdsiawnaziismanatedimniileeiidnvusdudunss wazdmuimunioniigadszasia

dadia
ARUTIMNTINENIINALIUTEn (Ductility) vesnaunindilidinislousaiiAmaudie

fc A

Unconfined
concrete

05f

C

£, =0002 50y

oY

JUN 2.9 anuduiusseninanuiiuwazansenvesnauninilliinislousn (Kent uag Park, 1971)

1N AB (g, L &,)

1 2¢, [ &
c— ¢
80 gO

(2.14)



14 BC (g, > &,)

1ne?

£—&,) o &, <0.004

do & >0.004
_ f,-05f;
' &, —0.002

~3+0.002f,

C

gy =——————
% f-1000

ﬁ']é’ﬁuLLiqé’m_jqqmmﬂauﬂ%m (MPa)

A

[ a '

LASUAVDIADUNIANNAIZIRALANLYINAU 0.002

Y 9

2.2.2 uTEiungRnIsuvesraunIniinislousa

(2.15)

(2.16)

(2.17)

(2.18)

12

Mander kag Ay (1988) tALaUaLkuUINa09u8InaunInniinislausalagldmnudunussening

ANUAULazALLASEARMandtugUT 2.10 Tnevinisnaaeutaniildsunistleusannmaniaiuniawiegy

adsuuarnauneliusidnilifinsgesruduazauaulinismaduduluegnsdng (Slow strain rate) lng

@ @

viheusensleusaduinagiusy fudnvarvein1siniteewninasun e 1ILasnanLasuAINYI

IngaInnIINANLATEASAUSEAEANRLILAY (&, ) a1Tambaainiundiunusianveudulfwes

ANUAURUSTEUINIANUAULATANLLASEA

JUT 2.10 mnuduiusseninenaAularAAsenTasmaunIniiin1slousn (Mander uay Ay, 1988)

Comnpressive Stress, fp

Confined First
concrete haop.
Flp s o o v ey fracture,
NS .
&
ot %\ \Unconfined
S S
Assumed for
—~cover concrete
I A\ BN -
Erlrf’ coltco Esp Ecc 2
t

Compressive Strain, Ec



Tagdn

Tagdn

N = —h

@

& >

pCC

13

(2.19)
oL f,
fcc = fco 2f—,—1254
c (2.20)
80
X =—-
e (2.21)
EC
r =
Ec - Esec (2.22)
Ep =€, | 1+5] -1
co (2.23)
& = 0.002 (2.24)
E, =5000y'f, (2.25)
Esec =—
Eee (2.26)

Mdsunsdavasmaunindiliinislousn
mhewsdlouiauseansna dawviiu f, -k,
nBLslausaaung
AduUsravislauiausyavua dawviiu A A,
ﬁﬁﬁmQQﬂauﬂ§mﬁQﬂI@U%@Uizﬁw%ma
ﬁﬁﬂLﬂ?ﬁilA%(l__ﬁ%c)

¥ '
A A

fiufivespouninfiodneluduseuguveuninasuniawang
dnnduszniniiuiiveaninasunuendeiiuiineuniniegatelumdniaiumig
19

ANHLASEA MINITUAGIVBIABUNTA
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Hoshikuma uaz Ang (1997) laausuuudtasvesreuniniinisleusalaglininuduiussening
AMILAukazAMIAsEaandlugui 2.11 lagldainnisveaeuvesaineuninaiumaniifiansantlade
294 USIaunaniasumneauineweUsunumeunin seegseninunanasuniie Snvuvvede (Hook) dndiu

YDINTNFALAT LATANBUEVRANANTA (Crosstie) IngauufliA1veanndwwnUsydaiianwintu 50% ¥aei1dsdn

gaanlaganfladianlndifsaniuuudasudisdilussuiisuiuuuuinaeduguasiisuiunanisaasy

fC A

des

0.5f

\/

&
A ECC cu &

JUT 2.11 AnuduiusseninanudulaAasenvasreunIniinslousn (Hoshikuma uag Anly, 1997)

TN AB: &, <&,

o (2.27)

INBC: &, <&, L &,

¢ = e (2.28)
Tned
— ECgCC
Ecgcc - fcc (2.29)
f
Eoy =& -
24 (2.30)

co co (2.31)
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f
g = 0.002+o.033ﬁ%

co (2.32)
f2
E, =112
f
Ps Ty (2.33)
f. = Mdefuusenvesneunin (MPa)
c
Ee = ANUATYATMAITULTIONGIER
f., = MdSuusedngeanvesnaunin (MPa)
f, = mMawewmeuninilaiinisleusn (MPa)
E. = -dlugdadanguvesneunin (MPa)
E v L E <ELSE
ds = gpsinisanasvensiwlugay ‘e T % T o
P, =  oanduseminviunsveananiasuseUsuinsvesrsuniaiilasunislouinlagdn
NFUTBUUDNVOUVANLETUNIIIN
f, = Mddigansinveandniaiumauing
a,f = windiwesivuegiudnvauzvemindalag wiidaguinaueziian o =1uay

B =1 wihdaguamaenssien o =0.2 uaz f=0.4

Sakai way Kawashima (2006) lALd@uakuuinaadvaInaunsnnilniIslausad1nsun1saauwsansem
(Unloading) kazn1511Lsinsei18nAs9 (Reloading) InaldaauduiusssninenuiAuLazANLATYn
AauaneguT 2.12 Januudiaesiiaueiianulndifssiunanismageuibiussdatuidinounsnasumand

R wanEsuauYTtulsIuNLRnAaty

I A

ull ,

74} 172}
7] wi
£ £
w 2]

0
gp.f-l . EulEre
Strain
(N) NSOBULIINTEIN () NS TLSIDNASS

JUN 2.12 AnuduiussenineanaAulazAaasen (Sakai wag Kawashima, 2006)
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LEUNTODULTINTZYI

_ c pl-1
fc - ful~1 -
gul gpl-l (234)
Eunslviusednasa
2
£.—€ £.—€
I l.
2.5f, | 2 fen 0<| L% | 02
Sul _gpl-n Eul _gpl~n
f. =
£.—¢€ &
c pl-n re pl-n
Ec-rl (gc_gul )+ ful~n+l 02< <
Sl _gpl~n Eu _‘gpl~n (2.35)
JGEN
fin = MAIMDUNSATFWILINTTaRULTINTEYINAINEULATUB LA
foing = AMLLAUABUNTATIYA £, NA1RINNITIILTIBNTUATIN n
£y = ANULASYANAARNVDIABUNIANAIIINABULTINTEYINNLEULAUDULYA
Eg1 = AULASEAYBIADUNTATA LU ULTINTEYIINLE LAY ULYA
Epn = AULATYANANARNABUNIAMEIIINABULITINTLINATIN N
£, = ANUIASEARBUNINTIIAFARYRIHULATBUALaLEUN1TITLTINSEIINBNATY
&, = ANULASEAABUNIATIYAABULTINTEIAINEULABULYA

223 nuiduisiunginssuveunanasuneldusainsziiuuuindns
Gomes kay Appleton(1997) l@laueuuudae v unantasuANauIN13INLUUS 109U
Menegotto wa Pinto (1973) uandluzuil 2.13 Tngldanuduiusseninmnuiuuaanunien dauandly

JUN 2.14 FaiarsandanisinunnzueavanasulagerdenannisaunaveinsivAve wndneasuiiiinnising

wzlensunsaiviumanasiinnsnzmizesn
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s Exe,,
A +—
(5.7) (ssy , Gsy) (G
wzzameecenny b 1
i
Esz 1
!
]
J Es !
/
— Ro / -
R &g
R,(£,) /
k 2'\°2 v
7/
prop) ey imogy)

JUN 2.13 anuduiusszninsnnuiukazanunsenvesvinasungldusinsgyhuuuingdng

(Menegotto way Pinto, 1973)

Us (MPa)

ns -5 il o 15 15 ns o

JUN 2.14 ANUdUILSIEI19RUALAUALATEAYBANANET IR UHANITIANAZURINANLETUALET)

(Gomes waiw Appleton, 1996)

AUNIANNFUTUSIZINANLAULAYAINLASEATBY Menegotto hag Pinto (1973) LaAIAIaNN1T 2.36

w N 1-R)e’
0'S=ngs+—( ;) >
* Rh Rib
@%%)) (2.36)
ool
oS E
" =
S & (2.37)
O_:ZO'S—O'r

Go =0 (2.38)



04:¢,

0,,¢

rer

<

RO’ai’aZ
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s (2.39)

AsdulazAATeaTiuTugadnveudunseulusutsgaasn

asdusamuIeaiduideissnseyinndutng

Snsrdsevieaainiualutisvesnisudsifisduronlugdadangudndalugag
NOANTTULUULTALE

s

AN e SNl Nanad1ulAIve L@ unsIW (Bauschinger effect) n1laann
Y
0

a,+¢

ANULATEATIIANaNERN (Plastic strain)

AAINVDITER

ANATANNFUNUGTENINIANULAULAZ AULASEATUY19909N 15 IANTIN T2 BNASY (Reloading)

LATNDULTILTZYIN (Unloading) NWAIUINIAINLUUTI8DIUDY Menegotto way Pinto (1973) WaRIA Y

gun1g 2.40

Taedn

Q= > -

a

™

»

2J2 4

. 1
=———r’sin*fo, —

7T AL3 Je

(2.40)

syyresEnIamanyasn
Nuiivihdinvnsweundniasunue
ANUENLEUSATvaANANIESUANNE
auduveswanESLisudaioliusanssingutng

AULAS AV MANLATY

2.3 NMSANYINGANTIULATLUUTIABIVIIAUNIBFND

Smith (1966) ¥ snagaeuLiaAnwINgAnssulun1TTuksINIvadlaT @ MasLNed

3n® (Square

o«

infilled frames) AvaniuanuazuesmTaaunsausnidu 2 daundnseiude wginssulunisiuusdlunun

nuesazngAnssNlunIsTuRsInu lneyinn1smagauaunitazinses LN ison1IURLLoINLIBARATURU

wuunaaeuludiwremginssulunisfuussduiumusaivagldiuunageunvn 7 9a lasusazynazdszneu

luieuuunegey 4-5 fegdlunsnaaeuduandluun 2.15

ludruvemgAnssulunissuussinudauaslduvunaasuiiavun 2 9 Gazdsenauluielase

dwdeuniiane 1 9u uay 2 Fudrwiuedvae 5 degulunsmaaeuduandlugun 2.16 waz gUn 2.17



JUN 2.17 n1siasanuunaaeuulssiuinawedlassd@mvasuniisne 2 4u (Smith 1966)

o

¥

19

FRINNMINAFRULHINYULVBINSIHLFUAITUN 2.18 Bea1nnisifeusuresiuuinasiiiiniula

Y

insUsEnuAvINsaneusintuiulassdmdeulangun 2.19
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IMFAILL

[ D)

gﬂﬁ 2.18 mnﬂﬁsugﬂLﬁaqmmmﬂmmuLmeL&NLLagLmﬂﬁﬁﬁwuﬁw (Smith 1966)

=]
—_ B C
A C
A D
D
()

(B}

U 2.19 MsUsEINMMsAsEEusiAnTudMIUIUR 2.15 (Smith 1966)

FEMA 306 (1998) 11055110 15Useu1And1aidenievesnieadgnotiosninunuaulng

v

aunsauUslansil
1. Tuszuv (in-plane) au1samImMass UL unIuATIUAA9 Tansll

1.1. m9ivanvuidsuannisiaeulaa (Sliding-shear failure) lngAuaiunsalun1ssulsudou

MulalAanauns 2.41

T 2
Vaige = MLingting En & (2.41)
lngil
0 =tan™ P
inf (2.42)
g = dulszdvsusaduaviuiiosannnmsideuloa
Ly = Anuevewiledsne, (§9)
hye = @nugwewiladsne, ()
te =  Anumuvesmduaiiou (Equivalent strut), (13)

E, = lupdadavduveswiedyre, (Uotnsonis19ild)
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1.2. M3IURALesa1nuIIdn (Compression failure) @ansavmusadouiunsudoulunuisuls

e
=D

V,=atf 4 C0SO (2.43)

1ne?

_ -0.4
a=0.175(4h, ) " (2.44)

1
A= E,otie SIN20 |*

4Efe|col hinf (2.45)

[ o '

fo = Masdnvewmiedgnoluiianiauuisudieavslanifiu 50% vesmdesunsedn

Usdeventledgne
a =  munhewessduaiiow, (@)
hy = eugeessssviadugudnansesniy, ()
re = erwenluwoniessesde, )

I = luwusenuegvasan, (1379

1.2. nm93UAMsusIAsluLuImLes (Diagonal tension failure of panel) @1U19aR LT ILADU

Yo

W{09InMswan31Lanatl

2\/Etinf Gcr
ﬁ + h

Poe Lo (2.46)

V. =

cr
inf
1ne?

T % 20y e (2.47)

ANNAINFIUNITIUNITUANSIIVDINTIDTNE

Q
Il

cr

MaesuussdnUsrauvantiedgne

me

a o v

1.3. nM73UAMemeusudoulni (General shear failure of panel) @111509 LI NADULINAUN

o Vo

WBgnalanil

me = o'3\/mi

goulVilarANANUAMUNILLI AR UEATNE VDN

(2.49)
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Taofi
V. = aenwdunussadeusuduiivesli
V., = mevwdunussadeudesanvesmsliusauuipging
A, = ﬁuﬁwﬁﬁmqw%%’uLLiqLaauTuLLuaiﬂu

2. MRINAUTEUIU (out-of-plane)

o

Bgneau1saauInlaan

o«

D
L o

1A8N1SIUAMNATUTUILANIINNITNTLANLVDIANUA UNALLFUDUUR

W= 21, ARR,
(h/1) (2.50
Tnei
A = duusanuwege (Slenderness parameter) wanslunsedi 3
R = éheuanmds uandlumsiei 3
R, = éﬁ@maﬂaﬁwmaﬁm%u%udauimﬁuLmé’fm R, =0.35+71.4x(10)°

e El doadianlaiiu 1

El = ;nuwdadwiavedasiideuigauuiuiiliseidewentidgne

o«

M15°9% 2.1 fauwdsidavemtsdgnelussuiuamin

Strength-reduction factor
Height-to-thickness ratio Slenderness R,

h parameter
n Moderate
t A Severe Damage

Damage
5 0.130 1.0 1.0
10 0.060 0.9 0.9
15 0.035 0.9 0.8
20 0.020 0.8 0.7
25 0.015 0.8 0.6
30 0.008 0.7 0.5
35 0.005 0.7 0.5
40 0.003 0.7 05
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o

Mostafaei @ e Kabeyasawa (2004) @710 15@N¥INaNseNUV0INTIBgNAOLIINTEY19IN
ukuRulve wudnludnfnisitRvewifsdgnesziintuassuuudenisivinvuidousinnisideuloa
(Sliding shear failure) uagn1530ALI8991NUIISR (Compression failure) Tngldfinissiaemanoidudnums
yosrnduluuumusaitevinisiinseyt warluuusiaeddunsinnesiuansdiaguil 2.20 Tnefdaiuusadou
yasiunadgnelilunmsiunasginsananiduusadouifiddesian (V,) szuinnalnueanisith
\flesnnnisideulaa (Sliding-shear failure) funalnuesn1sivAiilesninusada (Compression failure) Tng

AUNNSANUAUNUSTEUINTUADUNUTLHLNSLARBUN M bARIENNT 2.51 D9 dUN1SN 2.57

- Up Um I I 1 f_
. 1 1 i
S - A% U)‘ Un Up Equivalent Diagonal Strut
| P
vy J
Vm
v —»
Horizontal Spring Model (Type A)
a1

o

JUN 2.20 winnATIeintiedgnie (Mostafael Way Kabeyasawa, 2004)

ol
(1~ utanf) (2.51)
V, =1ztf cosd (252)

_&nd,
" cos@ (2.53)

v _Va—aKy,
y l1-a (2.54)
Tned

Ko =2(V, /U,), U, =V, I K, (2.55)

v, =0-3me U, =3.5(0.01h, -U ) (2.56)
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1/4
| E,tsin20
4E:Ih, (2.57)
V., = massuusadeunian 2 nalnnsive
V. = mdsduusadeudlesnnmsithuuuidenloa
V. = fideduusadeuiiesannnisithuuunsedn
V), = usadeuasin
U, U, = SzarnISAAeun

fo=  mdsuusdavesiline

K, = afviuadusy

t = ANUNUIYRIIUNaBgNe

l, = enuenvesiundgne

d, = erwenlulumisswesiunedgne

Z = evunhwesmiduaieuautzomléain 0.175(ah) * d,

€ -  tan'(h,/l,)

& = ewesunvesdgrofimumisiuusidaggn

Ty, = WhHgARssuLTI2oureuesin

u = duUsrAvsusadsamunisdeulaaveseddmlaain 0.654+0.000515f/

Tngldvinisusulduuudnaesauiduiuisuwnunisliduuuinaeausdusumuesisgun 2.21 Tngly
MIBATeRMeLsranduiiasiuldinaflisenituuudiaeswisdesiudaliirsiuduandugui 2.22

N5 LEBNLUUINARIN MAUS UL IULLBIINNLUUIIA RN IEUSTukuaswduar a1 salglung

o

Aneinlidgneniivesinglaienarazninninnwinetauandluzun 2.23

Diagonal Model Horizontal-Spring Model
_V} ./,’ _V’ p‘rrf 8
420cm owdl 420cm
e s A
| 45(cm P 4 430cm

JUN 2.21 av3dlunumusawazalsdunuinureuuudtaemiadyne

(Mostafaei way Kabeyasawa, 2004)
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Diagonal Model
100 -

'€
[s]
r_
O
L]
g
® 40 | Horizontal-Spring Model
im

0 . .

0.00 1.00 2.00 3.00 4.00

Story Drifts %

gﬂﬁ 2.22 Na“UENﬂ'ﬁ%Lﬂi’]%ﬁLLiQﬁ’]u%”N‘sﬂ@QLLUU’*ﬂo’]aE)\‘iﬁU%ﬂLLu’Ji’]ULLﬁSLLu’JWLLﬁN

(Mostafaei ey Kabeyasawa, 2004)

Jl S| — L

sgq% d‘lﬁsg Se
a

ml I r ' In

JUN 2.23 Aunedgneniivesinavemtiinig (Mostafael uag Kabeyasawa, 2004)

2.4  ANNFULITETAUEENEvaIaATsilasR NN salusuAulawtian] 2557

g
<

Uilsnu dnanedsydns (2557) evihnisfnwidemenifatulisnunuiuln sunewianimin

Wees18 Mw 6.1 (139 6.3 1U18301093) Tull 5 Weua1AL 2557 N15UTEUIUAITATILTINRIAUTAeTY
WUUT109NTANVIOUTDITNTSI (Attenuation model) Miwinnzan Uszsunadlddn snsnssiiaAudiauszuna
0.20-0.25g AMUTULIVBINTAUdmaLTTALAzanuNTIvNsIssseulasuAMUEsENINNI10IANTY UL

1-3 FuidldgulasarnounImasuman @dnfvuindnuazlilduinsgiw) Wawisadiuussiiinein

wHuAUlIlas L dudesiuvumanduruialudinit 0.20 1. wazAIsHNTIBsAeYS oL TLUUAIULIIAIUTI9DY

Ex]
o 1

wulasesdaloaniedldvsamdndiumie Tutulaiogiautu 91a1slsuSsunaunInLEsudn 3-4 Fuftuaialas

o ]

Dudnlngasfiaussouzuansafudnauivedivinvazaesdmlsznevdndililylasads (Non-structural
component) nandemnidiunaiviatesdulanieveiindidgiednegidosguduine i@ niaunnig

o«

FHenenaiaeg1901A15 2 204l5a58uInmlesifiyIngl 81naNU JIMIATEesIe wd1e1AstinTEgne
dnegnszeibaaaudlinindsenns 1 wage1ms 3 anudemeiaangludiunlilidilasiasidaediu

lassaslidemeusiogndladauansluguin 2.24 uassui 2.25
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2115 3

JUT 2.24 enenspeunIaw@suman 3 navlulsuseutamesnfwiyivetdine mudwmindesseiinay

Wemeauwnneneiu (Ualsu dnangUsedns, 2557)

3UT 2.25 81A15 2 1@101ATUANTIITULT (Udlsnu AnAnieUseans, 2557)

anudemglundedsnalulase Aga. Ae819 91ANSISUSEUNATIA 1 LAAANULEINIYDE1IUINLEN

o«

e 10 duayuduvilademeas Life Safety Performance Level (Ul 2.26) iuiindunadiniady
olalmdunanieusuui (ns) Wedesdiunmsimareviuiilaluvasnlussuulassinuluuudmn
wniURGsgulugun 2.26(n) Tassasneiazdunsionittuunnusglifidumsdisusauuinduungelaiswils

nonauAtgmmsithdeuluafevhnmsuenadesnainlassdeuduafiedosiunsivaluiuinminuila

[

AURATULS

(n) 81A13 AR, 4 Fu () Fuanaianlaamidaun (AREUATUN

3UN 2.26 15aSgumaua 1 0o wudwmindesse (Udsu dnaugUsyans, 2557)
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nNna1uaTnTudeaiarsunavesdrulsenauntilediulassasna (Non-structural

'
=1

component) lWunilidsnedaiinaneainiuaveaslassaiislneunieinadonsiuiersuawhlianaisdu

&3

vandudanalidvRlaen15 8o uUlaeTUF IS UNITIEASUAIULTLTI91ANS AFa. AR uIuTuliuInITrian

Usgndaldunnsiadumdnazunssiuntdidgneudilunyuiuusrsuenniiidgnessnatnalasiadefideunis
wagldndhaniniminasusesenindaseaa. duniidgnaiedesiuavedasuivivuudoudsgu
91A13lsaSguLaiaYInean (JU 2.26) nudnszuulannsaiiuanuaiunsalunisiniiouil (drift capacity)

£

vadlassaalafia 2% Faunndt 5 wndewisuiulassasislilausulsetdsdmivarasadliiiu 5 duuay

' a

‘W‘U'j’]Nﬁﬂaﬁﬂaﬁiilﬂﬂ'ﬁ]%L‘Wllﬁlliiﬂ‘u%LLﬂIE]’W’]’ﬁI@EJi'JlII@EJLQW’]%E]EJI’NQQLfIE]Lﬁ’]@’]ﬂ’]ﬁL’sﬂﬂ’]ﬁ%Lﬂﬁ’]Sﬁa’mﬂﬁgﬁ’]

x|

meTanauandlunisldgunsalaaendsnu (dampen dusglovilunmsanmsdulmnaz/miedniannudeme

5]

Ysuns naduiie (2557) lavinisasuanudemeainusnisaluiufiulng Weduil 5 wguaiay
2557 1381 18.08 w. laAnwmsnmsalunudulmnuiniyagudnaiseguiinm Muansigwnd suneniu amin

Weesne azfign 19.685 °N 804330 99.687 °F AwaunuAulvg 6.3 Audn 7 Alawns dAuguwsesEau VI

v '
Yo o v = =

mummmma%ﬁaégqqmmwﬁ’u 0.6772g wazasnmudenie awnsoasulanadl druseunegenduainisves
mesnsiusauanuinuazasieainediliudusdaefonansenuis 7 Saiaiuiilésuamnudemesiun 7
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Yamazaki wagAng (1999) auatdulAsanuueuunvedasaimniululssmegUu lnsasiady
lAnuvevuaIndeyanisdrsisnnudeneninauinainmanisaluiuiulng Hyogoken-Nanbu Tud
1995 Tneduileriduvosan PGA, PGV Lag JMA (Japan Meteorological Agency) SfiuAsldeMIeNNasaun

lassanniiaanudsmedesvseliinanudemeliauiiainnsida dwfumsnszaedvesdeyaniy

¥
= o

= A a vl o & a L. . ' a s
L?IEJWEJVImmJuﬂﬂm‘wuﬂiﬂﬂmmiﬂizmﬂmLL‘U‘Uﬁaﬂ‘Uﬂm (Log—normal distriubtion) AWM 7 o

Y
Fodududsiimvaudnvagrauduliminuvevuigniszliulaeisaiuiisidugidn (Maximum
likelihood method) wagyinn1suseiliume 3 seduanudsmenioutuiiedesiunisdniuvedulaiaiy

UBUUN

Yamazaki kg Murao (2000) lavin1sAinwinisusuugadulAsninuueuuvesiassaia (Fragility

I a

curves) voaAaE LAY (Peak ground velocity, PGV) mﬂLwaﬂ'ﬁaJLqumulmﬁLﬁaﬂmU Uizmmjﬂu
(1995) Lﬁaw1ﬂ‘ﬁ@;ﬂaﬂ'1é’fﬁuﬁmiﬂ'ﬁué’fmamﬁuﬁuﬁﬁwﬂ13'«3mﬁuﬁﬂléﬁ,maﬁﬂsﬁaaﬂamﬂmsﬁﬁwmﬂamuL‘U'u
siinvodlassaing, sefuanudemevedassaing, enguedlassain, viandsandudu iewduldsanuvey
vweslasalidanugndonnniulneldaruduiuidnuaraonnafuiiemaiiusulmifaums

P.(PGV)=((InPGV - 2)/¢&) (2.58)
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1%
P.(PGV) - mnhanduiisieanudenelussduiiionsuniian pov duq
® = muhezlufiziannudemeluseduiifinsen
A - Anadsvosm In (PGV)

g

nnsAnwilainisi@ulAmuueuuIwealaseasne (Fragility curves) 989A1 PGV MWUsAUAU

Andeauunnsg e In(PGV )

yipvadasiaianarorgradasainnmansaiuiuaulminiedniu (1995) Asguil 2.32 uaz JUi 2.33

Heavy + Moderate

(n) deynen (v) demeliunansiiann
JUN 2.32 idulAsanuueuuisedasiasiavesdn PGV dwsulassaiiauiingian

(Yamazaki ag Murao, 2000)

100%

908 H o =]

Damage Ratio
Damage Ratio

(n) IAITABUNIALASULWIAN (¥) §1ANSLAEN

JUN 2.33 uldspnuueuunsvedlasiaineasdn PGV dmsuein1sAounsmasuminuazenAsmin

(Yamazaki e Murao, 2000)

Saxena kazAue (2000) l@vinnsEnwianuiiagiluvesnnudemevasasniufiivaiesiaagnis

WandulAsnuueuuawedlasiaieddiiinnsiafounivesgnsessuiieiu 5 wuuldun

1. DIFF A9 n1siafeuiivesgiusessusguududissdadulnemiufuudsliunans
(Medium) wagaugau (Soft)

2. SAME-MEDIUM#® nstafioufivedgiusesiuag uuauwiauuna1aianun
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3, IDENT-MEDIUM Ao nsipdioufivesgiusesivuuiundsliunansisuausiinnisinaoud
YBIRUAILNTAUTANSAY
4. SAME-SOFT A MsLAReUNIveIgIUsasiuguuAuaauiavug
5. IDENT-SOFT  fe nsindeuilvesgiusessuiufugeunsmausiinnisinfouiivosiu
PRNTAUNAY
1% 1 [ a [ Y 1% !
wazlduusszauanudemesanu 5 seauliun
1. ldiAnanudene (No damage)
= < v . A a a £y |
2. \@emeaniey (Slight damage) AoABUNIALIANITLANST LAY IARTOU

3. idemeUiuna1a (Moderate damage) fagayidsnisidesinigseninaumaniu

ADUNIA
4. \@yeann (Extensive damage) AvlamouasuIvn
5. WAlngauysal (Complete collapse)

INNSANW A LTANUFUNUSTEMINAUS 2 frwdsiuanwazasnnianulunisid@ulaAsnnuuauua

voslassassuazlditanuiiandugenaniunisussiuduansl idsaunisi 2.59

M :ﬁ[F(ak)]y“ [1-F(a)]™

k=l (2.59)
el
M = A duiiisinanudemefissduifesan
F(a) - duldimuueuuiwedasadisdmsuanundsmeiiseduiiiasan
a, = A" PGA il k vaarnfituiinle
Yy = 1 Bernoulli Random

en Y, =1 dafeenudenme uas y, =0 Welifaanudemensr PGA=a,
N = FIUIUIATINTVIUA

F(a) laanneuduNUS

(2.60)
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o)
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= A1 PGA
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= AINNIN5¥8AINNIFIU (Standard normal distribution)
AINA9VBIAT (n (M) Tuniign

AndeauuIInggIuYesan In (M) Nianniign

1.0
0.9 -
0.8 4
0.7 4
06 -
0.5 4
04 -
0.3 4
0.2
0.1 A
0.0

Probability of Exceeding a Damage
State

—e—DAMAGE STATE 1
—4—DAMAGE STATE 2
—=—DAMAGE STATE 3
—K—DAMAGE STATE 4

—8—DAMAGE STATE 5

T T

0.2 04

0.6 0.8 1 1.2 14

Peak Ground Acceleration (g)

UM 2.34 dulAsmnuueuunsvedassaiiiinnnudengluusidy seeu

dm5unsel SAME-MEDIUM (Saxenaliagagug, 2000)

Probability of Exceeding Damage State 3

—&—DIFF

—&— SAME-MEDIUM
— = — IDENT-MEDIUM
—#— SAME-SOFT
— #— IDENT-SOFT

Pe

0.6 0.8 1 1.2 14

ak Ground Acceleration (g)

U 2.35 anwiasduisinanudemenisyau 3 wieunndnfingdeng 9

(Saxena WagAgy, 2000)

JUM 2.34 FawdulAsauveuuiedassaiiiinanudemgluuddgseaudmiunsd SAME-

MEDIUM @9a1unsamuiadl@annaunisy (2.59) sU# 2.35 aruuiaziduinaziinanudenienseau 3 13e

U

wnnnsdisneg Fwnldainaunisn (2.60) daudsansomaranuiazdugdiigalanaunisi (2.61)

dinM dInM 0

da

dp (2.61)
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Aslani uag Miranda (2005) léihmsfnwinaduldsanuusuunedlassaiailoyssiiussduaiy
Aeflnfniulugasossrihusuiiuasianiesanusiuiulmlaglfulsssdumudemedu 4 sefuldun

) uandandesfie wuavesseauandatesndt 0.3 uu.

U)  WANSININAD YUINTBITBBUANTIININNTY 0.3 1N, uitiaand) 2 1.

A) AdAdesnnmadeunzafie ansuaninseunuiaiivean

9 Msgadenisiuniuusslunui

INNSNAABUNUINTEAUANUELM e AR TURUSHUNUIRISINTE AR uAvRdlasIas 19T laAIy

o

Ynzduiaziinanudsmseaunnansansaunissaduaunisanuduiusiudnuazaannisiy

Ln(idr) — Ln(1DR)

P(DS > ds,|IDR = idr) = ®
T LaioR) (2.62)

P (DS=ds3|IDR)
1.0
0.9 4
0.8+
07t
0.6 4=
0.5 5
044

0.3 1

+ Dala

0.2 =+ .
0.1 - H Lognomal fit |
00 . - T |
000 002 0.04 006  0.08
I0R

JUN 2.36 dulAsanuuesuuiwedlassaindmsuanuduiusseninanuiiasduiiaie

Anadsmelusedui 3 fumdnsdivesnisidesy (Aslani wag Miranda, 2005)

dwfuanuasduiinsiiaenudoneluseaui 3 lauanslddagun 2.36 Fsaunsaduinliann

v &

AUN15N (2.63) 3INNISANLITINUDNINIDNINITUIHAVDITATIFIULTIADUBUINIA 8L LAAITUAUNUS

2]

1DRpss = 0.014 +0.03e (2.63)

g

gLn(IDRDSS) =0.62-0.4e (2.64)

AIFUNTT
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o

o

P(DS 2 ds|IDR =idr) = mmnheziduiazifinandemelussiuiiiesan

IDR = Adfsegnuvessnsdiuresmsidegunannsandenen i
CLor) = Avlsauusnsgiuvesdn IN(IDR)
I & A a = o aa
) = muunRzilunasiinanudemelussauniasan
v, = WIUTIULWIAITNNARINGFVDINY
A = AsuRsunzangaul

! r"f;’r I
A fh.'ih.ﬂ!fl.

At

i
'.n'e'.*f'l';'.ii.‘iu'!f:h'..;'u;_,'
l *' i

Ikl
Wl

PIDS =ee3 | IDR, VW)

JUT 2.37 duldsnnuueuunsvedlassaismsuanuduniug 3 asevinanuihasduiinsfinnnudens

Tuseaun 3, ﬁwé’mi’lf‘i’aumaqmilﬁagﬂLLazé'm*]d’;uLLiqLﬁauLLuaﬁq (Aslan itkag Miranda, 2005)

U 2.37 uldsansueuunsedassaiedniuanuduiug 3 Arseninsanutaziduiiosiia
Anudemeluszsud 3, mﬁmﬂdau‘uaqmﬂﬁagﬂLLasé”mwdmLmLﬁauLLmﬁ'a Feamiulaiiomensidiu
wsadoudiatesnin 0.4 Aruduiusseninsanunasduiiaviinenudemelussdud 3 fuasnsdiues
nsidesudulidulunuaunsd 262 fedudefinsminavesdnsdiunsndoudioudansvinlild

ANUENTUsvRIIMU T IEURdAIANgNABINBTY

Kircilhag Polat (2006) @31atdulAasaaruuauun1en1glansenssiuauaulmainnisiasziuuuinas e
mmﬂmﬁaﬁqﬂauﬂ%'mﬁumﬁﬂﬁﬁmmg_jnixﬁmaw sEumudsmeiiiersante Anudsmeiiianis
AsINtUlASIASNE waztAnNSIURYLASIASN Lé’uié’ﬂmmuaumqﬁgﬂa%ﬁﬁulﬂuﬁﬂﬁ%mm PGA, Sa way Sd
ﬂ"lmmlziLLu'uaumanmq}ﬂﬁfﬁLLsiuﬁulmﬁﬁwﬁqﬁqiﬁLLd YUINAMNTULTIURUALLT Fr381v897194AR
wansaluAuln uarsvaznuvasT i undsiifiansan venanddimilsiannuliuiueunesiids
SavesnounIniaiuman FeRansunlifinisnszarefuuuunfinnnsgiu (Normal Distribution) A1w1siines

p way o Faduduwdsiiarvaudnuvusvenduldsaiinvevugnissdfiulaeisiinds 2 desdign

(Least-Square Method)
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NAFIUNINIADNVDITUAIUNITIN DD

3.1 NSAIENAREImAaUTUEIUNTNNadY

7

Tupsfnwilvhnsvedeuiiudiundsnedguedgiun 8 vlalaundguden, dgudaiun, dguenyiln 6

wiln dnuzvesdguiazvladuandusui 3.1 lnawleudegrmageuduiu 3 Medsdmiudgudasviin

v v
o

FIVIEAY 24 F19819UUAVBIRI0E 1B gar vHinLandluA19N 3.1

a o ' '

Tutumeunisnediegmadeududiuntiinedgandgiegusasyiln Ineyuildlunsnewdeandu 2

o«

a

wilo o wosansdmiudguientazdguery way tosmIdmIudgIna FnTduNaL eSS UDY

-

< a = ¢ ¢ ¢ ' - v o | ! = ¢ ¢ ¢
UaaﬂLLagaENam e uuGULNumﬂaimLLauﬂ 1 #8 318 2.75 IG]EJ"LJ’]‘VT‘LmE]miﬁﬁﬁuixﬂﬁ’mﬁjuﬁ?jmwﬂﬂE]SG]LLauﬁl

o

waginiu 0.485 daudnydiuvesyudmsunedguiaiuife vesmiduiegudgnaiu 1 se Wiave1n 3

Tngusunns

o |

lun1smseuiiegrmaaauiuduniianedgazdedisnIdIusEnIANNENUANINUIYDIAI9E1

NAAUTUAIUNTINDD] (h, /t,) 9g3gning 1.3 - 5.0 dawisudiegimadeuiudiunilinedgiaianeri

nsviemegmenanainiuiiiiedesiunisseivevenidananslugui 3.2

M13°9% 3.1 VWRUBIiied1BgltlunIaaeuiatdnveBgLaavyiin

vinvesdy | #egsdl AN Aniaade Agaade
cam. cam. am.

CB1 1 13.96 13.90 6.00 6.03 5.50 5.50
2 13.78 5.95 5.50
3 13.98 6.13 5.49

B2 1 15.08 15.06 6.68 6.65 7.05 7.02
2 15.10 6.65 7.00
3 15.00 6.63 7.00

B3 1 13.45 13.34 6.30 6.38 2.80 2.78
2 13.23 6.43 2.75
3 13.35 6.40 2.78




M13719% 3.1 Ywnvessitegedgiltlunmegeuiaenvedgusazyiia (se)

yiavesdy | #egsdl AN Anaade Agaade
cam. cam. cam.

CBa 1 13.43 13.35 553 5.57 6.05 6.02
2 13.38 5.63 6.00
3 13.25 5.55 6.00

CB5 1 16.70 16.89 6.03 6.05 8.45 8.48
2 16.90 6.00 8.50
3 17.08 6.13 8.50

CB6 1 23.00 23.16 6.45 6.42 11.90 11.95
2 23.38 6.43 12.00
3 23.10 6.38 11.95

LWB 1 59.98 59.99 7.50 7.49 19.98 19.98
2 59.98 7.48 19.95
3 60.03 7.50 20.00

HW 1 38.90 38.88 6.53 6.53 18.95 18.98
2 38.85 6.53 19.00
3 38.88 6.53 19.00

42



n)dguéien (HB) V)8gaaLu (LWB)

ABguonind 1(CB1) VBgueniind 2(CB2)

— g T —

dguenyviiadi3 (CB3) 2)dgueniiail 4(CBA)

v)dguenilnil 5(CB5) %)dguenuiini 6(CB6)

@ '

JUN 3.1 dnuagdgviasnenildlunmmeaeu

43
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n) Nsvefegklsiineandgudien ) M3vioieg1antlsiineansguesy

£

U 3.2 fegrmadeutudiunilinedgudainienasiedenatafniasa

I a o

(% 2 ' < v = o o ! iy ! o/ - !
NEIINNDAIDYNLETY 7 aummmimumamwmaawumumu\‘maagmLLamﬂug‘Uw 33 IﬂEJU”UVﬂ,“mu

msanuwuseaniliu 2 win Ao Yuanudwiudgudenuazdgueny way Yuanudmsudginaiun Js8nsdiunay

a < a =~ a 3

vesyuanudmiudgudenuazdguogfe Yudiiuud

«a A o kY

Yasakaun 1 Ao 11519 3 LlaguIudnons1d@ausening

a

YuTudvasauausuazineiniu 1.0uardnsdrunauveayuaiudmsudguiainne Yuatudusagudsuia
w1 1 sie 11 3 nedSuesdmsuyuaiudguiaiun Wevinisaiuiegmedeududiunilinedgasizdodn
wilismegmniuiiedunisusyuaiviasne ntwinismageundinindiediefiengasu 28 Ju wunves

fvganadeuTuAIUNTInedgusazslinuanslunigan 3.2

n)  MIAUFIBENAFRUTUAIUNTINDRY YR mMAFRUTUAIUNTINODY

JUT 3.3 (081 MAAOUTUAIUNTINDDFITNINRIULATHAIRTUESY



M13199 3.2 VWRVBIIBE1IMAFRUTUEIUNTINeBguAaL lin

CLEANT

vlnvD1dg ALEA AUNUN P RHERD
cam. cam. cam.

HW 1 39.85 39.78 8.58 8.68 40.18 40.58
2 39.55 8.88 41.28
3 39.93 8.60 40.28

LWB 1 40.43 40.39 9.30 9.33 40.10 40.73
2 40.30 9.43 41.28
3 40.45 9.28 40.80

CB1 1 34.50 34.09 7.85 7.80 45.55 45.58
2 34.23 7.63 45.50
3 33.55 7.93 45.68

CB2 1 37.93 37.73 8.93 9.51 50.40 50.38
2 37.68 9.83 50.13
3 37.60 9.78 50.60

CB3 1 23.38 2376 8.78 8.51 44.00 44.32
2 24.48 8.30 44.85
3 23.43 8.45 44.10

CB4 1 36.70 36.68 7.38 7.58 45.58 45.42
2 37.03 7.50 45.65
3 36.30 7.85 45.03

CB5 1 38.78 39.18 9.05 8.53 56.68 56.65
2 38.85 8.23 55.60
3 39.90 8.33 57.68

CB6 1 39.05 39.14 8.48 8.23 49.43 49.41
2 38.90 8.15 49.05
3 39.48 8.08 49.75

45
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3.2 NISASUUAIDYNNATIUNDSAS

' =

Tun1s@neiileriinisiiudiegraesmsurazsiaiiatnlunaaaumidssunsednueauasnig tile

I a

ilUldlunsunaumaduuswavesiudiuntinedgioly lnsdunoulumsiiudegauesasazlduuunas

v
Y 1 '3 o a

fegmsgnuIAiuIg 5 wuRwns daanddugui 3.4 lngazfiudieg1mnasiiinsnauueinniniee 5

a < a

fege FslunsAnwiliinaifudiegisuesaivianun 2 Useinnae wasansdmsudgudenuardgusey was

£ A

v a a

1asasdmsudsulaunlunsAnwdlaiusiegramaaauiiduiuianun 20 dreg19 Wunasasdmsuds

< *«

Y ' Y '

[ a s s
Uaanikaraguag 15 Ae819 (MIDYNUBINTNNBLEY 1, 2 Uag 4) uag

1950158115 UBFUIAUN 5 F19819 (AID819UBIANSNUI8LAY 2) AIDE1NHINDARNIINLUUNE DI NYLAS

«

v
@ )

wansluguil 3.5 vadsntudiluvaludi 28 Juudifisgrinisnaaey vuenuivindnisulswewitetates

s a A1 W =
ANTLLAALYUAUAIPNANTIN 3.3

€an
[l
=D,
w
i=N
=
c
c
=~
D
S
n_)e
]
o
2
Lo
=
=
=
)
-
a2
Da
=
a_)C
]
o
2
Lo
pd
(@]
afla
=3
-
afla

JUT 3.5 MsiiudiegaesiineuLas naInenLuY



A15799 3.3 VUIARATHURnTNFnvaIiIBg9LasmsLRaryiin

SRIELRN ey | munde | enuem | wwdivthda | iudivinsinneas

wasas . . 2531 31

NoIMSEUSU 1#1 4.98 5.05 25.12 25.45
dgudnnuasdy 1#2 5.06 5.05 25.56
uoRy 1#3 5.04 5.07 25.52
nanaded 1 144 5.11 5.03 25.68
1#5 5.04 5.04 25.37

NOIMTEUTU 2#1 5.02 5.10 25.61 25.60
BgIIALUN 2#2 5.08 5.00 25.40
2#3 5.03 5.05 25.38
2#4 5.11 5.07 25.90
2#5 5.06 5.09 25.73

NoIMTEUSU 3#1 5.02 5.02 25.19 24.92
Sgufionuazdy 342 5.05 5.04 25.44
uoRy 343 4.95 4.84 23.95
NAwATeT 2 344 4.97 4.99 24.80
3#5 5.00 5.05 25.22

NoIMTEUSU a#1 5.25 5.25 27.51 26.74
dgudenuazdy | a#2 5.16 5.13 26.45
uoRy a#3 5.21 5.20 27.09
WAwATeT 3 a#a 5.14 5.11 26.24
a#5 5.14 5.14 26.41

3.3 nsuAUAl9E1IAGDU

47

Tun15An LA NAEARUNNAIAI9AVDIFIDEINAADUNIVUA 3 FUA AD ANSIDAVBIFIBLINAFDU

v
o =

Fudiunilenedy, Aaednvedgudazyila way Mdsdavetueinisudasylin Feuuiadi

Judog

wausegmedeuneunanisnageulagldiuzduluiaglunisuauiede nsuaufmedrmageuidunau

fanabull
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3.3.1 MIwAUAIBE19UIANS

v
s o v

MIUUINTZIU ASTM C109/C109 M -02 Tunsnaaeumiindsdnvasdietnmasniituaziel

v a 1 '

NN UULUUNAR98 10 duntNSunse walinsanniidedddSunsaliiSeudsndudaaunnd

kY

AIDYNBUYINTNAZDU

3.3.2 msuaUfieg199g
= @ | oa a o v o aa D o ¥ = o & w a o a
Weanndregdgildlunimeaeummasdaiiianilaitey dwuidnduseualiiivesdy

TuSeuneuvhnvagousuanslusu 3.6
Y

I
7

a

3.6 NMSLAUAIDYN19DS

*«a

U

€aN

3.3.3 msuAUfmegmageuTUAIUNTaNed]

MUNMTZIU ASTM C1314 - 03b AzdaavihmsuAlnuazingdieg 1 maaeuTuduNTanedgneu
nsvaaey ddlunisuauldlduuunaenuann 15 x 15 x 60 wuwnsidunuunasiegndduniswalsiie

grenndeuTudIuklinedgnwuandluzunl 3.7 mauaufiegamadeukazfiog 1 Ao Und AU IuAIR

uandlugui 3.8
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JUN 3.7 wuunadesiegeildlunisuauiegmageuiuduniineds

JUN 3.8 nsualfmegmageuTuduNiiiedgnaLas niIneneeNIINKUY
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3.4 N1INANEdU

Tun1s@nwilawuinsnaaauasnidy 3 9819R8 N1SNAFBUMSITAVBINDTANS, N1SNAABURIAIADY

o
Ia o

85 wAr MINAFBUMNMAWBAMIBE 1 IMAABUTUAILNTINDBY Jallunausiail

3.4.1 nsnedeumddnveweinig
lun1snageuiididnvesnasnisineldiniasiio UTM (UNIVERSAL TESTING MACHINE) 10u
wsesilalunmmegeuidssunsnvesiiegulagmuANensINsSdegUN 5 daduns/uni Minageurididn

Aauandlugun 3.9

3.9 NSNAFBUMNSIDAMIBEUBSANS

[2Y)]
[l
=D,

3.4.2 MINAFRUNAIDAVDIDY
Tumsneaeuindssavesdglagldiaiosiio UTM ( UNIVERSAL TESTING MACHINE ) 1uirdesiielu

NMINAABUMAITULTIOATDIRIRE1IAYAIUANSNTINSIHLFUNENTT 5 1il/Wi Aawanslugui 3.10

5U# 3.10 MINAAUNMAI8AUD98T
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3.4.3 NINAARUMAIDAMIBENVAFRUTUAIUNTINNDE]

'
1 A

TunsneaaundesnveIsigamagaUTuaIUNITINe D sT AT asllanldlunisnaaauillown UTM

*a

(UNIVERSAL TESTING MACHINE), LVDT 2 uag Data Logger siauansluguil 3.11 uia3esilelunsnaaou

[ @ Y i

SIS ULIIDNUDIF0E1 AL LDIIINEIBE1NAABUTANUNININNIIFINATILTUEN -BEAM Lasuwvantadas

o o w

< v CY L4 ] Y a gj ¥ L 1 < 1 4
Wudinsgaeussniminalinsgvinualog1alaiin LVDT 919 2 GUWQ‘UE]W]’HEJEINLﬂui%ﬂ%ﬁﬂﬂﬂ?ﬂ@u&ﬂaﬂﬂ

winaluszey 35 wufwuns 9nluseanslVDT Wiy Data Logger Windanisidesuvesdiagauazsodny

'
@

Data Logger fiutA3as UTM iasulvianainiaes UTM lagaiuaudnsinisidesun 6ns1 2 Taduns/und

Y
v v
o Y '

suumaumiaﬂmmamwmaauriauﬁwmsmaaué‘w’mamﬂugﬂ 3.1Zﬁéjﬂ"ﬂ’]ﬂWﬁﬁ@Uﬂ’]iV]@ﬁ@‘Uﬁ]%‘MQﬂﬁ?ﬂ?ﬁ

VAABULIBALSITANNAIINUIEBAZIER 50% viTounitiegrarssilafuanduzun 3.13

I-Beam

LvDT LVDT

Specimen

\ |-Beam

' o

JUN 3.12 nsiasaiegaadeududunlinedsiuinIedlenadeu



3.5 NANISNAEBUNIAIDAYBUDSANS

Tun1sneaeuiilavinnisneasusegnauasnis2 sinfe Uasasdmsu

dwsudguiaiun Fsiegmaaeunivuauusesndu 4 nunelay fie vaneia 1, 2, 4 Ae uesasdm

JUN 3.13 Msnedeunaedaveiieg 1 maae U UK

nady

a

ADULATIAY

<

AgUADNLALD

«
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s

PUBLY AT UBINTT

a

JUDY

o«

vlonuazBguag uay wuneia 2 Aeuesnisdmiudguiaiu lnausasnaneiavazdl 5 fredrmadeu sy

0199 9MUA 20 F19819 FIANADDNUINILEATLUAISIN 3.4

AN5199 3.4 HANISNAADUNNAIDAVDIFBE1NUBIANS AR INA

yinvasos | fregns | fuinihdn | usedngean MasdnvewiegemesnIg
A1s (cm?) (kN) (ksc)
wesns 1 25.12 31.27 126.92 112.20
dnsudg 2 25.56 40.53 161.63
Ulenuardy | 3 2552 16.75 66.90
uequanAss | 4 25.68 18.19 72.20
i1 5 25.37 33.18 133.34
wasns 1 25.61 32.34 12875 181.20
dmiudyg 2 25.40 65.06 261.14
WA 3 2538 35.78 143.70
4 25.90 56.16 221.03
5 25.73 38.20 151.37
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A15991 3.4 NANSNAFDUNNAIDNVBIIBE19NBSANS Az ITa (sia)

NOIH5 1 25.19 14.09 57.03 55.95
dwsudy 2 25.44 6.32 25.32
udenuazdy | 3 23.95 26.38 112.30
sogHanns 4 24.80 6.99 28.74
i 2 5 25.22 13.94 56.33
EYar e} 1 27.51 19.76 73.23 83.52
dwsudy 2 26.45 19.69 7591
vlenuazdy | 3 27.09 25.31 95.24
sogHanns 4 26.24 9.88 38.38
i3 5 26.41 34.93 134.85

’i]’]ﬂNaﬂ'li'ﬂﬁ]ﬁ’e)“uﬁ?éjﬁéjﬂmaﬁﬁ'}@Ej’]QJJE]%G]’]%ﬁWﬂ’]iﬂﬂﬁ@‘l.lﬁlﬁﬁﬁ']LLG]ﬂﬁiﬂﬂﬁuaﬂﬁnﬁ@\m’]ﬁ]’]ﬂﬂ’]iL’]a’ﬂ,uﬂ’ﬁ

Nusegsuan1snseyseg1wiliinaunguliesinieseniavesiiegiwilindseadlaeias

U o v o :l

SALRAYYDINBSMTNUNEY 1, 2, 3 way 4 TAwNAU 112.2, 181.2, 55.9 wag 83.5kscAud1sun1aI9nLaae

a a v

Yosdegmessdmiudgudsnuazdguegiiaminnu 83 8kscuazinassnvosdiegimesasdniudsuia

< o

LUNHAYINAY 181.20ksc

3.6 WANINAHBUNNAIDAVND]

v

Tunsnaaeuiiledinnisageusiaegedgrianun 8 viia lawn Sgudion (HB), Sgulalun (LWB), dguagy

o«

'
a a a a a

¥indt 1(CB1), Sguamﬁmﬁ 2 (CB2), a%uamumﬁ 3 (CB3), dguanyviln# 4 (CB4), aguamﬁmﬁ 5(CB5) way

<

a o

suayilai 6(CB6) Ingnaaauditog1vdgudaryilndnuiusiinas 3 dree SRR INARBUNMILA 24

v
o

9814 MAWALATALRABYIIBE19DgIINUAEATlUATIT 3.5 INNANISVAADUMAISAYBIBFAZTIUD

<3

™)

L)E

[ a o =

dadaueddy CB3 TA18enin8gduy Llewndy CB3 Wudgiudsanusasuiadalagausndy HB uaz CB6

«

YUrH a9l SN FA LTS UAA DA bASN

Y

:,’ﬁ

P13197 3.5 HANITVAADUMSIAUDIRIBE 19DV MUA

win | feg fufivia IENLiglRGT MAdnveIIey199]
i (cm?) (kN) (ksc)

CB1 1 83.78 28.36 34.51 25.62
2 81.96 14.43 17.95
3 85.60 20.49 24.40




M13199 3.5 NANINAABUAGIBAYDIFIRENBINA (510)

wila | feE fufnta IRALEGIGH MaenveIiIBY1993
i (cm?) (kN) (kso)

CB2 1 100.63 19.85 20.11
2 100.42 41.12 41.74 30.19
3 99.38 28.01 28.73

CB2 1 84.74 254.28 305.90 30.19

CB3 2 84.97 254.36 305.15 305.28
3 85.44 255.47 304.79

CB3 1 74.17 39.72 54.59 305.28

cBa 2 75.23 42.46 57.53 52.94
3 73.54 33.69 46.70

cBa 1 100.62 55.15 55.88 52.94

CB5 2 101.40 67.22 67.58 55.14
3 104.58 43.06 41.97

CB5 1 148.35 17.50 12.02 55.14

CB6 2 150.18 24.83 16.85 15.84
3 147.26 26.92 18.63

CB6 1 253.82 65.20 26.19 15.84

HW 2 253.50 59.51 23.93 24.84
3 253.66 60.70 24.39

HW 1 449.81 176.58 40.02 24.84

LWB 2 448.31 171.16 38.92 37.84
3 450.19 152.72 34.58

3.7 WaNISNAFIUNIANDNYBIRIBE1MATBUTUFIUNIINNDD]

Tun1sneaeuiilavimswsuudiegrmaaeutuduNtanedgaIndgitegsviavun 8 ¥lla Iwiurilnas 3

9819 FIUNINUA 24 FRBE1NAEDU TILANANISNAFBUDBNUAIT

3.7.1 Madavesiegmadeutudiuniinedguegyiiai 1 (CB1)
IINNINAFBUNUINFIBEINAFaUTUEUNTINedguonslin?l 1(CB1) dA1ANuduRUsIEnInenY

WukazAUATERAMandtuzun 3.14 annTrANdNTusIEninmuAuLaEANATEAINFULIIWG
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[ ' = a0 v

fa9819% 1 wag 2 daanudulndifesiu widieg199 3 TA1ANAUTEALA191INFI0E198 U U

a3 neg1e CB1#3 1iAN155iTnfelulsa9ededgendiied19dun dnvagn1sidifAeuaniInana

AU 3 L UAZLANHINAA UG ARIBE19 CB143 1AM TssIdnyuuurdaandlugu 3.15

Stress (Kksc)

50

1,43.59

45

40

35
30

25

20

15

10

0.05 0.1 0.15 0.2
Strain

JUN 3.14 AT19ANUAITUS TN IANULAL(Stress)warAALATEA(Strain)

Yaeg1aAdRUTUdIUNTINe BN lad 1(CB1)

JUN 3.15 dnuwairn1sIURvestuduNinedguenyyiiai 1 (CB1)
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ANRIDAVDIAIDENINAFDUTUAIUNUINDDgUDTTAN 1(CBL) hay ANNIFIDANEIINNUSUBAAY

P 7

a A

M13199 2.1909MpEg 1A UTUAIUNTINeBguagYla 1 (CB1) wanslunisei 3.6

£

¥ '
o '

e A A WuNSukswaIeg 1N anedy
F Ao u3ednasEn
f'm  Ag MAWAveRudIUNTINDDBg

h/t  fe Sasdwmnugwionnumnvewnedistuduntisnods

v
v v a

C Ao AUSuLAMaBnTuAIUNTINe Dy

f Ao Mdsdavesuduntanedgnasainuiuus

M1 3.6 MAWAIINNIINAFBULALMAITANEIINUT ULV UdIUNTInedguayylai 1 (CB1)

A9E1 A F f h/t C £

(cm?) (kN) (ksc) (ksc)
CB1#1 | 357.57 106.61 30.39 4.39 1.18 35.79
CB1#2 | 346.94 112.33 33.00 4.49 1.18 39.08
CB1#3 | 361.97 154.80 43.59 4.23 1.17 50.85

3.7.2 MAdavesiegmadeutuduntlinedguegysiiai 2 (CB2)
IINMINAFOUNUIITIDE1 VR UTUE UNTINadguanyln?l 2 (CB2) HAIANAINUGTENINIAIN
WULaYANATEAAIIUN 3.16 3NNTINANNENTUSIENINANUALLALANULATEATDIAIDENIVA 3 feEe &

AIANUAUEEALNAABSTY  anwueMTITRABUANKNINGWINTIE 3 fIed1e  IRTesuANAUV ey

AIUNEINAIRENS 1 wag 2 dananslugui 3.17
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50

0.075, 39.34

40

0.100, 33.09

0.095 33.%

W
(e}

Stress (ksc)

7 v

A
\
’ ]
ad A

N
S

\

—— CB2#3

10

0.04 0.06

0.08 0.1
Strain

0.12

0.14

0.16

JUN 3.16 NT19ANUANTUSTENIANULAL(Stress)warAALATEA(Strain)

Yauog InAaeuTUdIUNTIne BNy lindl 2 (CB2)

JUN 3.17 dnwaiznsIURvestudunTinedguenyviing 2 (CB2)

Ma9dnveRlngmageuTudIunenedguonyliail 2(CB2) way A1M1dITANdRINUTURARIY

A13797 2.1909670819mndeuTUENTINoBguenyTliag 2 (CB2) wanslunisnen 3.7

P13 3.7 MFWAIINNIINAFBULALMAITANGINUTULATRTUdIUKTInodguoyulin? 2(CB2)

F9E A F f h/t C f

(cm?) (kN) (ksc) (ksc)
CB2#1 | 449.82 146.02 33.09 4.25 117 | 3863
CB2#2 | 492.48 190.07 39.34 3.83 1.14 | 4472
CB2#3 | 494.62 161.26 33.24 3.85 114 | 3781




58

3.7.3 Mawwnveiiegmaaeududiuniiinedgueysiini 3 (CB3)

[ S
o

INNINAFRUNUIIRE AdeUTduNTineBguenyia  2(CB2)  HAAnuduiusieninsanuAuLay

AMILASEAGSIUT 3.18 91nnTANudITUS ST IR IAULaEAMASEATR IR 1A N e AT ey

oA

yiafl 3(CB3) Megdl 2 way 3 HAusBnganlndlAssiuuddiieg1ad 1 TAuswngeaniian eniia

o '

nsuanuazvgavesuaruiliiasemeanadey anuaenTIUAReMeed 1 war 2unnsinaenud1aves

° | o oA % v ) =
ALY @IUAIDYNN 3 LHNTELUAATUY NN INUIN ﬂ\?LLﬁ@I\ﬂ,uEU‘W 3.19

140
0.110, 129.36
0.102, 121.11
120
100
y 4R
/ \ e === CB3#1

80 // 0.131, 66/20
60 74 - o= O-r CB3#2
40 / _ ol CB3#3

20 /,-
0 ‘F/

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
Strain

Stress (ksc)

JUN 3.18 nT1ANUALTUSSENINAIILAL(Stress)uar AR EA(Strain)

YadIRg NNAFRUTUEUNTINoB Ny YliaT 3 (CB3)

JUN 3.19 dnuwairmsivivesiudiuntinedguenuilail 3 (CB3)
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[

MasdnveilvgmageuTudIunNTInedguanyytag 3(CB3) way AAISIBANSRINUTURARIY

7

a a

M13797 2.1909670819ndeuTUENTInoBguenyTliag 3 (CB3) wansluni3ni 3.8

£

[ Y

= °o v w ° ) 9 v L v 1 a a o
AT NN 3.8 NMAIDAINNNITNAZDULLAL AR @‘Vm\‘ﬁnﬂUi‘ULLﬂmaﬂﬂ]ua’JuNuﬂﬂaaiuafyﬂ]uﬂ% 3(CB3)

PN A F f h/t C £
(cm?) (kN) (ksc) (ksc)
CB3#1 | 386.10 250.75 66.20 2.66 1.05 69.50
CB3#2 | 372.26 442.29 121.11 295 1.07 129.22
CB3#3 | 372.65 472.89 129.36 277 1.06 136.65

. =

3.7.4 MAYavesegadeutuduNlinedgueny il 4 (CBA)

'
1 v 1 a a A v !

INNTNAFDUNUINF e MNAFBUTUA LN IN0BguaeuvIa 4(CBA) HAAnudunusSyrInenIny

@Y
v
o 6 ' 1% O

WALLAZAMNASEARIIUT 3.20 3NNTMANNENRUSTENINAUALLAANULATEAYD IR DL 19T U LN
dguenyrliaf 4(CB4) Mod1af 2 uag 3 lAusBngegarsutdlndlAssiuwazansdeguignithneudig

Indifeeiu Sneaensitifedieged 1 ian1sseidafiguuinuy 796199 2 uaz 3 1AANITULANKINGTS

Autnana 2 e daunanslugui 3.21

60
0.062, 54.02

50
/ /.\0.07 , 48.60
» 0.100, 39.480
40 % .f"‘
A
30 / Ko | ----- CB4#1
'd
20 A CB4#2
rd
/ ”I
10 . -2 CB4#3

0 0.02 0.04 0.06 0.08 0.1 0.12

Stress (ksc)

Strain

JUN 3.20 n3mANUFLTUSTENINANLLA (Stress) WagAuATEA (Strain)

Yol NNAFRUTWENTINoBgNyYliag 4 (CBA)
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e

JUN 3.21 dnuwairnsITRvestudunTinedguenyyiini 4 (CB4)

[ 1 a

Masdnvesfiiag1amaaauTudIuntanedguayvlin? 4(CB4) waz AMIFIBANEIIINUTURARIY

7

a o

M15199 2. 19090 pE 1amnaeuTUEUNTInoBguenyYling 4 (CB4) wanslunnsnen 3.9

17

= °o v w o v w @ Y % L v 1 a a
H1TNN 3.9 ﬂ’laﬂaﬂ‘-ﬂ’lﬂﬂﬂi%ﬂﬁa‘ULL’ﬁzmaﬂaﬂ‘waﬂmﬂ‘ﬂi‘uLLﬂ‘SlJaxi‘liumuwu\iﬂaaguamu‘vuﬂw 4(CB4)

IPhIRR A F F h/t C £
(cm?) (kN) (ksc) (ksc)
CBa#1 | 336.12 130.19 39.48 4.98 1.22 48.11
CBa#2 | 342.38 181.42 54.02 4.94 1.22 65.66
CB4#3 | 353.45 168.52 48.60 4.62 1.19 58.02

3.7.5 Masdnvesiiegrmaaeududiuniiinedgueaysiini 5 (CB5)

v 1 a a A v & ] 1Y

INNSNAABUNUINFBE 1NAFBUTUAIUNTIN0DgUatuvTdaN5  (CB5)  fA1ANANNUSTEWINaAUALLAY

@Y
U 1 a

AMILASEARSIUT 322 91nnTANudITuSSE IR IAULaEAMASEAvR IR 1A U e Ageny

«

e

I o o w

¥ilafl 5(CB5) fegedl 1 uay 2 deusednasgaaoudidlndifesiu uidiee1ea 3 deid8ngeans1aan

LY @

F0g190UAANT T UARIUATLSITNEIERLABEINIRIBE 190U dnwaienTITRABMET 1 1inTeesN

YRIAUYN FRRET 2 kAT 3 LNATBYS1IAUMLILAL AUTAILAYAIBE197 3 1NANTSIEUARIUTNG Aakandly

'
a

IUN 3.23
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60
0.104, 48.84

50 /A\\
40 /
0.060, 32.21%) oo / ----- chsil

’3,7 7
5 30 5 -~ "
2 -~ 7y .
o e ~r\ CB5#2
- \ [3)
@R / \ - DO
CB5#3

1
g

20 s /
I"
10 ,,/‘//,

0 0.02 0.04 0.06 0.08 0.1 0.12

Strain

JUN 3.22 nTAUAITUS TN IANULAL(Stress)warAALATEA(Strain)

Yaaeg 1 aMAaRUTUE NN BgunAN 5(CB5)

JUN 3.23 dnuwarmsITRvestudunTinedguenyviiai 5 (CB5)

MasdnvesstmadeuudIuNlsnodguonylin?  5(CB5)  war  AIMAIdaraRINUTuLARIY

A1379% 2.1909670819mndeuTUEIUNTINoBguanyTliag 5 (CBS5) wanslunis19l 3.10

M1579% 3.10 MAIBAIINNTVFOUKAEMAWBANSIIINUTULATDITUAIUKTINoBguRyYlin? 5(CB5)

F9E A F f h/t C f

(cm?) (kN) (ksc) (ksc)
CB5#1 | 512.91 162.02 32.20 4.28 117 | 37.67
CB5#2 | 457.31 122.32 27.27 4.72 120 | 3274
CB5#3 | 480.14 230.04 48.84 4.79 121 | 5887
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3.7.6 MawwnvediieglmaaeuTuduNinedguay sl 6 (CB6)

o

1NNIINARRUNUIINIBE 1NAdeUTUAIUNTINe Bgueny¥nTl 6(CB6) AIAMUANNUSTENINAIULAULAL

ATILASEARIFUT 3.24 MINNTMANUFLTUSTENINAMILALLAT AT EAYD MDA IuN TN o Bguagy

¥iadl 6(CB6) frveN 1 uay 3 UAusBngegaasuddlndidesiu uidiag1ei 2 diidssageganeinds
& o

feeell 1 way 3 endiegmadeugninadlinsainaiilisuusdidinmidauaibosaud dnuuenis

FURADMDE197 1 way 3 LAANITHLANHIRILTNG kagsiag1an 2 anisdvRwualamilasainsuwssliiduntin

Anuaziaaaud daandlugui 3.25

50
40
230 +—F e .
= .07,24.17 CB6#1
g A CB6#2
& 20 L
CB6#3

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
Strain

3.24 A5ANUFUNUSTENIIANULAU(Stress)harAUAsea(Strain)

CaN
[l
=D,

YafIRg NNAFRUTUEUNTNoBgUaRy AN 6(CB6)

JUN 3.25 dnwaznsIvRvestudunTinedguenyviiai 6 (CB6)

MasdnvrasilogmaaauTudIunianedguanysling 6(CB6) wag A1M1FI8ANEIINUTULANIY

17

a o

M13°99 2.1909f79E 1A UTUAIUNTIND BguBgYiaT 6 (CB6) wandluni3nei 3.11

o



A1597 3.11
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MAGANNINAFR UL IBANAIINUS UL U NN BguRyvling 6(CB6)

F9E9 A F f h/t C £

(cm®) (kN) (ksc) (ksc)
CB6#1 | 418.88 153.52 37.36 4.61 119 | 44.55
CB6#2 | 399.76 94.72 24.17 4.77 120 | 29.11
CB6#3 | 401.73 156.99 39.83 4.89 121 | 4829

3.7.7 mMdwwevesdietmedeutudiuntdinedguden (HB)

a 3

PINATNAFDUN U8 1NAFDUTUAIUNITINDDFUADN (HB) HANAMUAUNUSIENINIANUAULAY

X

AMILATEATUATIUN 3.26 Mnnsmiaruduiusseninussiumsdesuresiegi@udiunilinedguden (HB)

Aegaianuaiia1nsdngegaroutislndifesiu dnvunTITRAeAIE9 1 wae 3 ANITUANKINATS

AUNTLaEATUVAY dIufee199 2 tnsesuanuIaiude dauanslusui 3.27

Stress (Ksc)

40

35

30

25

20

15

10

0.035,]37.56
Pat 0.045, 34.40

/ ! 049, 31.30

[ A VST

|
| & |
17 \,

-
-

0 0.02 0.04 0.06 0.08 0.1 0.12

Strain

JUN 3.26 N9 MANUAITUSTENINANLLAU(StressharAASEA(Strain)

Yosi0E1mAdeUTUIUNTINeBguUAen (HB)
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a <

JUN 3.27 dnwaizn5iURvestuduNinedguden (HB)

£

[ Y

Mdsevesitegmageuiuduniinedgudon (HB) way AMAWandInUuuinunIsed 2.1

YosfegmadouTuduNtsnodguden (HB) uandlum1ad 3.12

(Y

= °o v w ° @ @ % L v 1 a <
AT NN 3.12 N1ADAANNAITNAFD UL NN mﬂm‘-ﬂ’lﬂ‘di‘uLLﬂ‘UaﬂﬂjuﬁﬁuNuﬂﬂaaguaaﬂ (HB)

IPLERN A F F h/t C £
(cm?) (kN) (ksc) (ksc)

HB#1 344.50 116.24 34.40 4.65 1.20 41.11
HB#2 366.32 134.97 37.56 4.46 1.18 44.39
HB#3 346.37 106.34 31.30 4.64 1.19 37.40

3.7.8 MAwwnveIiedmagauTUdILNTINedguIau (LWB)

NNIMAdRUNUIIFIBE 1INAdD UTUE UKTaneBgNIaIUT (LWB) dA1auduiusseninmnunau

Y a

= Y = - 4 A a 1% '
LLazmmmwﬂmgﬂ% 3.28 Luaﬂmﬂi‘umi‘mﬁa‘uLﬂiaﬂuaﬂ%‘lumwﬂaauLﬂﬂmamﬂwmﬂ ﬁuagamimmaa‘ulu

Ia

a1unsalean9dald AsunismaaeuitdsdnvesilegmadeuTudIuNlanedguiau (LWB) desdndoys

£

v v
a @ ! U 1 a

LwB#3 dlU annsmlanuduiusseninaussiunsidesuresiiegagudiuntanedguiaiun (LWB) fieg1a

«
v '
o a

Magaiiemdefuusdngeaadeudrslndifesiu dnvugnsidifededed 1 1AANTWANKINABTHIALLT

a A | o oA a ' a 1Y %) o =
HaENIITSLUANHUVINUU AAIUNIDYNN 2 LNANITLANNINAINLASUITLIUATUUN ﬂ\?LLﬁﬂ\ﬂ,uEUW 3.29
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35
0.062, 321344
30 0.056,128.98
25 V. Y
32 /M
£ s / ——LWBH#I
7

0 / = LWB#2
yd
/

0 0.02 0.04 0.06 0.08 0.1 0.12

Strain

JUT 3.28 N9 ANUAITUSTEVINAIILAL(Stress hagALATEA(Strain)

YBIIRYNNAFBUTUAIUNITIINDDFUIALUN (LWB)

JUN 3.29 dnwazmsitRvestudiuntsnedguiaun (LWB)

A

ANFIDAVDIRIBY 1IN AFDUTUAIUNTINBDFUIALUT (LWB) WAy AIAI8I8ANEI91nUSUBARIY

£

M15199 2.1909670E19MAARUTUE UK TIN0BgNIRLUY (LWB) kanslumsnei 3.13

(YY)

M13199 3.13 MEWANNTNAGRUKAE MAITANEIIINUT VLAY UAILNTINeBgIIaLWI (LWB)

A9E1 A F f h/t C £

(cm?) (kN) (ksc) (ksc)
LWB #1 372.93 106.01 28.98 4.35 1.17 34.03
LWB #2 389.02 125.58 32.91 4.28 1.17 38.48
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a

Han1snAdeUaIdaRavesduduNtinedgiAaandlun1s1 3.4 wasdlniransnaaeuilotien

o

ANUALGEARAZANILATEA 0 FuiaTARANLIAUgEAIINeANTIMINITNSE AR tuduNTIneBg e

Lo

a [

Sgusazalialinaduandlusun 3.30 anguasiuhdegduduniinedgildlunmaaevasiianfdsdn

pid )}

@

AUsEa 3-6 MPa widgueguilail 3 tuasiienfiguiiesaindnuazvedgdudgiu

14 .
O HB -
121 ALWB
0| X CB1
= O CB2
S s/ O CB3
P X CB4 X o
S 61 e CB5 X °
& A CB6 A
4 1 ¢ §< %. X Oa<
2 .
0
0.000 0.002 0.004 0.006 0.008 0.010 0.012

Strain (mm/mm)

JUN 3.30 ANUEUTUSTENINAMUIEULSIENgIgARAEAANUIATEAYRITUAIUNTNe DY
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unN 4

WuUUINaReLazN1TERULNBU

Tunnsanwilazidunsussiiussiudourduiulmluenusnaussmdlneuassifnusos doudia
TomaiasvlfAnuiuiulmsousnanians Susenidsaniewassiiusnausemalneds lunsendunu
F¥ondatiazutatuneunisdnwléun nsUszdiuseRussuiuRulmanaaunsaluduAulmfisuue, s
Uszifiuszaussuruiulmlaenguianuiiezdy, nsinsziainusmevausadsaunnsuveusunulm

PA1UNTEUT 0.2, 1 ey 2 Ju¥

4.1 NNSEIULIBULUUINGDY

Weliinsdasmginssuvedasioudeneldusinszrinieainduiildeggnses Fsdndusies
nsaeulfisundnmsasiawuuiaes lnsvimsaeufisuwuudassiunanisinseilasedoudedilidiumng
dgnentatinsnaaaulay Anil waz Altin (2006) Ingvinisnaaeunieliwsainssyinwuuininseeisnisniuay
s¥E¥N1sAaEUM (Displacement control) Tnefil@npuninasumaniuun 0.15 WAs x 0.10 WATLATATY

a a [ a [ a a a a a o v
ABUNIALESILUANTYUIA 0.30 WAS x 0.15 lwns Inewmdnasunuenluadvuin 10 fadwes didensin

@

WU 475 Mpa wazidniadumuendlupiuiivwig 8 fadwns Itdasinuifu 592 Mpa tnefifidssn
Uszdovasmauniafidnwiiu 21.80 Mpa lunisieseviduazlduuusiaodveslunssrasmginssuliids
Huvasasdonnslneszozvesyauyunanadnldaunisiidiuininainaunises Paulay uag Priestley, (1992)
Tnefiesieazdinisdasamginssuidunvugadeudaniuasgrusnidunuudauiu fauansgud 4.1 Taeld
wudhaesreundaiilifinnsleviauazasunindifinnsleuiaves Sakai uay Kawashima (2006) dauandlugudl
2.12 Tngemsiwesfldanunsasunldanaunisi 2.14 81 2.35 lneariirualduansdmnsed 4.1 fu
A15197 4.2 uazlduuudraoananiaiuues Menegotto waz Pinto (1973) fuandlugud 2.13 lng
Amnimesildaninsadualdanaunisii 2.36 8 2.39 Faefidualduanaiinnssd 4.3 nenadildain
Msnziifisuiuranisnageunuimanuduiuss s marsregn1sindeuiaiinnulndifostu wi
Tugaeusnuseiildannisimseiiuasiduinniuseiildannanisnageudszanas 20 % lnenavanis

Wiguieuseninnsiesgiiunanisnaaeulilansisgun 4.2
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Section a-a Section b-b Section c-¢

Ui 4.1 Tassdoudsiililunsasiaaouuuudians (Anil wag Altin, 2006)

PN ! a ¢l a ¢ a Ay ia o
H19199 4.1 ﬂqwqiqﬂLmaszmUﬂqiﬂLﬂﬁqgﬁ‘ViﬂBUﬂimﬂluﬂJﬂqﬁia‘Uiﬂ

Unconfined concrete (Sakai ikag Kawashima, 2006)
2 2
E. (kN/m2) fo. (kN/m?) Eq Eges (kN/m?)
21.94E+6 -12.00E+3 -0.002 -0.960E+6
A15199 4.2 AINSITRESNIEIUNTSIASIZRABUNSANINSIOUSH
Element Confined concrete (Sakai tLay Kawashima, 2006)
E, (kn/m?) | f (kN/m?) Eee Ee. (kN/m?)
Column 21.94E+6 -30.03E+3 -0.01175 -3.307E+5
Beam 21.94E+6 -23.98E+3 -0.00374 -1.856E+6
A15197 4.3 AN asALTlUNNTIATITAUANES UML)
Element Reinforcement (Menegotto wag Pinto, 1973)
E, fy Strain R, a a,
(kN/m?) (kN/m?) hardening
Column 200.0E+6 475.0E+3 0.02 20.0 18.5 0.15
Beam 200.0E+6 592.0E+3 0.02 20.0 18.5 0.15
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40 : : |
 SPECIMEN-1

30

Shear Force (kN)

Drift Ratio (%)

5UT 4.2 nanseTadeuluuiaes

msaeuieuiunanmsmageulasiteudmeuninasndnmeldussaduiin Inawudng avda (2552)
uazmsvaaeulasadefifititedgmelfussaduiin Tasindngns wanuans (2553) feaesmidfedldvunuas
dulsznovveslasidoudsneunsmasumdnmilouty Fdaseeudmeuninasumaniiduusynousmeluil
YPUIAMINFALET 150 13l x 150 1. wianauewdumdndedesrun 16 4. 311U 6 WdU wazindnUasnidu
WIANNANIUIA 3 1. 5¥8L389 50 Ui, LazIuIAMnAnAIY 150 Ui, x 300 1. wananedundndedss
uA 16 W3 31U 8 1@ wavwianUasnduwannanaunn 6 wil. syeziSes 75 wi. lngyinssnasdlasede

wlpounIaasumandaguil 4.3 UsenoudiedudiuiiingfinssunisdanduuuuiBadu (Linear elastic

v
= a '

element) wazdudiuaUImyunlinue1 (Zero-length rotational spring element) &sguduausvyuils
Anudududiunlddiasmginssuildidudadu (Non-linear) vosludiuainazATuABUNI ALETULIEN

o (% J U o < ! I3 13 . ..
mmuqmaizmwLmu,am’mmammuqmmauwufuamsq (Rigid joint)

Rigid Joint

©
© ©

/—Elastlc element

Rotational
2 “\Q{/\ispring element

¢

UM 4.3 wuudnaedasiendnauniaaiumanildlunisiee
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TunisasuisusuuIaninIsneasulasstandsnaunsaasumdnnieldnssaduiauaznisaauiiou

wuudaeansnaaeulaseeninanedgnigldusaduiia lanadagui 4.4 wassun 4.5 auardu

Fennuanisaeuliisuaziulainginssuiilaanuuudassdlidnwusifoiiuiunanisnageu Tned

AFIAAVRIANNANRUTUT AT NS oUNTII TuLaslmaRuauiuNdonAdo e LoE 19N

Lateral Ferce (kN)

8

Frmx=163.74 kN

. Lateral Force (KN) .. .
g8 8 - 8 B &

é

Fronx =168.66 kN

g

3UN 4.5 msdeuifleulasidoundnauninaSumaniifunneds

a

Ansilassdoudafifansanavesiundgnefilainisnaaeu Meherbi wag Shing (1994)
fegrmaaouil 8 faguil 4.6 Tagvinsmaasunieldusanszsiviuinsieidnisauauszeznsindeus
(Displacement control) Tnglun1ssrassmginssuvedlaseeudeuiulnelduuuiasdliiveslunissraes
woRnssuuuulidadunadlfausdunnmuedunssaemainssuilisturesdste nelduuusassreunia
Aldfnslevsnuazasuniniidinisleusnuos Sakai waz Kawashima (2006) Fauandlugui 2.121ae

AN BSTLTANTaAWINLARINANNST 2.14 D19 2.35 1aeANAuIlakdneean1s1en 4.4 AUR1S197

NG ¥

4.5 waglduuuitasundniaiuves Menegotto waz Pinto (1973) Asuanslugudl 2.13 laeAmsfiwesild
ansaAwnlaaInaun1si 2.36 83 2.39 lagaAAunlawanInim1gan 4.6 dUwuUTIaeIUBInIuNedgne

19 wuudnaesves Mostafaei Uay Kabeyasawa (2004) siawandluguil 2.20 9nuan1snaaauiaesulsdnves
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nilaneflAn1iy 170 kg/cm’ WagAIRISIsULTIOnvoIasAdAWYNAU 160 ke/cm” lagAarnis1dmosly
au1samuIleINEUNISA 2.51 B9 2.57 TagaAeuInlakanasanis1en 4.7 nanleannnsiasiziiieuny

HansnaaeunuIAmlalanulndlAssiuiansiagun 4.8 lnenmsidivedasaieuansdsgud 4.9
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SECTION B-B SECTION C-C

U 4.6 lnsadaudenfinnsamavesiunsdgredldlunisiasei

(Meherbi wag Shing, 1994)

Rigid joint Diagonal spring
¥

Linear
element

Fiber element

JUN 4.7 wuudaewedlasadaudendmundsne



PN ! a s a ¢ a Ay ia o
A9 4.4 ﬂqwqiquﬁaiﬂimUﬂqiqLﬂsqg‘ﬁﬂa‘Uﬂiﬁ‘V]‘lNNﬂqsia‘Uiﬂ

Unconfined concrete (Sakai ikag Kawashima, 2006)

E. (kN/m2) f.. (kN/m?) Eee Egee (KN/m?)
21.61E+6 -12.00E+3 -0.002 -4.350E+6

PN ! a ¢ a ¢ a aa o
RNIIIN 4.5?’1']W']373JW]@3V|1%1Uﬂ73'3Lﬂsqgﬁﬂ@uﬂiﬁ‘V]NﬂqsI@‘Uiﬂ

Confined concrete (Sakai tlay Kawashima, 2006)
E. (kN/m?) f.. (kN/m?) Eqe E s (kN/m?)
21.61E+6 -23.04E+3 -0.00356 -2.00E+6

PN ! a s a s & a
M99 4.6 ﬂ'ﬁ/\ni']llLW@?W&LﬁUﬂqiﬂLﬂsqS‘ViL‘ViaﬂLaslmqllfJ']'J

Reinforcement (Menegotto wag Pinto, 1973)
E, f, Strain R, a a,
(kN/m?) (kN/m?) hardening
200.0E+6 447.0E+3 0.02 20.0 18.5 0.15

PN ! a s a ¢ o a
M99 4.7 mW’ﬁmLmaiVﬂi’ﬂuﬂ’ﬁ’JLﬂi’]z‘mmLL‘W\‘ia%ﬂ@

<3

Infiil wall (Mostafaei wag Kabeyasawa, 2004)
K, V., U, Vv, U, v, U,
(kN/m) (kN) (cm) (kN) (cm) (kN) (cm)
2.64E+04 109.96 0.83 82.46 0.31 32.99 2.06
70 T T =T T
60
— 50

3
Qo

8

Lateral load (kips

3

0 ; ; i
00 04 08 1.2 1.6 20

Lateral displacement (in.)

UM 4.8 HaN13ATIVABULUUTIRDY
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|I\1||_ll| lﬂl_l [JJIIi}
E I N T T T 1 11V |{
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= 178 — S =
N 1 " 1
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3,51 R lllil
| AL [ SR T T
I S \||||| LTII“ r-\hlllﬁ
~ ﬁ/l\l‘lllulll ||J
I VA . [T 1 T
~ ol A U Y \
N C T 1T T 1T 1T T .1~
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JUT 4.9 Mm33tRvedlassdoudanififunedgne

FnuaveinTinseinui Tunisldnnuvuvedluesiindussvzreavyunatadinuanla
NMTIATREAlndifsaiunan1snagey Tnedidirnuaaiandeuliuin duiuginnsidedwinisldaing

nuveslnluesviniussugve AL UNAERANTIAILIMAINANNTTUBY Paulay Way Priestley, (1992)

4.2 WUUINAIIANS

Tunsiaszinginssuveddassdoudsnsuninasumanidiunnedgnieldusnssiniiosandun
1 2 uda AT IEINIVUIARAL A NEULYRLATIT T IABUNSMLES LA NI UFWn UUR IS N YL lATIAS
Toovluludszwelng FelunismauianardnuaevelastaninaunsAEs AN UL A LaenIs

' a o o« v . a v y )
MWﬂ’lLaaﬁJWUuIﬂNaiNmﬂﬁ (Structural Indices) TaqaqﬂqﬁWﬂaﬁﬁqﬁm’]NLLUQ%WEJEJQV]g'QuV]ﬂ‘sU@QUigLmﬂiﬂﬁl

w5 vas Jadudnvarlasiadalaemly Anededuilasainswandwisnad 4.8 uazguil 4.10

naadesilaseEdiernsannsainuarunLassn v veddaseudmeunsnasuman
Faunulasad lnsedaudnounimasumaniniuauazaueniviniu 3.0 wWes wag 3.6 WA AUE1RU
YPUIANTNRALET 20 w3, x 20 w3, wanauewdunandedesruin 12 uu. 4 @i wianUasndumannausuin
6 13, S¥ELISEe 150 U, YUANTAFAAIU 20 @i x 40 @y wianauedundndedesrunn 16 4. 5 W&

wianUasnJumannanuunn 6 uy. szeiies 150 uy. Awandlugui 4.11 3Un 4.14

AN5197 4.8 ALRAYATUIATIASI9D1ANS

No. of Construction Drawing Generic
Structural Index Average
1 2 3 4 5 Building
Floor Area (m?) 91.8 63.0 144.0 114.0 52.5 93.1 90.0
Column (cmxcm) | 20x20 15x15 15x15 20x20 20x20 18x18 20 x 20




= ' a o 1 '
M99 4.8 ﬂﬂtaaﬂﬂ‘ljuiﬂi\‘iﬁi’lx‘i@’lmi (»®)

No. of Construction Drawing Generic
Structural Index Average
1 2 3 4 5 Building
Longitudinal Reinforcement Diameter
12 12 12 12 12 12 12
(mm)
Stirrups Diameter (mm) 6 6 6 6 6 6 6
Compressive Strength of Concrete (MPa) 235 235 235 235 235 235 235
Yield Strength of Longitudinal
294 294 294 294 294 294 392
Reinforcement (MPa)
Yield Strength of Stirrups (MPa) 235 235 235 235 235 235 235
Width to Length Ratio 0.88 0.32 1.78 1.56 0.78 1.06 1.11
Aspect Ratio (a/d ) 9.20 14.16 13.05 9.20 7.36 10.60 9.2
Axial Load Ratio ( P/ fc'Ag) 0.0086 0.0201 0.0212 0.0302 0.0169 0.0190 0.028
Reinforcement Ratio ( O ) 0.0139 0.0267 0.0267 0.0139 0.0139 0.019 0.0139
Volumetric Ratio ( O ) 00038 00075 0.0057 0.0050 00038 0.0052 0.0050
Shear Strength Ratio
0.45 0.41 0.53 0.40 0.52 0.46 0.22
=M, lav,)
160
_ 144.0 35
wol A-=931 — ] Jav=106
,,,,,,,,,,,,,,,,, 140 _
§1zo sl o
ol — Lol amo
L0t e DR 2 156
560 - -~ o5 Tsp oo o
ool S R o L _ 1 ———
20+ - - - - - - - - -] o5 - -0 - ———l
0 0 [
1 2 3 4 5 1 2 3 4 5
Building No. Building No.
(M) NuoIM (@) SATIEIUAINATNADAUI1IVDIDIANT
25 16
Av.=18x18 cm Av.=12 mm
) 200 VT REXASCT w2 o2 | 12 12 12 1 1
5 El2
= 15x15 15x15 )
S 15+ - --- - - - --- 1 e
B 2]
3 5 8T - - - - - - - - - - - - - -
glO** - - - - - - - - - - - - B 8
Q
3
85—— - - - - - - - - - - - - - §477 T o T T -
0 0
1 2 3 4 5 1 2 3 4 5
Building No. Building No.
(@) VWIANFALEN (@) PUAVBINANLESUANL?
0.035 0.010
¢ omg|Av.=0019 ] o |Av.=00052
s 0.027 0.027 00084 - - - - - - - 0008
£ 0025~~~ -~ - B B H 0.006
% 7R ——— B R go.oos ——————————— 006 0005 — — — — - - -
$ oos T S990% AN e N S B ) BT
£ 0.010 - - - - - - - o
£ §0.002 1 - - - - - - - - - - - - -
3 0.005 - - - =
0.000 0.000
1 3 4 5 1 2 3 4 5
Building No. Building No.
(@) SRTEIUDINENLET AN () SRTIAIUVDUABNLAS ANV

SUN 4.10 fvTlASI851991A15
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= P ¢ 1 a 1
ﬂ'J']%JLﬁEJ‘Vi']EJ‘lI@\‘]E]']ﬂ']'iLua\‘if\]”lﬂL‘l’iﬁ!ﬂ”l'ﬁﬂ&LLNUﬂﬂl‘l’i’JLLﬁJﬂ’ﬂ 2557
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sedummdene dnuaizenas uaziwmiiifeesennns feyarudeneveseiaisiiiosinvgnizal
wiuAulwta 2557 lagnrausulileensulesiinisuasiadiedy 6 8une 43 dua SruusAY 18,054
s MInszaedvestoyanudemeveseinsiauandusui 5.1 Tnsduunsedumuidemelunisdisa

oy 4 seeu Tawn
1) laddews  ldieenudenieseaians

2)  ANUEsMEsEAUAREY  @1AnsiinAnudsmeieadntssaiunsaldaulasdislannse
3)  ANUEYMNYSEAUALRDY §IASIEYTNEUNNEIUTEYRNWN @NN1T0 MIUlA L UUS IMNUAR LA
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Joyamnudenevesernsiiialuusazdnnslaun unewiand snneluan sunsudany §11ne

Wiy Sunadlondiessny sunengfiene lnsauseaguuiinusziuandsmelanmised 5.1 fannsiel

5.6 HIUAAU

M1317 5.1 Teyaanudenevesernisludineusan (nsulysnisuasiaile)

[J a v A
UIUANULFINE (ATATOU)

fiua SnunZoumun _ — —
BRI GIYERN GIXEe U

1. SR 3,089 147 714 933 | 1,794
2. 9. Unnos 1,137 26 121 386 533
3. thed 1,675 - 27 261 288
4. UNNONUAD 2,093 58 270 514 842
5. TUauns 1,887 61 180 291 532
6. V6. Lhia17 768 26 206 306 538

U 10,649 318 1,518 | 2,691 | 4,527

M1319% 5.2 Yeyannuidenevesernisiugnetiuan (nsulesismsuasiaiiles)

. . o uauANUEEIY (AT1TeU)
AU PMIUATATDUNNUA  — — —
BRINZN GIYERN GIXEe U
1. Uuen 2,258 - - 9 9
2. U 2,775 1 5 17 23
3. duuzAn 1,470 - - 7 7
4. 159979 1,590 - - 47 47
5. A3lnGA 647 - 28 - 28
591 8,740 1 33 80 114




M137197 5.3 Yeyaanudenevesenisiugineudasiy (nsulesnnsuaziadie)

. . e ALY (AS50U)
AU MUIUATILIDUYNUUR - — —
BINZN GIYERN GIXEe U

1. walasiy 2912 - 2 150 152
2.9 7,722 14 6 35 55
3. Uuan 4,180 1 11 148 160
4. Wn3N 2,218 4 9 128 141
5. lARENAI 962 - - 2 2
6. Fitioy 2,233 - - 3 3
POtV 20,227 19 28 466 513

M137197 5.4 Yeyanudenievesernisiugineniu (nsulesisnisiaziaile)

. . o FuauANEEIY (A15eU)
fIua PUATITOUVNNURN [ — —

Lng GIYAERN GIXEe U
1. oy 4,712 5 10 160 175
2. 5139194 2,521 18 61 851 930
3. 19303 3,157 - 5 565 570
4. 179M 3,210 - 1 9 10
5. 9y 2,545 - 2 17 19
6. dunzLAR 3,598 1 2 12 15
7. M98 4,193 62 359 299 720
8. dufigu 2,092 - - - -
9. widu 2,131 - - 10 10
10. A9ERNW 2,330 - - 21 21
11. wiide 3,416 - 1 290 291
12. dunanq 3,271 1 15 185 201
13. Uie 3,866 6 9 135 150
14. Mupgiu 2,275 - - 106 106
15. 1389917 1,319 - - 69 69
5 4,712 93 465 | 2,729 | 3,287
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M13°97 5.5 Yeyaanudemevesensiugneiiendesie (nsulessniswagiaiios)

. . Vo w uauANUEEIY (AT1TeU)
AU VUIUATIIDUNNUA — —

BINZN GIYERN GIXIEe U
1. Undonauds 4,476 25 53 209 287
2. wainsad 2,942 - 4 36 40
3. R.ane 4,429 4 2 94 100
4. dunsy 4,807 - 1 122 123
5. ARYAU 3,944 - - - -
6. Uug 10,493 - - 1 1
7. wigm 7,985 - - 1 1
8. 3unN 2,148 - - 1 1
9. WEYY 4,216 - - 25 25
10. Mwdn 7,278 - - - -
Pty 52,718 29 60 489 578

9797 5.6 Teyarrudemevesenasludineng s (hsulesisnisuaziudios)

. . ez TuANUEeY (AFIT0U)
fua uuAfISeuiun | — — —
duna | Awides | @Wen | s
1 wiih 3,532 - - 8 8
WU 3,532 - - 8 8

o &

Mndeyaitsusulinnnsulussnsuaziauiioszaunsadiuldindafiogindrugaguinaie
wiuAulmaniAaauidsmeiiginivhuaieglnasenlufiuluns@nuiislfideninnsanléteyannu
Femevesernslunisaiaduldennuusuuidludvadieglndfugagudnaraunudulg 10 dva léun
suansuzag duatines uatiad sualeuvteii drualusiuns fuautan duailesniu dua

57157184 ANUANTIYV1IAEANUAUIDDABUTY

audsmevedlasiadisonmsiiistuildn s iuansaiu 1esanlasiadisenansiiannuudauss
ety Tunsiaszinudenes whniswendssuavvesenaiseenidu 2 vlnldun e1msfineadrsmundn
M33MNs3u (Engineered building) wazanasiilildneasanumdnisanssu (Non-Engineered building) lng
amnsasuunlaianisied 8 f\nﬂéﬁa;ﬂamwmﬁamamaqmmﬁﬁy’wm 26,551 wds @wnsanvadusinnsd
Aoademumdnmaimnssule 10,282 & waviduenansildlanead snumdnmaieinssy 16,269 n&s A

Her1eu9401A157191W N UsEnNvedeIA1TkaE Ik SEAUAI e iAnTulaasUAInI5199 5.7
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FaaUdgvedIuLINYeIeInsIEAnTulusvakian tnedlonansilasuanudeeluseaudnng 319 nag

TJonmsilesuanudemelusesudinges 1,518 nad warilonAsnlasuanudemeluseaudden 2,806 vaa

M3 5.7 ANULEEIEYRI01AN AL TIMUNATNAN YR VRILATIATI9RIANTIINMAN TRlLEUALLN

wilan 2557

omsineaiemumdneimnss anensililldneadramundnmedmnssy
100 fua
X mdes Wen | lddenme 59 U NGER G Tudeme 39
AINZAY 21 62 80 764 927 126 652 853 531 2,162
Urnpe 13 86 276 80 455 14 35 110 523 682
‘ Taad - 19 186 465 670 - 8 75 922 1,005
wilan -
oUNNBNULT 28 193 367 249 837 30 77 147 1002 1,256
TUsauns 9 16 35 695 755 52 164 371 545 1,132
wian a 18 26 230 278 22 188 280 - 490
WY 3 6 9% 1,780 1,885 2 a 64 2757 2,827
NI 5159194 3 1 14 990 1,008 15 60 837 601 1,513
NTIHV12 11 6 5 1,655 1,677 55 363 294 1804 2,516
WeaTeany Yadenaudy 3 6 25 1,756 1,790 22 47 184 2433 2,686
39 95 413 1,110 8,664 10,282 | 338 1,598 3,215 11,118 16,269

5.2 Apsenmanusgegalunuisvuurifuanmgnsalwivauluiusian 2557

AAAIIGIEA LULLITIVUURIA N INIME N saluHuAUlINIa 1 2557 ansavimsysaiulalagly
uvudtaeslwludgesn (Finite source model) wazldminisidmesannaunisnisannouassunuaulng
(Ground motion prediction equations, GMPEs) Iu‘ﬁxumEJUﬂﬁiUizLﬁu%ﬁﬁmmﬁﬂﬁuﬁiau 9 Q@@Juﬂﬂaﬂﬁ
wiuAnlmeonifun3auuin 1 nu. x 1 Ny Seluwn X way wnu Y WiolausnUsziiuiA L TULT VDS
AnuguLsIesiHuAUlmisegaziBn dmiuaunmsnisanvevveaiuiulmfimunzauildlunisusediu
18un gunisnsanneulnuRulmauslng Boore wag Atkinson (2008, BAOS) dunisnisanneulduaulmi
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@ =

(1) Bailadduiarogluguvesiuys 2 daldun A1dseg1u (Median, ) uwagArdondsnuuninggiu

¥ '
v =

(Lognormal standard deviation, ) @saduds 2 filaunsamisannisanuuiaziduasiian (Maximum

Y 9

likelihood method) Aweswwls @ uaz B awnsanildanisneadinaansiinliaves In(M) dlein

qfign lnsmameyitusvesd In(M ) Wieudududs a uay f ilidwiduguddsaunsd (6.3)
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In| —
F(a)=® N (6.1)
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N Yk 1y,
— Yk
M=T][F(a)] [1-F(a)] (6.2)
k=1
dinM _dInM
= =0 (6.3)
da dg
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a, = A" PGA il k vaarnfituiinlé
Yy = #1 Bernoulli Random Tnefi y, =1 deinanundsme
y, =0 delsiAnanudemeiiin PGA=a,
) = ANINTELAMININTFIU (Standard normal distribution)
N = Sruudeyannuidemevesenasiifiansan

= AINA9VBIAT (n (M) TuNTign

e
I

ANUEAULINATEINYRIAT N (M) uniign
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Empirical Seismic Fragility Functions based on Field Survey Data
after the 5 May 2014 Mae Lao (Northern Thailand) Earthquake

Empirical seismic fragility curves have been developed based on post seismic
survey data on building damage, collected in the epicentral area of Mw 6.1, 2014
Mae Lao earthquake. In total, about 26,551 survey building data have been
investigated by authorities and engineers. The typical pattern of observed damage
for different structures and the reasons of damage are presented. In addition,
damage statistics in the field are correlated with ground motion in order to derive
empirical seismic fragility curves. Using maximum likelihood method, different
sets of fragility curves are developed to demonstrate the pattern of structural
material on building damage level. The good correlation between observed
damage and peak ground acceleration (PGA) are observed. In addition, the
results show a better seismic performance of engineered reinforced concrete
building over non-engineered buildings. These findings are essential to support
better future building damage assessments, land use management and disaster

planning.

Keywords: Seismic fragility curve; 2014 Mae Lao Earthquake; Thailand; Non-

engineered building

1. Introduction

On 5 May 2014, a moderate earthquake of Mw 6.1 occurred in Mae Lao, Northern
Thailand at 11.08 (UTC) with a relatively shallow depth of 7 km causing extensive
damage to local buildings, infrastructures, and historical monuments. At least two
causalities were reported due to damages of residential buildings, and a number of
injures were mounted up due to partial and full collapse of non-engineering and
engineering structures. The highest level of damages were located within Mae Lao and
Pan districts with Modified Mercalli Intensity (MMI) VIII. This is the largest
earthquake in Thailand since the 1935 Mw 6.3 Nan earthquake. Due to relative distance
of 30 km between 2014 earthquake to Chiang Rai city centre with 224,000 inhabitants,
only limited damage were observed with corresponding to MMI VI, (Ornthammarath
and Warnitchai, 2016).

Within few months, preliminary seismic surveys were carried out by authorities

and engineers to assess the extent of building and infrastructure damages for
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government to provide relief fund and further assistance. In order to achieve this
objective, level of building damages were separated into no damage, negligible (green
tag), moderate (yellow tag), and heavy (red tag). In addition, detail field survey
assessment was carried out in this study in epicentral area including Mae Lao, Pan, and
Chiang Rai. The main purposes of detail survey are 1) to characterize the existing
structures in epicentral region and 2) to obtain statistical number of damage buildings.

In general, most engineered structures, which has been design and constructed
according to engineering building code seems to perform relative well even though no
seismic resistance design has been considered comparing to non-engineered structures.
Most red-tag damage buildings were non-engineered buildings with limited engineering
intervention, poorly construction, and substandard building materials. The statistics of
survey building damage has been analysed to correlate with engineering ground motion
values to develop an empirical fragility curves for future risk analysis or scenario

simulation.

2. Observed structural damage

Chiang Rai is the 15" largest province in Thailand and the second largest city in
northern part of the country in term of total population, and according to national
statistical office, as of 2014, Chiang Rai had a population of 1.2 million. While most
urban area is located within relatively flat river plains, the northern and western parts of
this province consist of hilly terrain. The most affected districts around the 2014
epicentral area are Mae Lao, Pan, and provincial capital of Chiang Rai (Fig. 1). These
districts have catchment areas respectively of 30,000, 121,000, and 224,000 inhabitants
giving a total of 375,000 people affected by this earthquake. The focus is devoted to

residential and governmental buildings located in and around epicenter.
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Figure 1. Statistical database of survey building damage in Mae Lao, Pan, and Chaing
Rai following 5 May 2014 Mw 6.1 earthquake.

One week after the 2014 mainshock, the government set up a local operational

center to facilitate and to organize damage survey team consisting of authorities and

engineers for performing post-seismic survey assessments for both residential and

public buildings within damage zone. In general, an area of 2,500 km? (Pan, Mae Lao,

and Chiang Rai) were thoroughly assessed. For common methodology in post-

earthquake building risk assessment, four building damage leveled were adopted.

Eventually, over 20,000 buildings were assessed. The description of each damage levels

are explained as follow:

(1) No Damage: Negligible to damage. The building has no structural damage.

(2) Green class: Light structural damage. The buildings could be immediately used

without retrofitting.

(3) Yellow class: Moderate structural damage to some structural parts. The buildings

could be able to be immediately resided in only in safe areas. Some retrofitting

work is necessary (Fig. 2d, 3d, 4d, and 5b).
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(4) Red class: Collapse or extensive damage to most structural members. The building
could not be used. Major retrofitting work is required by engineers or specialists
(Fig. 2b, 3b, 4b, and 5a)

From Fig. 1, it is quite clear that majorities of building damage were located in
and around epicentral area. In addition, in order to characterize the existing structures in
epicentral region and to obtain statistical number of damage buildings, the detail survey
had been performed within most affected area, and the level of damage is further related
to the European Macroseismic Scale (EMS-98). It could be clearly seen that red damage
state using in this study is the combination of EMS-98 damage grade 4 and 5 owning to
the purpose of the post-earthquake survey to estimate relief funds as described in Table
1.

Table 1. Damage levels definition

Damage States
Definition
This study | EMS-98
No Negligible to slight damage (no structural damage, slight
DG-1
Damage non-structural damage)
Green DG-2 Moderate damage (slight structural damage, moderate non-
structural damage)
Yellow DG-3 Substantial to heavy damage (moderate structural damage,
heavy non-structural damage)
DG-4 Very heavy damage (heavy structural damage, very heavy
non-structural damage)
Red
DG-5 Destruction (very heavy structural damage)

In addition, seismic design code in Thailand has been implemented since 1997
following the 1985 Uniform Building Code, and Chiang Rai was located in Seismic
Zone Il. Consequently, all public and governmental structures were obliged to be
designed with 0.15g PGA on rock site. Afterwards, new seismic design code has been
issued by Department of Public Works and Town & Country Planning in 2009. Based
on this code, in Mae Lao, design basis PGA level on soil type D is equal to 0.25g. This
new seismic design code is a modified version of ASCE 7-05; nevertheless residential
constructions with less than 15-m height are still not obliged to follow this new
standard. Therefore, most residential structures in the epicentral region could be
considered that no seismic design has been considered at all.
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Engineers from Mahidol University performed building-by-building surveys,
and a list of building types had been created, Ornthammarath and Warnitchai (2016).
Based on detail survey, it was found that the large number of engineered buildings
within Mae Lao receive minimal structural damage even though seismic design had not
been incorporated for majority of these engineered buildings. Majority of these
engineered structures were found to receive much less damage than those non-
engineered buildings. Most heavy damage buildings were mostly non-engineered
structures or engineered structures with presence of vulnerable construction such as soft
story, short column, and irregular configurations. In Thailand, Non-engineered
buildings could be able to described as follow: 1) poor quality and cheap materials, 2).
bad construction practice, and 3). presence of seismic vulnerable parts due to traditional
culture and usage. Concrete blocks are substantially used as an infill wall with concrete
frame for non-engineered buildings in Thailand. In subsequent sections, four building
types observed in epicentral region are further classified based on their structural
performance due to 2014 earthquake.

Firstly, non-engineered precast concrete frames with masonry infill walls were
considered to be a major proportion of damaged structures in heavy damage zone for
low income family. Most column dimension is generally between 150x150 mm? and
200x200 mm? (Fig. 2). Some of these non-ductile columns have not even been
reinforced with longitudinal bars. Only few 10-mm diameter round bars were also
observed without proper stirrup spacing. Infill, unreinforced concrete block walls, is
extensively used as non-structural elements, without dowel bars properly attaching
between the boundary RC frames and the panels. Most observed damage for this type of
buildings was partial to full out-of-plane failure of infill walls. Many such buildings
have collapsed in past earthquakes resulting in the loss of lives, (Ornthammarath, 2013;
Ornthammarath and Warnitchai, 2016).
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(a) (b)

7
©) (d)

Figure 2 a) Typical seismic damage of building type I with full out-of-plane failure

mode of infill wall (red class damage), b) partial out-of-plane failure of concrete infill
wall, ¢) Non-engineered precast concrete column with no longitudinal reinforcing bars,
d). Vertical bending crack observed on infill wall with cement mortars (yellow class
damage).

Building type Il is the other common non-engineering structure in epicentral
area, and it is the most vulnerable building to earthquake (Fig. 3). The ground story of
building type Il is generally elevated creating enough soft story seismic vulnerability on
the ground floor. Typical ground floor heights are ranging from 1.5 to 2.0 m. The upper
level is generally made of concrete beam and slab. Due to heavy weight in the top part,
high inertia forces are induced during severe ground vibration. The ground floor column
is poor quality precast column similar to those observed in building type I. Common
damage pattern for this kind of structure including out-of- plane collapse of infill walls
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or total collapses of the whole building. Fig. 3 shows a typical collapse of soft story and
failure of poor beam-to-column joint due to no reinforcing details.

Building type 11l are generally engineered structures with proper column width
from 200 to 350 mm with at least four 12-mm diameter as longitudinal bars and 6-mm
round bars with 150-200 mm stirrup spacing. Properly reinforcing details at beam-and-
column joint connections ensures good seismic performance. Although most of these
structures has no seismic design but it can endure moderate earthquakes ground shaking
since some basic engineering practice have been implemented during construction and
design. Typical failures of these buildings are: soft story, short column Fig. 4(c), and

in-plane and out-of-plane failure of non-structural walls.

(©) (d)

Figure 3 a). Typical seismic damage of building type Il with partial or full failure of

infill wall (red class damage), b) collapse of non-engineered column, ¢). Bending crack
observed on infill wall (yellow class damage), d). Bending crack observed on non-

engineered precast column (yellow class damage)
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Page 8 of 30



Page 9 of 30

oNOYTULT D WN =

10
11
12
13
14
15
16

Journal of Earthquake Engineering

(c) (d)
Figure 4 a). Short column failure of Type Il structure b) soft story failure of 3 story RC

frame (red class damage) c). Short column failure due to openings (yellow class

damage) d). Diagonal crack observed on infill wall (yellow class damage)

Buildings type IV is a traditional Thai house with elevated first floor, Fig. 5.
Wooden slabs and beams are the main loading parts to resist both the gravity and lateral
loads. Non-engineered precast concrete column could be also widely seen. However,
wooden house is less damaged comparing to buildings type I1; however, collapse of this
building type could be able to be observed if building area is larger than 32 m? since
building weight is too large comparing to non-engineered precast concrete column
capacity. Inclining to one side or partial failure of non-structural part is the most

common damage for moderate damage level of this kind of structures.
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(a) (b)

Figure 5 a). Typical characteristic of Type IV structure, b) partial failure of roof (yellow

class damage)

The damaged building database through detail survey was retained for fragility
analysis. In total, there are 26,551 buildings included in this analysis, which are in ten
sub-districts and in three districts, as shown in Table 2. Based on aforementioned
damaged building classification, only building type Il is considered as an engineered
structure and there are 10,282 buildings, and building type I, I, and IV are classified as
non-engineered structure with 16,269 buildings in this analysis. These four building
types were further assessed based on construction period data providing by local
authorities, and it is found that uniform distribution of building ages could be observed.
No significant correlation between observed damage and construction period could be
found. In addition, most buildings in current database are located within flat plain area,
and most damaged buildings are mainly due to ground shaking. Some damaged
buildings are due to secondary hazards (e.g. landslide, slope failure, etc.); however,
these secondary hazards do not appear to have caused significant contribution. The
building-by-building surveys data is summarised in Table 2. The most severe damage is
in Mae Lao district, where 319 buildings were reported damage and classified to be red
class damage, and 1,518 and 2,806 buildings were classified as yellow and green class

damage, respectively.

Table 2 The number of classified structural types damaged in Mae Lao 2014 event.

Engineered Building Non-Engineered Building
District Sub-District Red |vell G No | |red |yen G No |
e ellow |Green Damage Total |Re ellow | Green Damage Total
Mae Lao Dongmada 21 62 80 764 927 |126 | 652 853 531 2,162
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Pakodum 13 86 276 80 455 | 14 35 110 523 682
Buasalee - 19 186 465 670 - 8 75 922 1,005
Jommokkaew | 28 193 367 249 837 | 30 77 147 | 1002 1,256
Pongphrae 9 16 35 695 755 | 52 164 371 545 1,132

Mae Lao 4 | 18 |26 | 230 [ 278 |22 | 188 | 280 | - 490
Pan 3 6 96 | 1,780 |1,885 | 2 4 64 | 2757 | 2827

Pan Thantong | 3 1 14 | 990 [1,008 |15 | 60 | 837 | 601 1,513
Saikaow |11 | 6 5 | 1,655 |1,677 | 55 | 363 | 294 | 1804 | 2516

Ct:\:iiugngai Pacordonchai | 3 6 25 | 1,756 |1,790 | 22 | 47 | 184 | 2433 | 2,686
Summation 95 | 413 1,110 8,664 |10,282|338 | 1,508 |3,215 |11,118 | 16,269

3. Ground Motion Intensity

Based on geotechnical information from department of mineral resources (DMR), Mae
Lao and Chiang Rai city districts are located on the Quaternary sediments of Mae Lao
and Mae Kok river basin, respectively, Fig. 6. The geological map indicating that
igneous rock could also be found in northwestern and southwestern parts of Chiang Rai
city as small hills. The soil classification results seem to correlate well with global
slope-based Vs30 approximated via correlation to topographic slope, Fig. 7, Allen and
Wald (2009). In addition, compiled average shear wave velocity for the upper 30-m
depth (Vs30) measurement obtained by past studies (Thitimakorn and Channoo, 2012;
Poovarodom and Jirasakjamroonsri, 2014) using multi-channel analysis of surface wave
(MASW) and array microtremor analysis within Mae Lao, Pan, and Chiang Rai city
were used to compare with global slope-based Vs30 within in current study area, and
good agreement could be observed. The results indicated that most earthquake damage
area located within NEHRP site class C and D, Table 3, corresponding to very dense

soil and stiff soil, respectively.
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Figure 6. Geological map from department of mineral resources (DMR) white color

indicating fluvial deposits, and green, purple, brown, and red color represent sandstone,

siltstone, limestone, and igneous rock, respectively.
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Figure 7. site classification map for Mae Lao and surrounding districts using global

slope-based Vs30 approximated via correlation to topographic slope (Allen and Wald,

2009).
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Magnitude and locations of the earthquake were estimated by various
institutions; however, only the revised TMD epicenter indicated that the epicentral
location is situated within Mae Lao, where the greatest damage was observed. The focal
mechanism of the 2014 Mae Lao tremor based on Global CMT suggests an almost pure
northeast-southwest left-lateral strike-slip or northwest-southeast right-lateral strike slip
mechanism. We estimated an effective fault length of 15 km and effective fault width of
10 km based on Well and Coppersmith (1994) equation for strike slip mechanism. This
is in agreement with 24-hour observed aftershock distribution and observed red level
damage buildings. Based on this information, we prefer the northeast-southwest left-
lateral strike-slip fault mechanism where most observed building damage had been
reported.

The ground motion estimation methods used to calibrate the finite source model
and the model parameters is performed by ground motion prediction equations
(GMPEs). Recent studies have applied this approach in modeling earthquakes such as
the 2013 M7.1 Bohol Philippines (Naguit et al., 2017), the 2010 M7.0 Haiti (Hancilar et
al., 2013). Placing the Mae Lao and surrounding area in a rectangular grid, observation
sites at intervals of 1 km along the x and y axes were selected. These are the sites of
interest for which the ground motions were estimated. The peak ground acceleration
(PGA) is preferred ground motion measure because the residential structures that
dominate in our dataset is one to two story building. The drawback is that it might not
be sensitive to period of shaking. However, PGA is a common parameter mostly issuing
and using during post disaster management in Thailand. A suite of GMPEs developed
for active tectonic environments are selected to model the Mae Lao earthquake. Based
on Ornthammarath (2013), only the GMPEs that yield low residuals and comparable
range of ground motions are reported including Boore and Atkinson (2008, BA08);
Chiou and Youngs (2008; CY2008); and Campbell and Bozorgnia (2008; CB08).

Simulations of ground motions are readily produced as the selected GMPEs are
incorporated in the Open Quake engine, a software platform developed by the Global
Earthquake Model Foundation for seismic hazard and risk calculations (Pagani et al.
2014). 1t is an open-source software suite equipped with an ensemble of modules to
handle all components of seismic risk on a regional and global framework (Pinho, 2012;
Silva et al., 2014) including the estimation of ground motion fields. The input

requirements for Open Quake consisted of a rupture model and a site classification map.
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For the rupture model, the typology adopted is a simple fault rupture wherein the fault
orientation, seismogenic depth and magnitude are specified as input to a set of GMPEs.

For the site classification map, global slope-based Vs30 approximated via
correlation to topographic slope is utilized. The ground motions calculated using
GMPEs use median values without accounting for aleatory variability. The spatial
correlation of the within-event residuals developed by Baker (2007) and Jayaram and
Baker (2009) has been adopted in current study. Fig. 8 display estimated ground motion
field based from GMPEs approach. The highest intensity could be quickly observed
within Dongmada subdistrict, southern part of Mae Lao district and Saikaow subdistrict,
northern part of Pan district, where the highest damage was reported for BA08 models,
with PGA varying from 0.40 to 0.50g based on BA08 model, from 0.35 to 0.40g based
on CY08 model. and from 0.25 to 0.30g based on CB08 model. Based on probabilistic
relationship between MMI and PGA developed by Worden et al. (2012), the MMI
around VIII could be expected for BAO8 and CY08 model while CB08 model could
expect only MMI VII. The comparison between expected MMI based on BA08 and
CYO08 models and those observed from field survey (Ornthammarath and Warnitchai,
2016; Pananont et al. 2017; and Mase et al., 2018) are well consistent. In addition,
similar pattern of damage to local structures in this region due to similar level of seismic
intensities (i.e. PGA = 0.2g) has been observed in Mae Sai, northern Chiang Rai due to
Mw 6.8 Tarlay earthquake in Myanmar (Ornthammarath, 2013), which could help to
justify the estimated ground motion in epicentral area in Mae Lao.
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(c)
Figure 8. Spatial distribution of simulated PGA from a) BAO8, b) CY08 and c) CB08

GMPEs within the epicentral area. The black triangles represent locations where

microtremor and one-dimensional site response analysis by Poovarodom and
Jirasakjamroonsri (2014) has been performed. The red star represents epicenter of 5
May 2014 event.

MSAC is the nearest seismic station which could be able to record the
mainshock, but MSAC recorded ground motion was affected by the dynamic response
of the dam since it is located on the top of abutment with 59-m height, Fig. 8. The
MACR seismometer station is located at 25 km epicentral distance, but the velocity
trace showing clipped. Since there is no free-field seismic station located within the
epicentral area, Poovarodom and Jirasakjamroonsri (2014) perform one-dimensional
site response analysis in order to understand site amplification characteristic of the
subsurface soil layers by using the derived velocity model. The recorded ground
motions from PAY A stations, located about 40 km from epicenter, were scaled from the
source-to-site distance by using Boore and Atkinson (2008)’s equation and converted to
bedrock motions using the velocity structures of ten sites within epicentral area. The
processed motions used as input motions at the basement of the ten sedimentary sites

and their propagation through the soil models was analyzed. Some major assumptions
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employed in their analysis are 1). the bedrock motions at all these sites are identical, as
the separation distances among them are small compared to the distance from the main
rupture zone, and variations in bedrock motions because of source, path, and other
effects are negligible. 2) The amplification mechanism can be represented by this one-
dimensional shear-wave propagation model. The two- or three-dimensional effects, or
surface-wave effects, if exist, are insignificant. The estimated PGA for each zone is
summarized in Table 3, and it is in comparable range with those simulated results by
using selected GMPEs. Based on probabilistic relationship between MMI and PGA
developed by Worden et al. (2012), the MMI around VIII could be expected based on
estimated PGA by 1-D site response analysis consistent with observed MMI reported by
Ornthammarath and Warnitchai (2016).

Table 3. Results of the average shear wave velocity to a depth of 30 m (Vs30) and
estimated PGA for sites within epicentral area of 5 May 2014 earthquake (Poovarodom
and Jirasakjamroonsri, 2014).

Name Latitude | Longitude | Vs30 (m/s) Sl;ltsgllzl; Estlm(%;egd) PGA
MLAO 19.745 99.705 348 D 40
MADA 19.747 99.683 384 Cc 24

LIQD 19.751 99.687 352 D 19
SANY 19.745 99.649 393 C 15
LANN 19.683 99.728 400 Cc 28

SAIK 19.641 99.741 280 D 20
PANS 19.535 99.742 247 D 12
SIAM 19.899 99.838 221 D 16

Table 4. Observed ground motion within 50 kms from Mae Lao MW 6.1 main shock

Name Latitude | Longitude | PHA (g) E/rrﬁfs()) Sl;fceEgﬁzs Tp(gN
MSAC 19.679 99.536 0.30 N/A B N/A
MACR 19.675 99.928 0.13* N/A D N/A
MJAN 20.146 99.8548 0.04 217 D 0.71
PAYA 19.360 99.869 0.06 553 C N/A

Remark:* The recorded PGA at the MACR station might be distorted since the waveforms were
converted from a velocity trace with observed clipping.
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In addition, to further evaluate the applicability of selected GMPEs to observed
data, the residual has been performed to evaluate the average characteristic of the
simulated and observed Mae Lao earthquake ground motion to that of global equations.

The residual for each data point comparing to that estimated by GMPEs are defined as:

R= In ( PGA )simulation - In (PGAT )GMPE (l)

where In(PGA) = values of PGA from simulation and record i, and

simulation

In(PGA),,.. = median value of PGA from GMPE. The residual analysis for BAOS,

CY08, and CBO08 are shown in Fig. 9. For all GMPEs, residuals of all GMPEs have a
negative value near fault which reveals that simulated PGA of Mae Lao earthquake is
overestimated by all equations; however, they are inside the median plus one standard
deviation. For BA0O8 GMPE, the residual over the applicable distance range from 10 to
50 km exhibit no significant bias. In contrast, CB08 and CY08 GMPEs show positive
and negative residual respectively at greater distance indicating slower and faster
attenuation in the simulated data than that in the model. BAO8 median curves for stiff
and soft soils seem to provide better fit to simulated and recorded data than that of
CB08 and CY08, suggesting that the BA08 model well captures the attenuation rate for

this event.
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Figure 9. Residual of ground motion parameters from simulated and recorded ground
motions (black circle and red square, respectively) relative to predictions of a) BA08 b)
CY08 c) CB08 GMPEs

4. Development of Fragility Curve

Fragility curves is the key parameters for the seismic risk assessment to evaluate the
probability of structural damage under the hazard. The fragility curves can be mainly
classified into two types, empirical fragility curves and analytical fragility curves. The
empirical fragility curves are developed from the observed damage data. The analytical
fragility curves are developed from the analysis results that are carried out the
uncertainties in the model. In this study, fragility curves are empirical fragility curves
and represented as a function of seismic hazard, PGA and MMI, although there are
other seismic hazards such as PGV. PGA is a primary parameter to analyse the building
in seismic field that is most commonly used in engineering applications and building

design codes and is commonly plotted on the seismic hazard map. MMI is a seismic
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intensity scale used for measuring the intensity of an earthquake. Fragility curves can be
expressed under the lognormal function, F(a) as Eq.(2) in form of median and

lognormal standard deviation. Two methods are widely used to evaluate these
parameters, which are least-square method and maximum likelihood method. The least-
square is appropriate for linear algebra (Suppasiri et al., 2011; Suppasiri et al., 2018).
The variation of structural failure data agrees well with the lognormal distribution
(Porter et al., 2007). Therefore, the empirical seismic fragility curves were developed by
using the maximum likelihood method (Saxena et al., 2000; Shinozuka et al., 2001; Kim
and Shinozuka, 2004; Foytong and Ruangrassamee, 2016). The likelihood function can

be written as Eq.(3)

F(a)=a @ (2)

M =lj[F(ak )]W [1-F(a)]™ (3)

where

a, =the seismic hazard of the k-th damaged building

Yy = the variable equal to 1 when the building suffered the specific damage
level and equal to 0 when the building not suffered the specific damage level under the
seismic hazard equal to a,

CD() = the standardized normal distribution function
N = the total number of buildings
o, f =median and lognormal standard deviation of seismic hazard

The parameters « and S were computed in order to maximize In(M) by

differentiating In(M) with respect to ¢ and S equating to zero as Eq.(4). « and S

were solved numerically using a standard optimization algorithm. The algorithm started

from separating data, depending on whether or not the building sustains a specific

damage level. Then, the variable y, and seismic hazard were computed. The variable
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Yy, was equal to 1 when the building suffered the specific damage level and was equal
to 0 when the building not suffered the specific damage level under the seismic hazard

equal to a, . These values were substituted into the likelihood function in Eq.(2) and
then two parameters « and S were obtained by a standard optimization algorithm.
Finally, the variable Y, , seismic hazard and two parameters were used to plot the

fragility curve.

dinM dInM
do dg

0 (4)

Consequently, the seismic parameters of fragility curves for residential building
damaged in Mae Lao 2014 earthquake event are summarized in Table 5. For
engineering structure, to avoid the intersection of the fragility curves developed base on
CY08 and CB08 GMPE between the green class damage level and the yellow class
damage level, the lognormal standard deviation of the green class damage level is
constrained to be equal to the lognormal standard deviation of the yellow class damage
level (Shinozuka et al., 2001). The fragility models developed base on BA08, CY08 and
CB08 GMPEs for three damage levels: green for light damage, yellow for moderate

damage, and red for heavy damage are shown in Fig. 10-12, respectively. The scatter

points represent the average observed damage data with a PGA 4.0g interval for all

class damage levels are also plotted in the fragility models..

Table 5. Parameter of fragility curves of each residential structural type for all damage
classes with respect to PGA from BA08, CY08 and CB08 GMPEs

Ground Median-PGA (g) and Logstandard Deviation (Beta)
Structural Motion Red class Yellow class Green class
type
Model o B o J] o J]
BAO8 1.961 | 0.942 0.570 0.585 0.346 0.479
All building
type CYO08 1.611 | 0.777 0.540 0.418 0.392 0.402
CB08 0.930 | 0.698 0.349 0.377 0.260 0.359
_ BA0O8 | 2460 | 0954 | 0.781 | 0667 | 0604 | 0.896
E:t?l'ﬁl‘j;gd CY08 | 1.887 | 0.773 | 0589 | 0383 | 0445 | 0383
CB08 1.062 | 0.691 0.370 0.333 0.290 0.333
Non- BA0S 1.854 | 0.958 0.511 0.563 0.306 0.378
Engineered CYO08 1.539 | 0.791 0.513 0.429 0.356 0.331
structure CB0O8 | 0.896 | 0.713 | 0.334 | 0.390 | 0.240 | 0.299
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The GMPEs results in different estimates of fragility when related to the
damaged building dataset. Generally, the probability of damage was confined between
0.20g and 0.47g PGA and MMI between V1 and VIII, leaving the upper and lower tails
of fragility less constrained by observed damaged data. The steeper fragility models for
unclassified building type developed by CB08 for the heavy, moderate, and light
damage could be observed in Fig. 12 largely due to the low estimating shaking
intensities and showing high probabilities of severe damage at moderate ground shaking
(0.20-0.40g PGA). In contrast, for unclassified building type developed by BA0O8 and
CYO08 models, these fragility models produced less conservative fragility function as
compared to CB08 model. For example, at 0.40g PGA, both models developed by
BAO08 and CY08 equations predicting 4 and 3 percentage of structures sustained heavy
damage while model developed by CB08 GMPE estimate red class damage level

around 11 percentage.
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Figure 10. Empirical seismic fragility curves of damage building based on BA08 model.
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Furthermore, due to different seismic performance between engineered and non-
engineered structures as previously mentioned, fragility functions developed by non-
engineered building database resulted in steeper fragility curves compared to those
developed by engineered building data set for all considered GMPEs, Fig. 10-12. This is
consistent to observed damaged following post-seismic survey by different studies
(Ornthammarath and Warnitchai, 2016; Lukkunaprasit et al., 2016). In addition, both
unclassified and non-engineered structure fragility functions seem to be very similar
which might be due to the fact that non-engineered structure is dominated in current
building database, around 60 percentages. The results show that engineered building has
better seismic performance in comparison with non-engineered buildings. For the case
of heavy damage level, at 0.4g PGA, non-engineered buildings models developed by
BA08, CY08, and CB08 GMPEs predicting 5, 4 and 13 percentages, respectively.
However, engineered buildings models developed by BA08, CY08, and CB08 GMPEs
predicting 3, 2 and 8 percentages, respectively.
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Figure 11. Empirical seismic fragility curves of damage building based on CY08 model.
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Figure 12. Empirical seismic fragility curves of damage building based on CB08 model.

Further comparison among fragility curves obtained as described above with
fragility curves obtained in other previous studies in terms of PGA for similar building
types and region are adopted in this study. Hsieh et al. (2013) derived fragility curves
for low-rise reinforced concrete building in Taiwan following 1999 Chi Chi earthquake
as a function of PGA. The fragility curves for early code in Taiwan (construction date
before 1982) at intermediate damage and collapse levels were considered since poorly
seismic controlled structures were prevalent. Moreover, Yamaguchi and Yamazaki
(2000) analysed building damage data after the 1995 Kobe earthquake and proposed
seismic fragility curve for reinforced concrete structures at heavy and Heavy &
Moderate damage levels taking into account the revision of seismic design code of the
buildings constructed before 1971. Based on findings from this study, engineered
building model developed by BAO8 have been chosen as a recommend curve to validate

structural performance among other past studies.
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Figure 13. Comparison of engineered fragility curves developed by BAO8 with those
reinforced concrete (RC) for one- to three-story reported by Hsieh et al. (2013) before
1982 and those RC for pre-1971 seismic design code in Japan obtained by Yamaguchi
and Yamazaki (2000).

Fig. 13 shows a comparison among the selected RC fragility curves in Thailand,
Taiwan, and Japan as a function of PGA. For collapse or heavy damage level, the
comparison suggests that the fragility curves for engineered buildings in Thailand are
similar to those pre-code RC buildings in Taiwan and Japan. Nevertheless, at heavy
ground shaking (PGA > 0.40g), the damage ratio for Taiwan is relatively higher than
that of Thailand and Japan. For moderate damage level, at heavy ground shaking (PGA
> 0.409), similar trend could still be observed, and the damage ratio for Thai engineered
structures are more vulnerable than those pre-1971 RC structures in Japan, which might
due to the presence of seismic vulnerability in these structures (e.g. short column, soft
story, heavy hanging wall, etc.). In addition, unreinforced brick masonry wall is
extensively used for most engineered buildings in Thailand. These nonstructural walls
formed compression struts and induced forces in adjacent columns near joints. This led
to shear failure of tied columns. The main findings of this study and their applicability
are summarized as below.

. At slightly damaging ground shaking (PGA < 0.20g), the results show a better
resistant performance of Thai building stocks for all simulation results.

. Slight damage and moderate damage level (Green and Yellow) could be clearly
observed at moderate ground shaking between PGA 0.20g and 0.40g for both
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engineered and non-engineered structures which might due to the presence of seismic
vulnerabilities due to lacking of earthquake awareness.

. Fragility function developed from CBO08 indicates poor performance of Thai
residential buildings comparing to that developed from BAO8 and CY08 this is due to
the fact that lower estimated ground motion level for CB08 model comparing to BAO8
and CY08 models.

. At relatively high ground shaking level (PGA = 0.40g), non-engineered
structures were found to have poor seismic performance than that of engineered
structures at heavy damage level (Red). The damage ration for non-engineered
structures is about two times higher than engineered buildings for all simulated ground
motion. This ratio seems to correlate well with observed damage.

. Lastly, compared to other previous studies, the developed fragility curve for
engineered structure at heavy damage level in this study are quite similar to pre-1971
RC structures in Japan.

5. Conclusions

All in all, the 5 May 2014 Mw 6.1 Mae Lao earthquake gives many lessons to Thai
engineering community. Available seismological information, instrumental data, and
observed damage were summarized in this paper. By using compiled earthquake-
induced damaged database initially provided by DPT for the 2014 Mae Lao earthquake,
this study further clarified different building types located within epicentral region
based on structural characteristic. In addition, due to no recorded ground motion within
epicentral region, an earthquake source model with different simulated ground motion
has been investigating in order to assessing its effects as inputs to seismic fragility
models. The statistical parameters that were derived and used to construct the seismic
fragility curve in this study are summarized in Table 5.

Comparison of difference between engineered- and non-engineered structures
reveal that the damage ratio for non-engineered structures is about two times higher
than engineered buildings for all simulated ground motion. This ratio seems to correlate
well with observed damage. Until now, non-engineered building is not mandatory for
seismic design in current Thai building code. Lack of earthquake awareness and
knowledge has led to the inevitable conclusion that high casualties could be expected

for people living in this type of structures, which has been widely used in this region.
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Lastly, comparison between engineered structure in this study and pre-1971 RC
buildings in Japan show that at heavy damage level similar seismic performance could

be observed.
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