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Abstract

Soil effect is an important contributor to the degree of ground shaking by site
amplification during an earthquake. The objectives of this work are to investigate and map the
shear wave velocity for soil effect characterization and seismic site classification in Hatyai
district, Songkhla province. The studies comprised 3 main parts. The first part is selecting the
suitable methods for shear wave velocity determination using available equipments. A
comparison test of Multichannel Analysis of Surface Wave (MASW) and shear wave refraction
methods were conducted at 3 test sites. The results of data analysis reveal that the advantages
of MASW methods are convenience, fast operation and more accurate than the refraction
methods. However, the drawbacks are that the signal resolution is limited by the lack of high
frequency contents and noises. For refraction methods, mis-interpretation is resulted from
mode conversion of the signal and hidden layers problem. Therefor, it is decided to use MASW
for shear wave investigation as a tool for the second part of this work. MASW data were
collected and analysed at 70 measuring points in Hatyai. The results showed that the shear
wave velovities in Hatyai ranges from 120 to 2500 m/s. The calculated weighed averages shear
wave velocity over 30 m depth (Vs30) is in the range of 150-1160 m/s. They correlate well with
the available boreholes and geological data. The third part of this work is site classification
according to the NEHRP standard based on the Vs30. It was found that the site class in hatyai
can be devided into 4 groups. B type class is found in the western mountain ranges, where
shallow sediment overly the firm rock. C type class is mostly found at collovial and terrace
deposit at the western and eastern part of the area. D type class is observed in alluvial
sediment of food plane area in the middle and in the northern part of the study area. Only one
site in the northern part of study area falls in E type class where the thick soft soil is dominated.
Consequently, great care must be taken into account for construction in the flood plane areas
(Klong U-tapao and Klong toey), especially the middle and northern part of Hatyai has potential
to amplify ground shaking.
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% 3

a Y} = a wa . . ° v - = fal &
AINANLAYINY  AAULIYA llﬂﬁuﬂll'Um dlsperswe ELL!ﬂ']iﬁ']ﬁ'T\]W]Uﬂau\lﬂfJagLVI'E]‘U AFULIYANNIUNTIU

[ Ao e Y 2 ! o Y A da a 1
e auntuiinlg Basendn ground roll lngdanaananuazvesaauiiiveundynuuialey
« a < 4 da & aa < o a a I a Ya a a1
AFUAN (Love waves) \umduiiiadulunsdlinnusivesnaunfeniivestuiiulnaninuilen
teaninvestuiiufiogiuans rawdnilu rdudeulnailsd (polarized shear waves) finmsiadouiives
aunIATaINaNvIUiUirtkazaIniuiaINsedoufivesniiu (JUN 2.1e) Ausaindudnet
JErIN ANUSvIRduRsgivestuiulndinfuiuvesiuiuidnatly  Adwdndy  inherently

dispersive
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2.2 anusandulsaziiounazanauiidiuaudangy
Wesadlldndarunsauszendli@nwdnyuglasaiimiessalinenlainnu lnglinmiseies
YaalATIaIwestuAuIINUayan1TUasuwlaA AuaudRnIsiAnduastuiuiingisaey laglanienis
dryeigisadulmasifiou (seismic method) LfiesvinAasfinNBAnEUTANUEURUSIUAIANET
adulmaziieundouiilusivesian uenanianuiindubmaziieulufiuduediuladedusdnvaty
9813 19U AUNTY lithology NMSLTBNUsTA AMUEN 918 AU YBuWadluYeIIveiu [usu
ado a v < & o v < o a =) A o - < o a
nssindnaiidnuazituioweniu amnuiirduugugll vse adusn (1) wazausinduyiy

=

0 ¥3e AAwRoU (1) Ianuduiusiurnsndaveunaunis

3 [y

dlo K fe Vaduenda (Bulk modulus)

q
|

G fa WaAaaLReU (Shear modulus)

q

£ A9 ALY
‘:ll =] v 1 3 dll A é’f{ (K%} 1 [ 3 ) [ LY Qll <
NN 2 mulainAnusIRaudsuiediua G awudmsusiinaniluresaiwas
fe pauRaullanusamUNIHIuAINanals 1esaneraamaIkarineilen G winiu 0
naunmsanuinduludinasles wansdiiiiuinluimnarafeafuraudaiiunialaiiiniiadu
LRULEND 1A8PRIIEINTENINANUSIAAULE U UAINULSIRR AU Al AMUAURUS USRS a1 Ul wesd
(Poisson’s ratio, o) (Telford et al, 1990) fs@uns

V 05-0
= (3)
Vp l-o
TngyluAtensiaiutiwesd (Poisson’s ratio, o) #A197A 0 89 0.5 AIUUEATIEIUTEUING

ANuIrdwdeuiundudadaunfigawindu %/5 FovinliAausivesndudeudanausan 0

UDIUTTUI 70% UDIAUSIAAUTA Fanandlumisnen 2.1



A1T199 2.1 ArenusesrdulmaziiourdandudanasAdULd o uTeIRuLaTiuUIrin (FaLUadann
Wigann @1msny, 2544)

Vein)
AuUUNIE
N5UUNTIA (W)
ns1evunTIn ([Wen)
AUyl (WAs)
Aunilen (o)
N318 (WIA9)
n31e (Weon)
i
Ymzia
21717
FUNTE
FUAUATU
Ny
AULNGD
AuunIia

aMuiandusa (m/s )

250-600
400-1,500
500-1,800
700-1,200

1,200-1,800
200-1,800
800-1,800

1,400-1,600
1,460-1,530

330-350

1,400-4,200
1,800-2,800
3,000-4,800
4,200-5,000
4,500-5,500

Anuadudou (m/s )

120-300
160-600
200-700
300-600
400-600
100-800
300-750

700-2,200
800-1,600
1,800-2,800
2,100-2,800
2,500-3,300

< a = (4 14 a 1 a
2.3 AnuSndudauAuUAIUIAINTSNLHLALIA

Uadenddnsnasioszavainugulazaudemeoiiosineduwiudiulu laun vuinves

wruAulyy umbsgudnateuiufuly (Epicenter Distance) WagAnaudfninavestumu (Local Site

Effect) (Kramer, 1996) lngianigiuusvaniieidesiunnautfnunimamansiaiudiAgyniss

Fenssu Aeanusiraudeuveiu mulddeulvanueiuatess Anusindudeuduiusedivan

wanaadauasan (small strain shear modulus, G, #1981N15 (Andrus and Stokoe, 2000)
Gmax = pVSZ
W19 Ga AB shear modulus Tuniie Pa

2 3 P |
Vs ﬂ@ﬂ?quijﬂaULﬁalﬂ,u%u’Jﬂ m/s

= I ' 3
P Aepmmuuiulumizg kg/m

(@)

nsiiuduresmeundavasndulmasifioulutuivseudutaded iy nviiliiinanusuusives

Y] I a a ~ a oa o v v PN < dll A
FuaifiouvesiaAudionaunuAuln ANTVYYEEYLUNEU (A) LUTHNRUNUITINNABDIVBIAINULIIAFULRDU

(Vs) uazAuvuuiu (P) (Aki & Richards, 2002) thife

Aa

1

JVip

(5)

WesnanuILuuAsud1IAauALEn A1 Vs Jaduiunuressnisnouaussiuiunue



Midorikawa et al. (1994) laAnwiAnuduiussenInga Vs30 Audiuusnisvenedeyqyiu

arasivesivlufiuiisiuau 47 widudssmadluuarldaguifuaunisld
log A = 1.83 - 0.66logVs30 £ 0.16  Iaedi (100 < Vs30 < 1500)  (6)

dlo A Wusuusnisvenedyaias @amplification factor) waziaA3aeviane ﬂumamqmﬁwmﬂuﬁ%ﬁmwu
UINIFIU

nsUszdiuauidieduidourestuivluseduiuisadestunisusydfiuanuidesduse
wuAuly Tneluagldanudindundslugae 30 waswsnainfafu (vs30) iusuusdmdunis
vwednenwlunisveredyaiavesniulmasiiieu (Ergina et al, 2004) wenwiieannisnageunia
s5amATAlAEAR standard penetrometer test (SPT) wd fauusigddiudormundmsunsieadn
o1sludagdu (BSSC, 1997; Dobry et al, 2000) 1y f1f1 Vs30 anaszasandesiunisiiiuai
guuﬁwaqmﬁél’uazLﬁammﬁuﬁﬂu%y’umzﬂauﬁhjLLﬁﬁaﬁh (Wills et al., 2000) AIusImaudouldRIRy

willaseauan 30 wnsadisaawialaanauns

Vs, =& %

o d, uaz v; Aearunun (uvihewns) wazanusirdudeuvesduiui i 9ndauviun N fuiiey
wilomudn 30 wns N5l Vs30  Tunisdwundseiantuduidgnitmundulagesing BSSC  (Building
Seismic Safety Council) Minessiulud a.a. 1979 WussAnsialiunuietunisivuauasgiuly
n1sneaiemsiivasadearnvanisaluduiulug Tnglasiusiudeyaududulninagiinsiesinis
duaziiiouveturuAunetesiuanmssalineldinau uagldiulainguuestunueeniu 5 nau (11319
P ] a o A A 9 = = i ¢ A ¥ o

71 2.2) pMuARdeveInIRAUdaY (Vs) TuseAuaudn 30 wes lneisenitunueivieteiinunves

National Earthquake Hazards Reduction Program (NEHRP)

5197 2.2 miﬁ‘]’wLLuﬂ%ﬁmmaqﬁuﬁwﬁugmmm Vs30 anal NEHRP site classification (Dobry et al.,
2000)

Site Class Description Range of Vs30 (m/s) Amplification
A Hard rock Vs, > 1500 m/s -
B Firm to hard rock 760 m/s < Vs3p < 1500 m/s None
C Dense soil and soft rock 360 m/s < Vs3p < 760 m/s Low
D Stiff soil 180 m/s < Vszp < 360 m/s Intermediate
E Soft soil Vssp < 180 m/s High




YONAINAILLEIAA UL DULE" @mamﬁ’ﬁmqwamam%suaq%y’uauﬁﬁmmaﬁ’uﬂu&iamiﬂimﬁu
MsfnwmansEuTekuRUldelasiads asenoudie aruiisssuwd (Natural Frequency) %3e
AUBNSNanEN (Predominent Period) Wibnsalfduduiugou Wodaudunulmiuduivensanse
WinseiuANTULTIveInduLHUAUl ﬁ’qgﬂﬁ 23 ileannifinnisduies (Resonance) 104A31
uRuRLlAUAATUSSINYR (Ts) vaslasasadudu (Kramer, 1996) feaunis

_4H ®

TS
Vv

S

lo H Ao mumuesiuiuiinnshoguuiugiu
Vs @9 ﬂ'm?{smmL%?Uam?{uLaamaqsf?uauﬁmﬁwuﬁugm
uaﬂmﬂﬁwamams‘maqawmiﬁﬁé‘mﬁwam'amsazé’umm;umﬂGiamié"mﬁaummﬁammnﬁaLﬁﬂ
Ryl Wesandausssurivesionasiiduyifuausssusivestuiuainnssmeuuay
Wiuszaunsdulmuazidomevosinetnis Tneausssusa (T,) vessienasannsamldanaunis (DI

Julio, 2001)
T,=0.IN ©)

a

Toedl N @0 Sruauduvesiormsdaasdosinnugduusiastuliifu 3 wesuazadiedetan
Huaeuniauazndn fefudlofauiuiulmiieduusiuiulmidumnaniamsduiesiatudufiuey
flassadsvesemsasiiausngnisaifisendt n1sduies 2 4u (Double Resonance) (Wanitchai et.
al, 2000)

Time history on soil surface

Soil layers
change the
A properties

* Time history on bedrock

SUT 2.2 N13venevunveInauLRuAulm (site amplification)

Y

(http://seismo.geology.upatras.gr/MICROZON-THEORY1.htm)



2.4 msiaanuisinduidou

Tagvhlunsmen Vs Issnandeyanisdisianienageu 2 sUuuy Ao msdrsavidennaeuly
VRULIZRAENITANTIIUURRAY dmTumsdrsiavteneaeulunquiane laun n1svegaeu SPT uavns
drviteaulmaniteuluvaiuats (3 crosshole uag downhole) Toidsuesisivant Aoarmgseinty
nsidunusazmliiregaiesandesaaizngunaaey dmsunisdrsauuinu duhldaznnuas
s Ifun msdrmaiSedulmasifiounuvasyiou (Reflection  seismics)  wazwuusinimg
(Refraction  seismics) e3naudou warddiinssvnauiiuinuuunanedosdyayas (Multichannel
Analysis of Surface Waves, MASW) Tnetamz3s MASW l#3unrmiuannludaqtuilesannifiudeya

a

v = adY = o & v Y oA A
VL@LTJLLaSVLlIlI{j@,MWIUﬂimW%u@uwagaﬂﬂ'nllﬂ'nllLi?u@ﬂﬂ?qsﬁum@%mu

2.4.1 mmauiindudeudle3s MASW

A3t Masw  Wunisdrnaiiemanuisirdudeuludinandagandendnnistuiinuas
Ainevinuantinisnszateadu (dispersion) Y8InAURIAY (Surface Wave) nanfenaufiinimi
uanAfuAuhEn N ALAnsay %q@mauﬁaﬁasLﬁﬂ%uLﬁaﬁaﬂa’mﬁé’ﬂwmzhjL{‘Juufalﬁmﬁ’u
(Heterogenous Medium) widndnansiidnwanduie ooty (Homogenous Medium)n15n3¢37e
mudiavesnauiiiufezliinty 13U 2.3a 910307 2.3b  uaRIdNBAILYBINITNTTIBANI
LWamaﬂﬂaummumﬂqumaawumummmLi’mamaauwu 1 uay (2 Imm B2> p1 Lua@aum
Auiifimnueindusiieiy A, A 088 A, \nAoufiiulaed A <A, <A, AdufifiameIAduInndd
(Mudd)  azfuadluldanndt hldlanadindunnnitedudifinnuenedudiind (inudgs)
Tumenduduth B2 < B1 viiernuiinduanasmuanudn aduiiianusnaduinniiedau
AAutosnAduiifinnueapdusindy

Tneitilunduinfuiusinazgndnliduntusuniu (Noise) Safesrindneonluludusouyssiana
voamsdinandulmanitourigly  fefivesmslinneideyadaeiBife Aensfudeyarildazain
LazsIndr wensninauiiAuiindnuvesrdunnfiofisufunduringug  Suihldansansiadu
waznenueglndgludeya warlifitymisesnisanaswesdugurdvulusedudn nsdsiadies MASW
wudldidu 2 Ussinmanudnvasurasiudaadu (MASW, 2012) Tdun

1) Active method 1u3sn1sdrsaafiondounasiiinnduiuu Active seismic source it fau
wualng (sledge hammer) éjuﬁmﬁfﬂ (weight drop) “1a% wazINMIETINIERSUSYIdiTnng
\Ruteyauuy roll-along Tneaylasudeyannuisindudeustlutg 1-30 wes

2) Passive method (Microtremor) un1sdsaafifunasiuiinnduaindwinden viefanssu
fineg Aliieafuuunisdsg Wy Msasas deaiihdes nsnaeuiivestintudias nswasuula
AUAUVTTIINA 18 mmmlﬁ%a&ammL,%’m?iut,ﬁauag”lwﬁ’m 20-100 11T
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v 4+ v
Vg
‘.T - -
A
Val
> A > A

a I3 A a a L Ly a v @ dy a (9]
JUN 2.3 nMsnszrganusunavesnquianuluiinats (a) smnansdidnuaziduiilebieniu
(b)) frnansfidnwazliiduilodeniu (Strobbia, 2003)

dunuideliazldis active method Wil Msiuteya MASW azwmilouiunisiudeya
ada o A = ) ] ¥ . < LY R o IQQ{Q’II
Bnsarmaraulmaiiounaalu dudeld vertical geophone [udsudygralunuidsna uaiddas
lgdsudyaraniannuaiiniieglugi 4 - 8 Hz waglidnidnndusiinadudn W ARUUULLHY
widn Wuwnasiudeadu dygraignasiia ldandsudyanannds ssgnadluiniesduiinduyeyo
wathluussinanaluassreuiamesdely (5UN 2.4a)

nsUszadanateya MASW Usenaulume miLLﬂaﬁayjamrﬂ@Lmunm—iwwmﬁu‘lmuu
mmL%’Jw\la—mmﬁmmmﬁuﬁuﬂaﬁqLLamiuguﬁ 2.3b 91NTUYIINISEDNALNLIYDIANNLE AL AT
genmdaifiudaya Fsldnsiisend dispersion curve anntudunismanuiindudeuainnsnsie
aa . ~ < A4 a a Al I < = P ~ = ' (%
35 Inversion wiankUaInNuSNavIRaURIALAINNSINALA T UANUSIAAURaUARNUANWANANSTU

Richart el al. (1970) lananInuduRussenIamINE 109U ULAL AAULSEE (AAURIAL)
Faiumsludiinasgangu Aswunis 8

6 4 2
Va| _glVe| i[24-161229 | Va | 11¢( 1229 4] ¢ (8)
V, V, 2-20 \ V, 2-20
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o V, e muL519090AWsEE Lay o Ao Arensautheesd (Poisson’s ratio) Iaeiluen
10480318 YeRLagsE I 0 dnsudinansiiiiuveauta 83 0.5 dwsudinasiiiluveumad Ay

ANANLEIUIAAULSEA AxiiA1UsENn 0.87 - 0.96 WiNvaIRAULdaY

a)

1001

b)

1. Acquisition

Offset (m)
32 44

i
1l
!

!} i [
L l.}_". t ?’l.

e

Seismic Source
(Sledge Hammer)

_ 1wy
] 1Yy
E _] ....]..u.n).b}
g ||[I|'Jr-||i|| F:'_
S 2 ...':1EII=”|I!.'!J:| {
RO
I )
_.i:jljl.:.:.[lllli.l!]l.l.l.ll! 0 :“.”_
o Oy
&
..:|Zu—lb5|ctlg»hamnu:r [
o |[{with Aluminum Plate) |
= Lyvirnspagiaannaniiioannerrs]

‘ Time-Space

Triggering Cable

FEECEr

1011 1012 1013 1014 1015 1016

1033 1034
 Station #

o Channel #

1 2 3 4 5 6 23 24

~“¥._Receivers

2. Dispersion Curve

(Geophones)

Extraction

Dispersion Curve (Record # = 1000)

.
0 X0 @ W
[Mid-Station & = 10225) -

‘ Frequency-Phase Velocity ‘

Multi-channel
Seismograph

Loose
Material

Consolidated
Material

3.

Portable
Computer

RECORD # 1015 (Source Station = 1001)
Stair o5 1 125 100
Offwi(m) 14 19 2 El
cn s 10 15 E
2 o=
. g
: Sea o)
E '% Q<
o e,
7§t e
& -
é B
One Trace One Record
(or Shot Gather)

006 008 00/ 009 005 007 OOE ODZ 001 O

Inversion

S-Velocity (Vs) (misec)

200 400 60O
o 1 1 1 1 1 1
5: :
§ |
. Z
‘ Depth-Vs

6 Y

JUN 2.4 a) wananann13d159902878 MASW (Park et al, 1999). b) Juneunsinsigideya
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2.4.2 MsRIAMUSIRaULRaUA8 S AU lIaZ B UL UL
Asraulmaziiouwuuin (seismic  refraction method) a1fenanniIsieaulmaiiou
(seismic wave) WPADUNNIUTURULALAUMIBAUSIALANA9TU TneanuSesrdulmaziiaunely

£ [ [ [
v a

Fuiiuusiartuaruegivautinianienn 1w anudangu (elasticity) warAUMUILIUYRITURLLSY

[
a 0

#utu i Tunsdasezndandulmazifiowdunifulaenisldfouyuasuuwiumaniinquuia
Au e dngsuidnnieeglnamifiu uawhnsianaimedulmasiiieuduniinganiialudgasu

D

=

A ~ 9 ° o a a o a A P
AU vse lalvlu (geophone) MelT o fiuntissnequuiiafu ndeyananfunsvespiulasiiiou
AduinlasIaIusaIAsIELas T rundneurlasIasetuRuluiund1519le FaUsenaunlIua LIt
fiu ANUSIveIrAUlAsa ULA AMUNUNIVDITURULARLTY wazlkUanunUNeRIUsEnNURITURULS
i I a = a & & a

A TrdulavieuluAuduiug (Un 2.5)

AnSun1sdnsranaulmas s kU URNIYe9Ra LR UV LA LAgNS N TA AR ULRI UUURIAY
Tngldunasindnedusdaadwdou wu lddeunuvsuldluwuisiuludiiidadygyrandrduin
dyarunadudsudunldldauudinmndugiifunarnsiasulamedisudygiunsendd
horizontal geophone wfin1stiudayaisiidoidensafinsulanunuedayaog UNNUgIUNIIAIIMS?
AauluFnatsdainTumuAuan delumnuiduasienalinsainvuiulusysuanininusinautiosas
agie uannlinisAnuilassasituiulusgdudnanahlalifilesanndanuaiueuniunsluls

AUQNANNEUBENTIALT

:w: source geophones

reflected

. direct arrival
arrival

refracted arrival

2-h-cos(i,)/V, 1
V>V, X

v

JUT 25 uanadnnisarsiameisraulmaziiion (418) uagnsmiseninianiiunaayseegn1aves
AAUATY ARUATTIDURALATUWNWM (121)

Snvarlasadwostupuaunsasaduldannsinssidyaainueesraulneazdiou tu
Aelnenisulasdioundu (inversion) Handiun1avesndu (first breaks) iieadawuusiaesuaniniuisa
rauluduiiu Tuiidlaldmedalnluns1#l (Tomography) lunsudasdoundutoyn Tnefddudunou
Tnedaay Ao afauuuiaesdufunanstuiuiitndy ndminifumunnaniunmuendumuwus
$i8lneld38 ray tracing wénhdeyailuisuifeufudoyananiunsesnduainnisdsm shns
Uiuugauuuinasemansseuaunseiislauuudasgnvnedlyidianuaainiadeussninedfidunls
fuAnanmsdaiictdestian (Uil 2.6)
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Initial model
* ¥ ¥y

The inverse problem
* ¥ VY

—

z

T

Has a satisfactory
fit been obtained?

l Yes

End

gﬂﬁ 2.6 LHUNTNLEAITUADUNITAS1IUUIIABITUAUNILID inversion

2.5 sgazdganNgINUNUNANE

A

2.5.1 NALATDIUILUA

gunemavg Aegvsfiang fusenidedldvessnneidies Jminawan WussegmeUseana 30

Alawuns (U7 2.7)  wisituiinisunaseseenitiu 13 dua fillenUsvann 764 m1sailawns vie

478,093.92 15 ¥199INNTUMNIMUATANEUNISTAlUSEINM 974 AlalnT waEV9TaEUR (N8

LEUAUEIBLINYTAYL) USEunad 993 Alawuns Laelanaam f9il

GG

irwmile asanziaauawal waginseiudnasngll naulna dnneauies uazdneiiles

[y a

AN IUDBN ANMBDAUDILNBLLBIEIYAN BILNBUIVLDULALYELNDITUY JIUTInAIAN

=)

D

[y a

AR TUAN AARBNUDUNBAIUNYAY WNIAAAR Lag 81NBINNN T Indsvan

Peld ARRDNUSLNDAZIAN Lard1LNDAADIMRLUT JININAIVAT
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2.5.2 anuyuzniusene

anmlpgluduiufisuguniisivg SunguimaiiensTunn fdld uasiiens fuenidntos
fufternandald uasiiengiuan adlgnsinavasmamsiiemie THufidnduifenaussianisia
wile wazlilonidunianAsnisfianz Tunnuaz Aela QL%Wﬁﬁﬂﬁ'@lﬁLLd WIADMSE LAY LTI LA
wminidos sengeiigaluuinaiifolnnensd Ssogniaiung Tussnvesussluguazegvinaaind
Soamnelvaszann 6 Alawms Sanugs 371 wasmiossdutmeiatiunats (@ 2539)

dnwagmahdulngasdunvuhaumimaivundnnszaesegitily Ineslundaid iy 2
uviae dinsiuiid 1dun ARBIGAZINILALARDIAY

naosgnzinnluundsniessund daeglunsiaavaswaineudis fnasadnnatsarvilnaun
s I aremn Ssdfuianifleniuiusein Aaeaa Aaess Araslus Arsaoslts Ares
azinn Sediduininidteniondumands nemeuldvesiminaman aassgazinnaylvashusuneazian
sunemavg (@uiiusunemelvg WWuszeznadszana 15 Alawns) wazlvaasgneiaauaran
poua drassdnvansasiilvaldunsuiutuaassgazian

Aaedny Lunsesa eI uANanvesuATalng egnaiiang Tusenvesiaides aasanelva
Sournuingiuniomalng rasmiauazaasslvanuiuaassgnznitumudas iy
uazAaeignznIayivasuiuasounsdnaiafivhuioun Ssegmsfimmievesilomnelnalszanm 7

Alawns anduneuszlneasgnziaauasan W 2 e Nvuauly

2.5.3 anwziian e

[y |

Sunemelngfeogmeegmenmeldilane usanvilsldsudvdnannauusauiiddy 2 2 (nsu
yEwennIuIATe 2506) Ao aunsaNay Tusenidedlfuazauusauns Suoanidsanie fdnvuzgionnie
wuunsaunseu naiAe denaseularildunnyniiounaent wazll 2 gan1a fie

foeu Suduiieunguniauiaiieusunean wudldidu 2 9ae Aetrusnisusiieunguneud
Wousueeu IEsusvEnanaNusaums Tunnidesld Warnuumaymsdudie Tatasiilunandes 1o
aoanauifounaaufssunau I8uBvEwanauLsauny Tuoondsanileiniunzias1ilne drstiky
anynlagiamzlufeungadniouasilunnyniige

ofeusududifounniauiauwmeuldsudvinannauusauns usenideds Juduanieuuay
P Insionzlufouswsuaziiomasousniian

Mndoyagnieninerdsinnimmiinta a anrdnseeinievinernimeumelugluaiu 30 U
wugumgiedseiieuluseudiidliunnsstuuintn uazeelurag 25-28 ssreaioa vaszd

USunardunniadeunfigaazeglugiaseungainiey eilianududuinslueiniaamiuluaie



650000

Famdinaaaan

JUN 2.7 WNUTLARIYBULUALAEIAIYRIE NN L1EY
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2.5.4 ANYULNINEIUINGN

gnemalvg Jminawal mamqmﬁuﬁﬁawﬁwmLLéqmﬂiwﬁaﬁy’qag}wwaduﬁmmamu
awamoudrslunuaymsine wesnelugjasouaguiuiilneyszanalussvivasfignd 6730” wile -
7°15" willo uazassigndl 100°15" nzfusen - 100°30° axfusen veuwamiufinwledatunsiaany
aswaimouans luvngfimeinuiialdsaveuauszninszmalnefunniade dauveuivasuiin
nzfusanuazay Sunngnauumsuuitenwninsialuuamie 16 :rnnsnulagismessdiiand
NWUIVOULYAYBILBINAINE1IUTENI 60 Alaluns A1UNT19UsEUIM 20 AlalAT WarAIIUaN
Uszana 1 Alawins neftufifinnugaadoussana 0-20 wasmiossduimeiatiunans (Lohawijam,
2005) udsmalngjiseguunznouganifvedesauaglnsuoada lnsvounadiuiians uoenuaz
nzTunngnumsneneiuunsinuasiunlsdaduiiugiuvenss (3Uf 2.8) mmauﬁwwqqﬂmamaéuﬁiu
wsaUsznoumetuiuduih 3 du lun dusiududmelng fuiiuduihaw uasduiiuduirensd d
oefisyAUANEN 20-40 WA 45-80 LMs WazANNIN 100 LM AmEIFU (Lookjun, 2009)

nudessainewazuitefiieteineruiwds Tuusnaunuiisznssnemalnguas
vinnlndiAss Ussanaldfareluil

Sawata et al. (1982) Anwinsyurunmsazauivesnzneuganmemeiin dudeinlassaiionis
ssiingassalviinainsesideuduunu (fault block) gnenuaslaglassaisfinfiudoutu-as
Huuon (horst/graben) finssoglunuanie-1f vilifugnenddudugungsuiinuvouuss dau
U3nmuNaLesRsiimIaraLiITemENeUNTIAMIIBIINMIIITRILUTNMTULEY Mtuasnufiuid
prguinTilkgUTngmei ey fuanvesiuiiuasiuifongseuniasluadualanldumisinudia
nrueen lufuiidnuudaduiinfiudeuasduvdonmelny wavieiudewtuduuienaman lne
wuiAzneuUTnAaamUYIEINN 40 Wwng Tuvazfingneuuinusinemalvg s 230
M

$Uas uazilsnd (2505) astinfiunenouluiiufisznsdinomelng) [unsavauivesaenon
y1#\a (marine deposit) szninganiveiivle¥aaufagalnsuoadn deaintuenafinisudeuutasilif
nsazauiivasnznaun1AuMIU (non-marine  deposit) Fednlvajanidunsnoufiazaudanumaii
anmssdineluiiuiivsenoudefiuiiforguandnaty  Tnsdssddunussdiniaainergnnlussey
tfouldsil

gansuaiinea (Carboniferous) iufiufiflongoglurie 360-286 &utiuszneusny funse
Fufiunu Funmeuds fudse ulrau wariiunnevunseuinuidulatuiunsdnazgnaviuns
Contact Metamorphism wWasuluidufiupenled fuflalad fumonddad uazfiudad wuily

mMasueyIueen warnemuny Junnvesdwminasandulundnedios uavsnemalve Wudu
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gAunesileu (Permian) Huyuynsiwys (Ratburi Limestone) Wuiiunifiengeglugisszana

& aa a

286-245 &l Usznoulufefiugu uasfiuyuiolalalud Sudsmdunssusuasunsnadududy
U199 nunszaedduuinamay qmeduilmsfunnvesituil Wy nManeuUwmilereId el uay
ez Tunnideslivesdnoasia

galnsuoadn-qusadn  (Triassic-Jurassic)  LufiufiflongeglutisUszana  245-140 &l
Usznouluie fiumsie Aunsieuds fufiuanu Aunsiauy wagiuyunueginlumaneld wagmg
ny fuoonuasiiui usdhunvegnaneuvitlolulundinenseladug wardinaaninse

pznougARIBINeIU3 (Quatermary) WWuituresmgnauiifiongeglutie 6 F1ud-angilagtu wu
salunadisussriagn Anuduudihuasiisumeimea Uszneulufengnaunsin nine e
wll Auwmier gn¥s wesiawiiu fgnitemunazaudaiulpefinanssdoning 4 Wy wii vsa wazay
Hudu agnougaiifungneuiidilifinsdufuasfouyssau (Compaction and Cementation) 1iu
fuuds snuluusinadforadeiniemaaiifesanthuimarhliazneunisdugnidesssany
Fousimanfignitamantutiuimananedudugnis vide Aauas (Laterite) Anumuvestugnia ude
Aauas sﬁuagﬁum'iuJ?a'sJuLLﬂaﬂmaﬁszﬁuﬁwmmzﬂuﬁnm‘ﬁ?u

o

nenousAtameaiutsd U eluduiuniedy (unconsolidated)  fivsglewilunismiian
rea¥auarynassiiimngsy wWudoyaieatugiusin (foundation) sauaumundsiinaiiield
gulnavilnauarldifionisinunsdndie swadudssleviuinuiunndounasiaiios iszuandls
yuisanimseuuslivaenfovesiuil Wuuinmfuody vinumssndeesindy Wudy

nznaugamBmeiuiTinszefegiluduuinanidluiiui nududnvusvemeneunuy
A9 6 Bin tauA MznoulAERULTIYT (QC) pEnaURZILA (QY) AZNBUNIIBE15UIN (Qas) AXNBUETS
thwn (Qa) anouazBusmeilmeia (Omo) uazpzneunevEimeia (Qms) TBazdontesnzneay
nausan sl

penouAwiuTeeT Qo) mzneuiigianiniiufunasliinsiawlaofinatmsssued g9
ansalivsdeiuduanaldlnguszana snwunadaiuieq uazvouvesiiulug nszatsegvnafiu
nyfunnuesiiuiiiudulvg iesndvinai@udues gunnnimadune usenvesiiud

nznaunzini (Q Usznoudeduniin na1e uazidfswesushiAundsuasAumis uang
dnwaznznouudsissiu (semi-consolidate) nszatedauduuinaniveguinaslduazns fusenves
WHUTISEIRSLNDIA Ve

pgnauNTI5ITiN aznauntnitasty Usenoudie niteare1n nianuaLtULIYeIRAL
wiilen Awd viethtude Wudnvazvssdunsiedne (point bar) uasdnwaznseuih (sand
ban) dhuannazduuvamaeihialflumsneaiienszaefiluinumeuna ayfunnidsanieway

nziusenideslavessnemalng
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PgNaUsTTIIMN (Qa) nsvaredegiiluluiiuiidisg Usznousensin na1e uasAumiles 7
avaumussiuasfiguinvinde

nznauazdoarsilinzia nsranefegseu meilimzioavarwainisiung Susenvesiiud
Usznoumeaumiendinn-i neeuldimasasneassen vonanidedtuaeiie (peat) [Hueiu
snmeiay warfimilutunseuansdnunsvossosiindu (ipple mark)

nznoumeilanzia nszaedegniny Tusanvesiiufivdnumeiliseunzaaivasuan 1u
AENIUNTIBYILMAVBINZAATUEAT Usenaumensieuaznseddni iudnvaugyndunsewaziin
dunou LU IgLAzaINU

fusail (lsneous rocks) Usvneuludediuwnsiin (Granite : G Fedwlngiduminitisuau
unstn vvnadfuiinalng waransuimendunsnidnuusidoutunaruds viswisdinisuanuuy
Hunu (Exfoliation) Fudiwuluuinmiiuie 1 wazuss s niluiugaudawunn dulvg
wulusinaiduiioniunguaziulasluen sunefnnd sunewlos sunemalug) sunenasmoslds

DWNDUNVIUDL DIUNDITUL DUNBUINT DHNDENN DINDFLLANLALDMNDAS U DY
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2.5.5 FayaduusuAulmluiuiidne

meldupasemalnusznoufonunsesideuindsdidny 2 uur Fanefmnadunvagmsing
Tunuingfusenidsavile-nzfunnidesld Aesesideusyuss uavsesiiounassuyis 1NN15ANT
wnnsalwduiulmlagldandanaiauiuiulmiiasnlusuneivya Swminfan lusgniaieu
UNTIALFARNYIEY WA, 2550 @NUITOATIINURNLAEIIVLIAEN 3.2 - 6.5 moment magnitude (mb),
(Dangmuan, 2008) luituitln&fssfusosidoy uenaniuuideRvAuduRylm (Seismic  hazard
map) Tiiawilag Omnthammarath et al. (2010) wanslidiuiinsduazifiouvesunufuluyszmelng
Fauansdnoa peak ground acceleration (PGA) Hrneglutiag 0.8-28% wosraanssliudasweslan
dnfunugtien 475 T (Ui 2.9) andfiuldhuinaiinnudesiouwifulmgasegmaniauieuns
mangTunnvesdsemalnedsiiuuasosdounariiueg duduaumin sgslsAmuunuiialdannnis
Uszanauranuisindudouldfiafumilosziu 30 wns 1W0u 760 m/s 1u1d1eda dslumnuduaiaus

& A a1 < 4{‘ A Q{I ' [y =~ o aAa t:l‘ 1 [ v &
avfiufariininnusinaudsunuana1esiuesn o nanwae N e TEINeNLANA1IAU AITULKY

%
Q‘ddELy U Aa

AiadmuesesfeitAduniinadseaiimnunaandouaneaduaidles
ashﬂaﬁmumeiajwiuﬁulmsummLﬁﬂﬁl,ﬁm%uiusasJLﬁaumé’ﬂmqmﬂiﬁlﬂmﬁmaﬂiwwia
Sunomalnginsizeguiaiuduszozniaszana 400-600 Alawwns 9nadadoyaurudulngid
nansznuseUszinalnelurasszezinal 10 U (na. 2545-w.a. 2555) fsrsarulaedrinidiss s
wrtuulyn naugndeniner nuhilwensaluudulmisdnldlustnomalvyuasfuilndiAssnnd

5 33 femseil 2.3 lagurudulminiantalugnemalvgjdnlgfiaudnanseglunauvsinizgunm
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A5 2.3 wemsalukuAulnnsantaluginemelrgiuasiunlnaideddudiaiia 10 Y
(W.¢A. 2545-.71. 2555)

Fuil - 19an M1 audnans Yuiinianisal

23 Qqueu 2555 6.3 seuwillenivguins)  $AnuueAnsa R.0inuay @ewan
291N, 97.81E

6 fugneu 2550 67 meuwmdeinzauins  §Anil o.iles 2.quim e.meilua) 2.asvan
279NI9T.TE

9 WouAIAN 2553 7.3 meumileguIng YAndulmennnsgs 9. gifin Wann gamgdond @ asvauay
3.59 N 96.04 E ATNNUNIUAT

15.A. 2549 65  mquns Buleilify  $Anduawiiiouldi o.malvy a.awan uaz 9.usENa
349N99.2 E

19 n.A. 2548 68  wnwaue dulall@e  FAnlavianedaminlunialinoudns LaruLeIANTEIUNUN
2.0 N 97.0E Tungammy

26 5.0 47 8OML  inzguas Buladlids  fAnduaviiioulsifounndmisluniald samfeeinsge
3.4N 95.7E viansuisly Ny uaziAneduduniineliAnaandeme

9E19NUTIANNAL RanzTunn
2 W.g. 2545 75 MU seuldinegunng FAnleN o.mmlvig) 2.a9a7

3.02N 96.18E

2.6 uATeiAtasiunsUszgndldnduidau

foATevaisiFesiliiimessdiandlunsfnuwanaudivesduivlusesuiulagnisine
musinaudeuiiednvinisnevauswesituiinarnssuunUssianiiudidmiudeatrienmsiite
sosduNansEnuInuRLALlm SeUszanald el

Kayabali (1996) léUszifiunuidessionisiiin liquefaction Tuiiuil Tnemsiaszsdannuda
rawdeu lunsinwadedlduandiifuismuduiussenimudrdudeutunsmageuduiumg
Amnssumans (SPT) lnganuduiusiiosannsoiluadaduunugiiiieldviune fofivhieraiiniy
dleifnmgnsaiusuiulmiauusuansiuld

Kanli waganuy (2006) ldAuime Vs30 Tagld3s MASW uazadrsunuiisuunvfinvesily

X Ao« . = ° v Y Y] X 4 & A Ao I
fufidlos Dinar Uszwansh IngvinisTaavianun 50 yainaseunguiiud wulniuidnlngfidsedlu

'
= I

1 a0 < = A ° " 1 P & N a a '
LLEJW]%ﬂE]U&Jﬂ’]ﬂ’J’]EJLi’mﬁum@um%)%l‘u%’lﬂ 160-240 m/s TuuueNIUNNNUNTIDYUTNUTLVLALTOURD

Y
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sprhadafunsanenoufienuiindudeuwiutudu 500-700 m/s wag 350-450 m/s pudIU Ha
nsfnwdsuhiiauaenadostuszringg vs30 Aldfunanszuanusuiulmiidatuesduiiug

Shafiee uway Azadi (2007) 14 vs30 dwisusuunsiiavesituiiluiios Tehran Ussnadusiu
MUATIUUNYDI NEHRP Tnedndranuifinduidoudiuou 188 anilia wuinei Vs30 Tuudnmgiun
Jnoglungu A uag B muszuuNITwuntes NEHRP wiluunadisudivhuds a vs30 fneglungy C
wag D

Karastathis uazane (2010) lkandliifuiisnsssdiidndanunsofnummnouaussosiui
wazUseflufeRiviientu liquefaction 18 Tnewudnituililos Nafplion Usznande fifinenmiieziia
liquefaction Ififlosansuulseneudensouiauasnssfiseusioglussduiu uananiisnis
dmaduaniltudisuaradulmasiioufitsssyiunisvesuisesdeuluiiufiduinsdudy
MllavasunuAulmld

Maheswari Uaganiz (2010) Jaen Vs30 311w 30 annilinluiiies Chennai Ussimaduide Lag
1935 Masw  Tasudamnamunesiufudeyanauianzsiuiu 300 nauandslivssanaaanuduiug
sewinenuiindudeunazdn SPT-N ﬁﬂﬁlé’umuﬁmﬁmumﬁmaqﬁuﬁmummgmmaq NEHRP
wuiiuitdnlugdnoglundgu D (uroudrsgeus) uenainiinisinweuveseduusufulmluiiui
anansnszyldmuluituifenoglugag 0.03-0.06 s FaildneamlFermsilaigannianisimansls

Usza s Junzane (2007) FhmaFeuifisunnuiiindudeuresiuiunsanwaildainisns
Ansvinduiafunuunanstemadudygia (MASW)  fuisinainvauians %aqﬁuﬁﬂqqmwuaz
USuauma 910w 4 wisde andumaluladuviaeds Punansaluminendy aantumalulagdsussiay
auuugdsTaugll anunsadwunfumudaiiuaued NERHP Tagnudn aandumalulaguviaelde uag
PnaInsaluvininends dandunuaile E

ups  folsan  uazAmz 2553 AnwinaauTRiBanamansvesennsiitinasenginssuns
povaussvesmsneliusnsziuvunainlasnismsaiansdulmausssuuiveseins  uaz
AnwaudnuuzlanzrestuinuinaiifoimsfiinadesnvazveseduuiuiulmiiAatudesan
anwsuiu lnglddidunsfnunludmiadednl  fwiadesns dmiangaugd  wee Ty
NIVRIILAT KANTIATEinNSedudouaefisyduaudn 30 wandethanldduundufuns
dormuames NEHRP (2003) wuitludmindedus Woeme uaznigauyd fuisuluassunedios
dulngsuunduy ufuUszan D GEuude) visdmsuunduduiutsanan ¢ Guudann Asiv)
dmsuuinalndidue warhinudufuvssion £ Gusow) dumanisinulunganmamunsuay
USuaumanuinynuiaduwundu fufuvszanm £ Gudew)

Thitimakorn and Channoo (2012) iiudeganinuiandudeudieds MASW $1uau 30 gadnlu

[ '
N o

WUNFaIAReIse T IMUNUTHLANTUANMIUNINTFIUYD NEHRP WU UHUAUSEINTUAUANIvue
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nANUSIAAURauRAsTUTEAUAINLEN 30 WAT TAMUADAAARINUSNYUENIISSAINeNluNuN Tne

'
=

Wudﬂ%’uﬁuﬁnmmﬂaumiﬁmwﬁmmL%faﬂﬁul,aauaauiiu?m 309-354 m/s F99aLuUszan D Tuvaiey

FURUUSURLNUAEIULTITAMUEIA AL UUTE UM 427 m/s Bedmdudszunn C
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3. N1SANIUUNITIVY

mmfﬂamwwumaumimLuumuaaﬂL"tJu 3 ’rﬁ’]uLW@I%ﬁ@fﬂﬂa@ﬁﬂ‘U’maUEuﬁﬂ 914 3 Yananinan?

snudluunit 1 uazlduandlfifuunugiifguil 3.1

Y
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Tngiszasd 1 Tagilszasn 3
& a a e =
AT fimngaulumsmanusa Uszilinnazinszianu@ediy
upiuan g

nummenasnetuuruau Tl
Uszmealnouag masunnduduam
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5'J‘]Ji’nﬂl@llﬁﬁim’lﬂmuﬁwsllﬂllﬁ muﬂenuﬂucluwuwmmwwﬂwm
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W’qmmzﬁluwuw{nm AUNUNYDI NERHP

£ £
nJammwmﬂwumﬁﬂmﬂmawu

@ 14
ogiszasd 2
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MURNUNANUEITINAURDU
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1ae SH refraction

uteyanAauINT TS MASW
1Az SH refraction Tuftufidnin
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am'ﬂmmanauaunﬂ%umﬂu mmagaﬂaullmmmauuuu
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3.1 AnwdsnwinnzaulunisuinusInauay

Lﬁamaaﬁ%ﬁmmzaﬂumimmmL%’faﬂﬁul,ﬁauslﬁﬁaﬁumﬂm%aqﬁaﬁﬁag} 9badnsAN®I

] a

WSeueuisn15d1979 2 35 Tawn 38Aaulmas oL uurnYeInaUou F9lwraeninrausin

'
v v o a o

AAULEOU LATAISUTUUIUYRARAULRDUY hazds MASW 2zl nasn ilnAdusdnAaus akasiisy

A

oy adandudn Tunisegeuasaildsnidunsiiudeyavivaeisluiuiiiesiudiuou 3 fiun fe

=

NUNAULWNNIAANS UNIINYIAUAIVAIUATUNS NUNAUZINYINITINNIT UNINY1AUAIVAIUATUNS

e

wariunlsausouianeved Feluiuntiiteyarquiatenniudnyueniassalinginiloseauaiudn
Uszanad 20 was dauwuigadlunisulannunuienan1sdisiaila wasdnwuen1assaling1ed

WunvegeudneglundungnauarauiinTuUIavin

3.1.1 Yanuazgunsaiitlilun1side
1. in3eailodsandulmasiiion 1 yn (UM 3.2) Uszneude
- ndesuiindyaandulmasiiou Geometric SmartSeis seismograph ¥iia 24

dosdyayes dmsupupunsiudeya waztuiinnavsouanmaluvaeiiudoya

- extension cables dwiullousedeyauardsieyanniiudyyralusundosiudin
Gl

- seismic source dviulrifudadyyruedulmaziiiou Tagldfousuin 5 Alanfumu
vuwsumanlunwafs dmumsdrnanvuinmesedudeusgldfouyuluuuisuuuviouls
Wielviiidanaudou

2°

- hammer switch uag/%30 trigger geophone \Juaunsaldmsudsdayaamsnluds
isestiufindyananfieusnnaiizutuiindeya

- geophone 313 24 61 dwdusudyaaedulmaiiou tneld vertical seophone
fifinudsssumA 14 Hz dwsupdusauas horizontal geophone 7ifAudsssuR 14 Hz
dmsupdudeu
2. ATULUAT 1 1A §IMTUINTEELNIUAEINLUIENTIR
3, wumnesrwn 12 ad dmsudmsuiisusssulniiviuesesdiotuiinduao
4. GPS 1 99 dmSUTE UMW NN NMaRTVRILUIHTIA
5. TUsunsu Seisimager (Geometrics, Ins.) Wwag Surfseis (Kansas University) @11suiiasiy
AdulmaziieuwuuR kA MASW
5. TUswnsu Surfer dusurhunnufinewsiis
6. LepsApLTimDSdUYARa

s
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JUT 3.2 gunsniuazinsesteldlunisiiutoyardulmasiiiou a) Geometric  SmartSeis
seismograph, b) vertical geophone (431) way horizontal geophone (1)
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3.1.2 JunsuuarARiivsauriutaya

Tuiitlagnandsnsifufeyameaauuesnsdsanuuinmesadudoutagnsdisanuy
MASW FaflseaziBenfiuanssfuiisandnieeiinslisiiandusasmssiuduaiaviodleliu

Snwurnsdaneguuuunafutoyadieds MASW uandlifgud 3.3 dediddutumeuniaiiv
oy il

1. Mawwrdsliegluiuinss ngldaduwnsdmiuinssagn

2. Inlelutta 24 Flvoglununfauasfauuufuiufuluuuidisg tneldssgiesening
Tolwuidu 2.5 s uda119 extension cable Wwulufuiuwdism udmiutwesdlelunndaudify
extension cable 91ntusie extension cable WhuA3ssTuTindayaol

3. Ansmpliidiandulaeth hammer switch sfnlifivaefeufomuiuaelnliuiu wii
seaneTeusiadtyayIia1n hammer switch TuganTassufindayaa

4. LTJ@Lvﬁ'aqﬁuﬁﬂé’zytyﬂmué’aé?amvmwﬁL@@%ﬁm%’uﬁuﬁﬂ%’aaﬂa WU Aadvesnstndesng
AmeveImsTuiindeya JULUUMISIANaILIATI9 (ge3nedl 3.1) sy

5. Butiufindoya Tnenslideunuasuuusulavyluuufsosnauss $1uam 5-10 Asy udatudin
foyaitldvesgaiuinedud Wefesnstuiindeyadmivantidnndudug Minisresumisnesnis
9

vludaiunmiduluwndisiseld  dwiuluenddetdlinvuagaiudaeiulinmeusuwaznou

q

Uang993k1781577 warthuwuuinassfildunmaaasiielilsmanusnaunnlus gy
dmsumsiivdeyareitadulmanieusuuinmesiididutuneumiioududius  1-5 usldd

Tolnurfialwanlswduluwwisu dwou 12 dr Wudsudyya weznsbinuderduazldfounuly
wwnulluuveulinnnedminiuwuidsa (UN 3.4)

Seismograph

Geophone spread

Geophone

JUT 3.3 sUnuunsdnaseienargunsaldmiuiiuteyaniulmaziiiouwuy MASW
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wisfina sy SH-refraction MASW
wnasrifinadu 10 kg sledgehammer 10 kg sledgehammer
spogeszninagariilandy 5m 2m
AdsssuTAvesilelny 14 Hz (horizontal) 14 Hz (vertical)
SEEERINTENINNTlolnu 5m 2.5m

szezvovldn (Offset Min/Max) 2.5/60 m 2.5/60 m

sUnuunsiiudeya (Field geometry)

< o

A4 A o .
LA UUNNAGY Y10 (Recording system)

IUULDIFY Y

ﬂ??ﬂﬂﬁ?%@ﬂﬂﬁiﬁﬁﬁﬂ%@%ﬁ

Fixed spread

Geometric SmartSeis
12 channels
1000 ms

JLYENNVOINITNAIBEN (Sampling interval) 0.5 ms

Fixed spread

Geometric SmartSeis
24 channels

1000 ms

0.5 ms
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) ad a ¢ v
3.1.3 YUNDULALIATNIFA Lﬂ‘J’lz‘Vi‘Uaga

n) NM5ATIZIYRYA MASW
nsUszananateyaldlusunsy Surfseis (Kansas Geological Survey) lagtunaunsiasizn

Toyauanslinaguin 3.5 Faliseavidun el

1)

LLan%’ayjamﬂImmuL’sa’]LLazszazmaLﬁuT,mLmummﬁaw\la%amﬁuuazmmﬁ lngldnsudasy
SshuU 2 06 1u3sued Park et al. (1998) #a9a7ntuyiNIS a0 NI ALIUIAIULSILAS

AnudNdenARediU Beaglins nilisund dispersion curve (§U7 3.5b)

yhnsuvasndudioya (inversion) dispersion curve tilellduuustassuuy 1 favesauid)
AdudeunuAuan (UM 3.50) Wesnifudymuuulidudadu Basuvamnduteyaezld
L%ﬂﬁﬂmﬁLLUa\‘iﬂﬁULLUUﬁﬂgﬂﬁaﬂﬁaEJE‘jﬂﬁﬁﬂ’]iﬁWU’Jm%’mmﬁJ‘]iE]‘U iterative  least-squares
inverse fufio 1FuaInadauvuSassnindudoudosiu ugwhnisdiuan dispersion
curve InuuuTaesil thenildluiFeuifieut dispersion curve andoya udwhnsusuud
wuuraedmiaulduuudassgaveifidianuuandissenitsdianmsdnaiuieyaties

ian

ASNNINFAVINLUY 2 TAVDIANULTIAFUDDUINWUUTIADIANUSIAAUTUANUANLUY 1 1A
PRIy P ° | ° S oA = a
ANt 2 (Munelne) AUrlUeILUUINaeddoginina1avewIn1TIedleli) lnen1sen

ABUYII5DIANANUSIPAUNT DLAB AU NUUIE IR E I LTS BN 8 LUIENTI9
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a)
RECORD # 26 (Source Station = 24)
Offsatim) 12 2 2 a2 52 &2
Traced 4 8 12 16 20 24
-3
I
=] b2
= { 5 3 2
b4
- 13 .
3
2
=3
g 3 =
w 4
E 2 1
& 1ls. i
g 3
=g :' @
2 5 Pl TTIIYITrY "8
b)
@ M & N N W0
Hoic lg -zli: Mid-sintion =26; Sprend site =25(m): Source Offget = NjA Amphitude )
l
b4
£
£
z
i
3
Frequency {Hz)
O Fundamental Uose
C
) 10-LAYER VELOCITY MODEL(Record = 26)
(Mid-Station = 37.5)
Depth

0 25 5 75 10 125 15 175 20 225 25

23 20 18 15 13 10 8
Frequency (Hz)

— Final + Measured FM

JUN 3.5 Mmnanstunaum AT zideta MASW (a) Yeyafu (b) n1sidien dispersion curve (c) Wuudnaes
ANULSIAAULUY 1 TR

%) MTUATISIAF UL IAATIOUL UG
nsUszananatoyaldlusunsy Seisimager (Geometric Ins.) lagtunauUNTIATIENUBLALANS
1ia3URt 3.6 Baliswasidun fall
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1) vihmsidendunisvesnduusniaunienidlelny (pick first break) 3nvoyavedgariile

Time (msec)

AAUNNYALULUIATIV (UT 3.6)

Wiumsndsilelnuy (Ul 3.7a)

v

Distance (m)

0 5 10 15 20 25 30 35 40 45
0 s : : : : : —
S ! T {¢
e g 8 b6
--r__‘__"— - | } 1,: }
—_— -j = _L V \ 4
- ! 1
Tee=T v+ | {3 i g
5 ) — - = L } -
100 e R S
<= == 17 £ 13
| S - - —- ":s = i - ‘_ N ay
1 -l,/ < = - -—J-:'“ O o W
| € 2 | €TSS L o
5 = S L Sl S
< “:“-. q‘ - :1___ -_—_-_ - e
200 <= et M
< € 25 L S o=
-\ { -} ¢ == . 1 ‘(' ( = i
{ « ! - = : 1
> 4 ‘~ 1; - - = X ( :——: -—_"
¢ € | €Cs 1 =<5 <=
‘f‘ < | < S =3
300 ) ¢ T € 7T 7 ¢ T =
{ (€3 e
) T - ([ ¢ <
| SR S B S
| I: ( 1 “' (‘ ‘-: ‘,}
| { (1§ ¢ ¢
! S L« 2
0 CT ¢ 1 [ ¢(%<
{ O S } <
1' 11 } | ( { ‘
| { 1 q
( 1 { 1< {
500 i L L L L | f i Pl
{ N

JUN 3.6 ULanaI0819n1T pick first break (FUELA)

Foyafildanidunnuduiusszninsseznaiunafinduiden

2) ntuauuuaesuduIndeyafilaltude 1) lnefnuad untuay ANUMILAEAINET

AauRauluwmazyy (SUN 3.7¢)

Y

nsudasndudeya (inversion) WalilanuudnaninnusinaudounuAuan Wesannidy

Yymuwuvlidudadu FBnsuvandudeyasldmaiinnisuianduuuuimdsasstiosannd

NSANUIUTINANE5OU iterative least-squares inverse WLABD I3UINAIIUUUTIADIALULE?

=

AAULRDULUDIAUY LAVINNITAIUIN traveltime curve ANLUUIIAR9H UhadilaluiUSeuieu

U traveltime curve 9ndayalude 1) udwhmsusuuiiuuiasduiaulauuuitaesanvined

fAnAnuwAnsesEnINmINMsAIuiudeyatisefian (5UN 3.7b uag d)
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a} b)
140 143
130 4
120 AW 128 I‘\‘\ /
- 113
2 A\ 7 F) yd
E N/ £ 0
En :
T C 7
= [=] © .
(= - / \;\a 1 F s \,‘ S ’?L - Observed
50 N
\.r.f i
g . :
" / N y 40 - j\\ : Calculated
r RN = ) ;
29 T 'S 20 f; =
" \ \} \
a - ]
L} L] 20 | 49 50 -2 g 13 23 33 44
Distance {m} Distance {m)
(] d)

618
534
451
367
284
2000

Dapth (M)
Depth (m)

-20 -20

(mis)

Distancs ()

U 3.7 a) Traveltime curves, b) W3iguiiguaanmsauiuteyadss, o wuuiasstuiulowy uag

d) LuuaestuAugaTensouLanLdUN AU

3.2 NMSIBAUNANNLIEIAAULIR DU

vy 1%
v A v v

1) nésanlideasuifsrfuitivmsailunisnmanuirdudoulunsideadsiud dunou
soluifuntstmungndialinsouaquituiisinevalvguazyhmafvioganuqndisadngn Tu
nsfnwadeillfiFentdi3 MASW uasifiudoyadunu 70 9admn fuanduusufifegud 3.8 naden
fuidrsmeguuiugruresauazmnlunsdifeiuiiuazmsmauuadism anmuandon wasdnyaa
sumuiterafinanmsneaiiauarnisanas uaregluvinalndidestuiiuifiivaumany lnewiines
Aldlunsifvtoyaagulivmssd 3.2

2) vhnsiiudeyarme s MASW  fasieaziBeaiildnaliluiide 3.1.2 uasumugadisiad
fuald (Uil 3.9) wiuidingideyaiionuuuitassnnuiiindudeutumudnuuy 1 ffluud
az9ad1399 (1-D Vs profile) muduneuiildnanililushde 3.1.3 SslufitasldTusunsy Surfseis fifauun

1ng Kansas Geological Survey tunsiiasizvidoya
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o ' < dl' A a v = a a = o
3) AUIUAIANEIAA R URALTTEAUAINENIINRIAUTT 30 11T (Vs30) NUUUTIADS
Anusrdudoutuanudnilalunsazgaia lagldaunisi 6 uazlduansdinagnanisauinimised
33

N

2.4
Vs30 = —=+——

N

> /v)

4) A1 vs30  laluidsudunsuiisluskunlagldlusunsuansaumaniagiiaans Surfer

(Golden software Inc.)

£30000 840000 £50000 880000 70000 880000
1 1 1 1 1

=
A ATUEEN

790000
i b
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»*
790000

. b [l

780000
T
780000

FLAREY

770000
5 T
770000

TEO000
T
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(Y L3

JUN 3.8 UanegndnsI9 (eNaNELAY) FouriuuuLHuTETaINeT vinewndydnualnlduuunug

Y

willaufiugun 2.8
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9197 3.2 mndwesnldlunsinudeyaiiemanusirdudeulusinemeivg

a ¢l ¥
W58masN LY

=l
INYATLIYN

s inady
spogiesEningaiiiandu
AuAssTuRve Rl
SYUYINTEIINGTLalny

szezooidn (Offset Min/Max)
sUsuunsiiudeya (Field geometry)

isosilatunndeygad (Recording system)

UYL
ANNEIVBINTTUANTaYS

JLULYNUDINITTNFA0ES (Sampling interval)

5 kg sledgehammer
25m
14 Hz (vertical)

2m

1/25 m
Fixed spread

Geometric SmartSeis
24 channels

1000 ms

0.5 ms

AITNT 3.3 981Dy anNS IR LRI ULATANNVUIVEILARLTURLLAY NISATIMAREEAILLY
maueuluszAuAudn 30 wesluusnalsaSeunauia 3 innonsd

_ d V. d, o 4 V.3
no (UTM Zone 47N) ) (m/s) z W (/)
665051E T76255N 0.98 404.51 0.002415 0.063738 470.68

1.22 421.62 0.002896

1.53 331.25 0.004607

1.91 343.42 0.005553

2.38 520.22 0.004583

2.98 522.12 0.005708

373 411.48 0.009053

4.66 390.71 0.011917

5.82 537.00 0.01084

4.80 778.82 0.006167
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3.3 MsswunUszsinvasiiufinnanasivas NEHRP
ndnlduiinnuidndudouvesnaemalnguds Tuneussluasdunissuuniiuiinunas
289 NEHRP ¢iafilduandlilumsnadl 2.2 Tnefansanaindn Vs30 wdanien Ussinnuesing (site class) ildly
Feudunewisluwnuilaslflusunsuansaumanisgiimans Surfer (Golden software Inc.)
mmﬂammmmaﬁqﬁuuﬁL?iaqﬁsLLm'uf?w‘ulmﬁiaﬂWiﬂqﬂa%ﬁﬂmf’mﬁaﬁuﬁﬁm%ﬁmimmaé’m@WMﬂﬁu
wruAlylFoguuiiugiureanayifl NEHRP fwun fftuiiddnuasfuiuiuseu Usznoufuiiausssumni
vosiiuilndiAssiuaussaurAvoansnsaiududuln oravhlfAansduiesuasinisveiouounagaves

pauLRuALlm Freiibiiaanudemeunieinisuazdslgnasld  wieluiuidesds enaviinisdsg

v
[ a =

Tusgazdua UL wRdeRdRonAndY Wy Usingnisal liquefaction
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4. HALAZILASIZINANITIVY

4.1 nan1TUSEUIBUNITNIAULSIAF UL aUReTARUl NI D UL UURNLALAZAS MASW

Tuns@nenlSsufisunismanusirdudouldiifumedsaaulmaziiouluuinivvesnduidou
Wag3s MASW agiUSeuiisuaindnvaenienenin mafiudeyauazlinseidoys naonauannImwes
ToyauaznaansTilaanuiazis

4.1.1 Wiguiieuansaznemen nmanudeyauazinszidoya

mnmafuieyanamunaluiuiinaaeuia 3 AuitwuiiBniswasnarililumafudoyadeisadu
lmazifiouuvusiniuay¥s MASW  fidnuaglndifesiu winislidudardudouluiSadulmasiiion
wuuinmsinrmeaenlunsiiiuanundnis MASW ilesandedtusdunsnudeulunusuinnniily
wuRs uagiilosingunsaiiudaedulivuialugninvlfnismnsgunsaitudaeduluiiuiiaiadusiil
g0 dsumsinneidoyatsaesisildiuarlindnnisulasdoundumioudy

4.1.2 WIsuiieuaunWlayaLasNaang

JUT 4.1-4.2 uanan1siTeuiigudeyafuuaziuudnaestuiuiilaainisaaulmazifieuwuuinm
wagds MASW  gesituiinageunsaiuiiui asdiulainnuninvesdeyalusgiviun@nwidiensil
WIB99INANWUENETUINGNARIAUTULAAZNUNLANA19AU LBLUS8UBUTaUaRUYDII9@D97D b

u

X Ao o q' v = - Y Y] ] o v 5 ]
NWUNLAYINU (EUV] 4.1) ‘W‘UFJ']SUEJHGﬂau\lﬂﬁagLWBULLUUﬁﬂLﬂmaﬁﬁqaﬁuamfyqm@@aﬁUfU']ﬂJ'ﬁ‘Uﬂ’Ju@']ﬂ'}]']

Toya MASW tipsnndunadudayaalasinwasnasnunaugnaaveuldunnyilinisidendumnies
first break vhlaenlaganizisumidlalnuegisanunasininnauuiny Wulsimaanuaiuein

I o a A A | o & A a a v P
wiasnilinpduidouliiunnwe Tuvaeidunamiuaiuiafu (surface wave) ludoya MASW laagng
o ! & 1% Y o o PN a i e v o q v s 4 & a da
datau agglsiaumededninvesnudsssuviAvesdlolnunldenainliesruss nourespauiuing
Audmveely deilinsiesevideyaluseduinianuaaiaadouls

° & A da D - v Yy Y a & A
PnuuuIRestuRuMIATgildluudasiiuil (JU7 4.2) wuldnwazlassaituiuluusasiug

(%
[

uaneafuly ideSuiieusuusaestuivlufiuiifotunuivae s linadnsvedasadstuiud
witoutunazianuaenadosiutuiuluvauang ednlsfnumanuinduiiinseildiaunndeiu
othadussuuiaanuiiui lneranudieduanisedulmaniieusuuinmdunltuganiaauia
AALANNTE MASW Uszangy 28% TsaenadasiunisAnendus wu Turesson (2007)

[ 9MNTIADUIIAIANNLEIAA U DUNIATIEALATANUU LD DU ol F9ADLATIZRANLEIAAUSR

A

8 1aeiirllanu5IAaUsaTlAININNIIAMUSIAAULEN NNNAT LI LTDAILNAIIAIAINULSIAD
a PRy an A A ) X A a a Py Y 2 A o ° v a
Waunlaandseaulmaziisuwuuinuluiuineaaui 1 dalndideeiuainnusinausea vinldin
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armimslumsudarunedoys dnvasuiamsaietuldlunsdiiduiulndiafuilasaadhs
Fudeuvieluilinwruusudufugdonsdduiuiymdes (Xia et al, 2002) MsiliAnanadudeu
Wasumaduedudaundifunsluauiisesdessritsiinasieuiazsivdsundufunduideuiunisg
fdu vilvienmnuindudeuiligininnuduate

fosriavsznisnilwasnisdinadeiiadulmafousuuinivie auyigiuiiiduiuasdesd
arudufindunueruindssddygruinmndugingy fuhiunsdfdtuiunuiviunnegas
alannsansanuld lunmmeaeuadstinuiluiiuiiveaeudl 2 fuwildusufuarudiedusunando
Fsanansonsranuldmeds MASW
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a) site 1

b} Swave refraction
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b) site 2
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b) SH refraction
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b) SH refraction
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a) Site 1

Soil description

N (blows/ft)

0 20 40 60 80

0

V(m/s)

0 100 200 300 400 500 600

! water table

0 4
Lateritic fill 2 l.. 2 - .A B A
Medium, yellowish-reddish . : n
brown, gray, sandy CLAY 41 e 27 o | A
3 -6 - ;
- g |® = g4 ]
L dense, ligh £ £ *
oose to very dense, light gray, | i -
fine to coarse, silty SAND g -10 . -'E. 10 P L)
8 -12 - & 12 -
-14 - e 14 - *n
-16 - . -16 4 & Vs(MASW) * -
-18 4 -18 -+ W Vs (SH-refraction) &
-20 4 . 20 ay, o
b) Site 2
Soil description W iblows/f) ¥ [/s)
0 20 40 60 80 0 400 800 1200 1600 2000
¥ L L L M n I X i L L 1
Rock and soil fill = og .
Medium, yellowish brown, 21 e R m A
silty fine SAND 4] ® 4] A A
Very stiff to hard, reddish 6 A ° 6 4 *n &
brown, sandy CLAY L4
-8 L B | r )
Very dense, reddish brown, E £ @
clayey SAND i -10 - ™ ‘.E. -10 . ™ A
& -12 - 8 12 - "
L 4
14 14 A .
-16 - 16 4 ®
18 4 2] e o Vs (MASW)
-20 - .20 B Vs (SH-refraction)
! water table A vp
c) Site 3
Soil description N (blows/ft} V(m/s)
0 20 40 60 80 0 300 600 900 1200 1500
o A i i . 0 Il i i L 1
u o L
. * lI
Loose sand -2 19 -2 - o m
L) i o ®m i
54 @ -6 * = A
*
Stiff to hard silty/ sandy clay T 81 L] £ -8 ™
or medium to very dense sand = b *
£-101 o £ -10 1 - i
o b L
o -12 4 ° a -12 4 -
*
-14 - -14 -
. ] A
-16 - -16
15 18 | & Vs (MASW)
.20 - .20 J B Vs (SH-refraction)

Ayp

JUT 4.2 Wisuileumnusindudeuvesis MASW uaz maulmasifiounuuinu anusipauda
SPT-N wazdeyatuiuluvguiarzvesiuiiageui 1 (a) iunnageui 2 (b) uay Nuiinageud 3 (o)
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4.2 wan1smanusnaudaudies MASW Tuiudisneanalg)

lunflazuansdregrstayandulmaziiow n3muanin1snszatedivesnusunaiuaud uay
wuuiaesrnuirdudeuluusiunnidnvugnessdiveriunnseiu (Ui 3.8) iewSeuiiey
ANULANANSTRIAIANLLSIRAUEsUlus ety Taninasuan

1) WU TUY AL TUYIN WA 1UTAN S TUAN

JUN 43 uar 44 uwaneilegadayadndiuareina dansegniafiany unnveseneninlvgy
ssalinenusnaiilunznounsiin n3n n91euds Aumidoiwaziuwasganiamesus Q) axdiuladne
< A oA a K \ a Y | \ < A A ~ v
ANusIPRuRoUluUnAdA1geNI1 500 m/s MsEAUANNTT 5 AT wagAAMaSIRaURauTLWIlTY
WinAuauANuEn genndesiutuiuauauieglussdunuluiui degun 4.5 wenaintnuinseduan
11 30 was A1AIsIAawEeulA1g9nI1 1500 m/s  arndnduduiiuwnsinfisesiuegiuans
gonndesiugiuensinnusngliiuneuians funnveaiunfne,

RECORD # 26 (Soutce Station = -11)
Offset{m) 30 32 48 54 B2 0
Trace# 4 2 12 1a 20 24
T T S S A S A A AT S SR

=

Velocity

= 2 =
= =3 L=

9

i vt
i =
{2H) Aauanbaiy
£
\dag
{524 = vopeig-piy)
{4z = Po20YITIQON ALIFOTIA HTAVTOH

Time (ms)

T

Wil P
[

'

b
.
]

008

8 §u of §4 s s OO F4 9 §E 0

sy
WoW oW om
[

0001

JU7 4.3 Joyaiu (§1e) dispersion curve (na19) wazhuuaosmuspduden 1 IR (¥31) Asums
WAn 643033E, 773418N
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RECORD # 11 (Soutce Station = -11) Vetock
Offset(m) 30 38 45 54 &2 W - @ e SR
Tra# 4 3 12 16 ;o P = = 2 2 3
- RERBERREAE. - -
E =
[ - 3 359 £ £ - -
o o =
Sl 5]
B 2
=
= 2
- - i s =
z = =
= = ]
= =
2.4 g . B8
= . [} = o
ey = P = = iu_a%
£ - : 3 =g iz
L N .2 uFEE
= FE - =3
= = =
e 2 i x 2
= 5
z w2
_ ) _ -
2
[=3 o0 =
e =2 =
£
- - - o
o
o —
EL = ]
S 2

=

JUN 4.4 dayadiu (&) dispersion curve (Na13) uazwuudiaosnusirdudeou 1 87 (1) Asumia
#Win 644708E, 766150N

Velocity
8 8 s
L= =] =] o

CLAY :

8 = o reddish brown and yellowish brown, ferruginous, plastic, compacted.
@«
-
o
&
H
: - HALE :
T - ight gray, brittie, hard 1o compacled
£
& &
@«
| 3
e o
.3
2 -1
¥
. _:_: B
iE L
i ]
i = i SILTSTONE :
= gray, brittle, hard to compacted.

iz

Sl
ot

gzt

£l

-
o

U7l 4.5 Wisuifsunuuinaostudu fidumvsiida 644708E, 766150N futeyavauianziiegluuiina
InalAeancuaiiin 646923E, 767555N
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U) WUTUINUIIIMALT S IUN NI A9 e

Ul 4.6, 4.7 uax 4.8 wanwhegisdeyanniuagei duathtion uay fuanaesun deRseging
frwmilovesdnnemialvg uareglndiungiaauasua é’ﬂwmx%’uauu’%nmﬁma@whl,l,azﬁmafﬂﬁaa
Tnvdnlvaidunzneuiunies fsudwiuds @t sniuunsusnaluiuaifesdiusznoudae
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Velocity
- - ] L §
e T
? CLAY :
- il brown, plastic, compacted.
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light gray, gravelly, fine grained, subangular to rounded,
poorly sorted, composed of quartz.
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Velocity (misec)
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GRANITE WASHED :
yellowish brown and white, slightly limonitic, clayey,
composed of quartz , feldspars |, clay, loose.
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GRANITE :
light gray, medium grained, composed of quartz , feldspars
micas with hornblende, hard to compacted.
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SAND :

brown, clayey, very fine sand to fine sand, subangular, moderately sorted,
composed of quartz , feldspars , ferromagnesian minerals

with various kinds of rock fragments.
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GRAVEL :
light brown, very fine gravel, subangular, well sorted, composed of
quartz , feldspars , ferromagnesian minerals with various kinds of rock fragments,
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dark brown, silty, slightly plastic to plastic.

(zH) Aouenbaig
8l

gl

W< painsespy »

SzT 0z

sz

§'LZ

oe

U7l 4.15 Wisuiflsunuudaesduiiu Adumsiiin 672517E, 754981N Audeyanquianziieglu
USNUINALALINIR WAL 670122E, 754549N

A) WU IUGUADUNAN

SUTl 4.16, 4.17 wae 4.18 uansinegetoganduamelug susronsduasiuamuds duiseg
USNABUNA1TDI8HNBMIA LYY LWUUTIUANENAIINIAUATEFAA mmmmamﬂaﬂmwasJasm
sy Uinaiimahaeddanailuld-imnie uazesfuan-oon uenaintdiimeiuausdn
vimamelwaaagﬂaaqgmmm dosanifuituiisiuiwions (flood plane) aﬂwmwumumu’mmmu
aznounsIanTBasanialnennil gamemesug (Qa) snuuinalndiuidumrensdazdungney
avaufdan Q) wuhmanuedudeuluuinadisuansetulusiui Tuidnadeglndmah
panutufudeutseu (Anusieduidou 180-250 m/s) L‘flu%guwmLLaJl,ajmmwu%uﬁuu%qﬁim%’u
ogfnuans denndestutuiumiisnaonnudniinsataldainnisdsalundsd venaniimsrany

o

suumwummLi’mauaﬂaﬁmamaaﬂmvmumu ﬂ']ﬂ’ﬂLULl‘ULW] NOUAY amﬂumw%mmmsﬂmaa



52

donndeariudoyalunauiatzAsgui 4.19 uay 4.20 Turagfivinanznoudzauimudan A1Aus7
aduwdoulir1gandi 350 m/s willesgiuanudnifeaiu madndutungnau nsan nsefitavivey wasi
sgavinasiuaranusindudeuiivunliuintununlugn

Offset(m)

RECORD # 11 (Zource Station=-11)
30 38 46 54 62

il

Trace# 4 g 12 16 20 24
(=] = -
®
= o
= = -
= E
g
(=1 p:y
= il
— g i | g E
=1 § i o =
i = 5
€ ; i £
L] r i B
& FE o
= ‘ - 8 g
=] =% = i -
= = : it
2 E =
o= o
= = o
= ES 3
8
= —_ -
= =
— =3

st

U7 4.16 Toyafu (¢1e) dispersion curve (Na19) wazluUTIABIANILTIAAUEDY 1 JR (131) 7
Ausilafinin 660444E, 776084N

'
a

FECORD é 11 (3ource Station = -11) ;
Offset(m) 30 38 45 54 &2 70 e S
Trave#t 4 ] 12 16 20 24 5 8 8 2 o
= bl = = = i ;
= i
= 1
E y
ey 4 B
s = i
bk ™
o, fy M E ] = .
= "E,f- . .IJI 4 =
G e A
el e =
s ok, ':1‘1 - 4 = I~
- ‘ = ol 01
=) {; == <_ F =L =
2 == LON e & k =3 = =5
7 = o B . a'g) 1 - 2
- I #® F D = o
= B . 2 g3
g 2 = 12 : g5=
2 =1 ] B3
= = o E iE=s £
N 2 1
= o ; - &
2 = o |
g
- ‘;:--. ]
= - o -
2 = ]
2 = =

JUT 4.17 Joyafu (§e) dispersion curve (Na19) wazwuuTaesnuTAdUdou 1 IR (131) 7
AWUNR 662407E, T75747N

'
a




53

RECORD # 38 (Source Station = -11)
Offset(m) 30 33 46 34 &2 mn
Trace# 4 2 12 14 20 24
o 1 . o | 2 =

- .
2 B
g g
= 3 b .
g &
=5 3 3 S
2
& 3F
&
=
-
2
g

1000

ooat

{2 onsanbas

[

]

o,
141
(i)

[

(2H) Asuenbasy

i s &

0

. ——

§1

oL

(574 = uoneig-py)
(15 = Ho30HITION ALIDGTIA HIAYTOL

g gl g
yidag

14

g

&

'
a

U7 4.18 Joyafu (¢1w) dispersion curve (Na19) wazluUTIABIANITIAAUEDY 1 JR (131) 7
Ausilafinn 659469E, 769066N

Velocity

CLAY :
reddish orange, limonitic,
composed of laterite, nonplastic, loose.

CLAY :
light reddish brown, limonitic, nonplastic, loose.

e -~

U —

FILLED DEPQOSIT :
light greenish gray, composed of quartzite ,
slate , rock fragments.

(zZH) Aouenbauy

IS paInsEs|y +

CLAY :
yellowish brown, limonitic, nonplastic, loose.

CLAY :
light red and light reddish brown,
silty, limonitic, nonplastic, loose.
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Velocity

£

CLAY :
reddish brown and pinkish brown, gray mottled,
silty, calcareous, compacted.

oz

CLAY :
yellowish brown, gray mottled,
silty, calcareous, plastic, compacted.
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SAND & CLAY :
yellowish brown, calcareous, coarse sand, subangular,
consists of 60% sand, 40% clay, plastic, compacted.
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CLAY :
yellowish brown, gray mottled, silty, calcareous,
composed of sand presented at the upper parts, plastic, compacted.

13

)
o

gﬂﬁ 4.20 Wisuileunuusaosiuiu isumdefing 659469E, 769066N ﬁ’ueﬁasﬂawqmmzﬁagﬂu
USLIlNALABINFLUIANA 656863, 772283N

NNUNLTLENININSENET BRI InAUEUTSEAUAINEN 5 WA 10 LMs 20 WA UaE 30
AT 9INFIRY (3U7 4.21) awiulddaauimnaunndudeunieszdunrwan 5 waslaovluiaeii
apiufuduiugouniensnoumsiuduaiifuiiuegimaiug Tnsengluuaiuil Wy duanaos
W A9INUANLITIAAURINT 150 m/s Fumnuardushinsianudeiiesuauseduin 30 wns T
vinumeunasiaduduiianiianvessmalvg uasnoumiedsmainiuiufunieunsnaduiudy
yeivinnn 30 wes uifildaunsossyaudnddufuudannmadeuamuiedudon
Tuwnfduinameunasesiuiildeouiug) uinnnmsfinnsanveusresmaisuulainu
rdudoulununu ansnszyveuavedLsdlireute



55

a) ANUEN 5 LUAS b) ANNAN 10 LUAS

(m)

UTM Northing (m}
UTM Morthing

UTM Easting (m)

Q) AMUAN 20 LIRS d) AUan 30 WA

UTM Morthing (m)
UTM Maorthing (m)

UTM Easting (m) UTM Easting (m)

JUT 4.21 unufiuananisnszanedvesnnuiindudeuiissduanudn a) 5 wes b) 10 w3 c) 20
RS kA d) 30 WAT YIENEIe RELAITTUAILALIURIRRd1TIa MASW

4.3 ynufianuisindudeuadewtesziualnudn 30 was (Vs30)

HaNSMIAIAUEIAAULEEUN SEAUANANINRIRUES 30 was (Vs30) wanslilumsisdl 4.1
INUKUN Vs30  vasitufignnemialvg (3UN 4.22) wudiAl Vs30  Aidnuiniladaneglugag 150-1160
m/s lngnisnszanemueen Vs30 finmnuaennassiudnvazlassaiisiilunsminlug nanfesuiinu
A Vs30 @3 (> 500 m/s) asnanuuiinameuiirny fusenuaznz unnvesiiui Faduguigednuae
Fuiudulugusnuilifungnounzin aznoudzaummuuina Runsedunuvseuiuniu diu

a A ° a dy A & Y %’
UTUNTAT Vs30 @1 (<300 m/s) ASIANUNUUTIIMRBUNaNYeInuigulungnauasaufiiniunil

a N a = y
wazuInumaumledulunznauiumiloivelanegta



1599 4.1 wansAl Vs30 wasUssinvdufunudaiivuaves NEHRP 21n0d1539919 70 galugine

malng
Location (UTM) NEHRP
Vs30 (m/s) Geology Area
Easting (m) Northing (m) Site class

654070 767814 362.1 C Qt AuayariLen
650043 767781 386.6 C Qt fiuaaga
651169 770934 354.5 D Qa

651621 774555 331.6 D Qt

647336 771213 283.0 D Qa

643033 773418 577.2 C Qa

639944 773462 1159.1 B Qt

647894 775959 472.1 C Qt

644708 766150 510.1 C Qa

642284 764380 429.2 C Qt

643504 769806 516.7 C Qa

640246 769099 336.4 D Qt

663036 780247 204.2 D Qa FUAAADILN
663891 782469 158.2 E Qa fuathies
661253 780320 542.8 C Qa AUARLAN
661659 779421 439.3 C Qa

671092 783336 324.0 D Cy

671765 785822 265.4 D Qt

667203 785812 462.5 C gr

663084 788530 236.0 D Qtf

663169 786005 220.0 D Qtf

673340 776546 484.2 C Qc fuaving
676096 778144 388.0 C Qc suavlng
671710 780472 554.7 C Qa

667615 773216 528.3 C Cy

670363 774347 307.6 D Qc

670584 776960 594.7 C gr

669120 779280 402.9 C Qc

664935 759410 603.7 C Qc FuatIung
663836 770138 490.6 C Qt FUANZ A
665783 766762 385.9 C Qt

663346 762359 336.8 D Qt

681156 755021 587.1 C Qc



672517
668189
665068
660947

666117
665577
665191
664773
664261
663210
661985
661030
660444
662792
665416
661460
664540
662407
664706
665051
661692
663771
664517
664923
660860
663867
665061
665888
661796
659643
659469
657100
655684
654465
657106
657465
659333

754981
752983
754592
759474

773638
773615
773047
774728
775093
774305
774615
775144
776084
775946
775159
774000
777265
775747
775433
776255
773164
773053
772890
773185
775709
777252
774290
777148
777158
770764
769066
769555
770491
770160
771711
772823
772620

400.1
483.4
529.5
242.9

497.6
554.7
312.9
542.9
519.0
233.8
369.3
218.7
206.5
331.7
345.9
357.0
211.7
208.6
303.2
470.7
466.8
2325
419.3
439.9
448.2
227.9
299.3
429.0
230.5
471.6
420.8
410.6
534.5
338.5
387.4
274.2
403.2

O N N N

N O N O N N "Hh O N OO NN »Hh "Hh O nh " OO 0o o oo o oo nnhnNnhnh O N N

Qc
Qc
Qt
Qa

Qc
Qc
Qc
Qc
Qc
Qc
Qa
Qa
Qa
Qc
Qc
Qc
Qa
Qc
Qc
Qc
Qc
Qc
Qc
Qc
Qa
Qa
Qc
Qc
Qa
Qa
Qa
Qa
Qa
Qa
Qa
Qa
Qa

FTUARDIE
fiuannlng)
AUAAIUAY

57




58

TEO0A0
1

TEOOH]
1

TrOO00
|

;\f] t- el |"1’n-
'- I|_|

= a1 éi!-v

UTM Morthing (m

u rpranali fs

a "|":| 1"\ J.('I

UTM Easting (m)

JUN 4.22 UWuil Vs30 ve981nevaivg JmInaaual visnews) ansviaeuseyiuniuamquianentd
Tunsiseuiiisunaluiite 4.1

4.4 WHUNILUNVUAUAULNUIIVBS NEHRP

nan T uuNSuRumILNAsiTes NEHRP  Tnsenduanuiindudeuadslussfuanuinainin
Al 30 1A (vs30) wandlilunsnedl 4.1 Pnusuiinanamsdanguituiinisinasioes NEHRP fegui
4.23 agiiuldhiuiisnnemalvg) anmnsosuunduiu suinusives NEHRP 180U 4 ndu fe ndu B
(760<Vs30<1500 m/s) nsranumssnuiians fusnvesituiidsegfnfuginfuunsiinuasiitungnoudn
siuluseduiiu ngu C (360 m/s < Vs30 < 760 m/s) amanuifutdnanisluinangnounsinua
pznouAwiLdnMung Susenuazny Tunnvasiufl ngu D (180 m/s < Vs30 < 360 m/s) A579
wumemsunasesiiuiidaduns neuaraufnumehuasmaviiodeegndfunsiasuasan uazndu
E (Vs30 < 180 m/s) ssranusissgaiiedluuinameunievesiuiilndiunassgnein Fsanarinuiiom
idutuiuminseuiifinnudnn 30 was definsannisudsundasmesd vs30 luuuafiany fuan-
nyfuoon warlunuaield-wiovosiiufideguil 424 awiulfhuiivisdiulusivamelug aoned
ARDILY LAZALAN e¥mduiuiivszion D Guude thuiieh vs30 Tndidsstuinasivosngy £ feduanans
warAsgnadrsuunelngfegluiiufivariisonaldunansemuanimnsaiusufulmld



=]

m il

TEO0A0
1

UTM Morthing (m)

MERHP site class

UTM Easting (m)

JUT 4.23 unufidiuundufununagives NEHRP 8481100malvg) nanewe lduiiuians Vs30
profile lufiemgJunn-ngueen uay td-wile Awandlugui 4.24

59



a) West-East profile

1200 TIII—IIIHtﬂIIIDﬂ.U
1000 —
B
800 — o
[7x]
—_— m
= 7 G
E o
600 — i
S Cq
[74]
> t
LL
L Kuanlung =z
D
200
E
0
630000 640000 650000 660000 670000 680000
Easting (m)
b) South-North profile
1200
1000
i B
800 w
— (1]
i - Ly
E Patong ;
o 600 2
@ Cq
= _ 14
I
=N Banpru %
ot Hatyflionghae D
200
E
0
750000 760000 770000 780000 790000
MNorthing (m)

JUN 4.24 Wslnauansan Vs30 Tuiunisnemelngluwid a) agiunn-nziusen b) le-nie



61

5. agUnan15IeuazUaaupuY

5.1 #3UNaN1539Y

ad

IFeuiiouBnmsmanuiedudouldiniu 2 35 1w 3 gavaaeu Lilenisnsd
wnganlunsdavhusufinnudrdudeulsfiafumilessduanudn 30 was (vs30) lusune
mave) Taminasmal nudnis MASW  Senumsneauniniseaulmasiiieuwuuinvvesndu
dou WosniAudeyaldazain 53n51 uariinrausiudindn luvuetsaaulmaziiouwuuin
mmaLﬁmm'mﬁ’wmuium’mﬂammmmasfj’aagaLﬁaamﬂmim?ﬁ‘auLWaﬁuaaé’agmmLassﬁu’uauﬁﬁ
mmﬁaﬂ?{uﬁmmﬂﬁaagj agelsfinnuds MASW fidedesideinindsdnvesduaadunsdiia
Fyanasuniuuasndyynadifiosiusenouresnnuds

A

2) anusIedwdeusn 70 ed15i9ieds MASW ludwnemalug feeglugag 120-2500 m/s

<

o

Tnefuuliuvoseanufiaduiviuniuanudn snduluuimadismaiinmamuduam
pAusunsnieg A1 Vs30  fiduialdfianagludis 150-1160 m/s  nudimisnszaneiives
ausrdudeuludinenialnginnuaenadesiulassadamisssdinevews walvg
nanAouInATA Vs30 g4 (> 500 m/s) INULITBUTiAny Tupanuasay Tunnuesiiuf
szml,ﬂuﬂmml,l,a Luuquwaﬂwmvﬁuumuaauimeinmut:dum NOUALIN AENOUATANAININTY
warfiunmetuuviofiufuniu duuTnniiie Vs30 f (<360 m/s) ssanunuuing
nounarvesiuiidnunznouaraudmumaiuasuinunoumiedudungnoufunie
Peilmzia

3) aunsnsuunduiulusinemalug Swiaaman sunmsives NEHRP 168y 4 nqu fo ngu
B (fiu) svranumsdufians unnvesiuiidsegfnduguniiusnsinuasisungnoulaviuly
sedfUiu ndu C Guudednuuu viefiufidew) sranuduuinunidusinunenounsinuas
pnouAviLGLIIT Uy Tusenuaray Tunnvasiiufl ndu D Guude) nrawumemounans
vosiiuiitadungnouazaufmumainesmaniiedeglndiunsiaauawar wagngu £ (Ru
gow) snanuifissgaderlurinanouniievesiu Ssmaiidutuiunisiseuiiiiniugn
N1 30 18RS

5.2 VDLEAUBLUY

wiludagiusuneelug Smiaasan Lilddnegluiufidssiousiufiulm anud
raudeuldinuusnasunemelng TRnseildnisnisdisedieis Masw lumuideiite
Iidugnudeyadidydmiunisfinymnsinimnssunsudulm IWEJLQ‘W’]uﬂﬁ@@ﬂLLUUa’]ﬂﬁ
LLauaaﬂaﬂaswﬂMﬂaam&J nson1sUeeiu MaﬂLammiﬂaaiwmmsaﬂuwwLamﬂa uenaNil
muﬂ,ﬂﬂiuqﬂm“lsaamiummmwmmwmammawmmummmumulm WU N8N8 d Y



62

yoanduunuAulm nsifinusingnisel liquefaction  Msdudzfisuvaseinsiiiesninnisau
WeearnusssuYA Uusiu

PNMTIATERAUsISITRTetuRLIINA IS AU S s uR AT sEsUT UL sy
fiuf wuhausssurAvestuRudateglugg 0.05-04 Junit (Ut 5.1) TunsdifiAausudulm
valngvioranansiifieueglutaed orevhlfiAenisvenesedunisduasiiiouosiiuuld
yanNTEEAUsTSIYRTefiemsiiA i UAUss U RvestuRuaavildAinnsdutes
wazifiusiunsdulniuay Lﬁammaqﬁammﬂﬁﬁﬂﬁw Lﬁ@LU%ﬂULﬁauﬁ’umiﬁﬂwwm
Maheswari (2010) luifuiiiddnuassuiundetu dufofiduns ﬂawmwwwuﬁmﬂivmm
15-30 w3 WUiAuUsTsuTAdateglutag 0.03-0.6 Junit duilitenansiidinds 6 FuRansdu
lmegneguusala amﬂ,iﬂmmmLﬂmmmUﬁﬁM’m‘LuﬂﬁﬂnmmquhmiﬂiuLuummaﬂ
yastufinudsanuuusianinnudinawdeudundn (gﬂﬁ 5.2) Turauzigndrsaunagalyl
annsandsandeduiiuudald feiunusssumalaluuiuiinsemznounarsvewnelna il
Fupzneumunun 3adurlaenisussnaiitiy Swmsinnsinwiudtluiussasdonile
manudnieduiiugusazmanuiindudeuluseduintulasldis passive  MASW  ude
AATIERAUETINIANMRNTduNLAL I AR

1 1 ] |
& Bttt
VELGETURHYE I .
= 5 P g
=3 4 f i
g , ( 2
0.4
=
E E .35
= 0.
=
% o (B
=
Z g4 — i 2
= E
= L o5
=
—o
2 -
2 _ .05
=
i
Fundamental
site period (s)
(=1
= 1 &
n I T I I
FEANI0D B40000 A50000 EE0000 E7 D000 GAI0D

UTM Easting (m)

Eﬂﬁ 5.1 LLN‘LW]ﬂ?UﬁiiN%ﬂ@%@ﬂ%UﬂiﬂuWUVIEJ"ILﬂEJ'VT'W]I‘WfU TININEIUA"



63

15@“2;@“@

JUN 5.2 Unuil 3 ARLARIAUANTITUAULT s uTUAIEANUS AR L DU AT R TUAULT 9



64

ONE1591999

naulesdmsuaziades nsensiaumialng, 2552, 11ATHIUNITEBNLUUDIAITAIUNIUNSAUARITIoU
oI UAULT (We. 1302)

uAs IlIny, Dunils Mivds waz venuudt weswialy, 2553, lassnisandefiviainunuiulnely
Uszinelneg (szoeil 2) @mauﬁ’aL%awamam%maammiLLazamé’ﬂwsz%L’Jmﬁ&y’waq%’uﬁwﬁami

Y

wlaunAL UL TvRIwiuALlmeg wasBenluTmindedn, $1891W3de, dinnunemu
atfuayunsITe (@)

Usznms Jumsune, 2007, ﬂ'ﬁL‘U%EJ‘ULﬁEJ‘Uﬂ’J’TJ,JL%ﬁﬂ§UL5@u%aﬂ%uaUﬂ§ﬂLVlWﬂﬁlf;]jﬁ]’]ﬂeJ%ﬂ’]ﬁLﬂi’]%ﬁ
ﬂ'ﬁuﬁ’gﬁuLL‘U‘U‘wawmj'aama%’ué’cymmﬁ’ﬁ%i’mmuquLmz, AMZINYIPNENT  NIAIVITIEINYN
PHAINTUUNINGEY

Weann amsny, 2544, nsarsaaldmnnudieraulmasiiiou. veuwnu: nedvunaluladssdl A
wialulad WnIeIdeUa LAY

GHN aqau,r’h. 2539. amwﬁﬁmmau’%lﬂmmdmﬂwg. H189nnINen nosuIne NSNSNENTEIE

Ej‘Wﬁ]f! WYITAUANE LAY Souel tunans, 2548, ﬂﬁﬁﬂ‘lﬂ’m’]ﬂﬁuﬁ’l’]ﬂ@mwﬁﬁuE’NLLNU@‘UIWJLﬁl@ﬂmﬂﬁ]’]ﬂ
anmauluusnaungunnumuaswar I IATesis, TenuldedtinaunemuaiuayunTivy

Aki, K. and Richards, P.G., 2002, Quantitative Seismology, 2nd Edition. University Science Books,
700 pp.

Anbazhagan, P., Sitharam, T.G., 2008, Mapping of average shear wave velocity for Bangalore
region: a case study. Journal of Environmental and Engineering Geophysics, 13 (2), 69-84.

Anderson, J.G, Lee, Y, Zeng, Y, Day, S., 1996, Control of strong motion by the upper 30 meters.
Bulletin of the Seismological Society of America, 86(6), 1749-1759.

Andrus, R.D., Stokoe, K.H., 2000, Lliquefaction resistance of soils from shear-wave velocity,

Journal of Geotechnical and Geoenvironmental Engineering, 126. 1015-1025.

Ashford SA, Jakrapyanun W, Lukkanaprasit P. Amplication of earthquake ground motions in
Bangkok. Proceedings of the 12th World Conference on Earthquake Engineering, Auckland,
New Zealand, 2000. Paper no. 1466.

Building Seismic Safety Council (BSSC), 2001, NEHRP Recommended Provisions for Seismic
Regulations for New Buildings and Other Structures, Part 1: Provisions and Part 2:
Commentary, Federal Emergency Management Agency, FEMA-368 and FEMA-369,
Washington D.C., February.

Chalermyanont, T. 1995: Engineering properties of Hatyai subsoils. A Thesis Submitted in Partial
Fulfillment of the Requirements for the Degree of Master of engineering, Bangkok, Asian

institute of technology school of civil engineering. 144 p.



65

Dangmuan, S., 2008, Seismic study of Southern Thailand after the 26 December 2007 Sumastra
Andaman Earthquake, Master of Science Thesis in Geophysics, Prince of Songkla University,
Hatyai, Thailand.

Di Julio, R.M., 2001. Linear static seismic lateral force procedures, In: Naiem, F. (Ed.), The Seismic
Design Handbook, 2nd ed. Kluwer Academic Publishers, Boston, pp. 247-274.

Dobry, R., Borcherdt, R.D., Crouse, C.B., Idriss, I.M., Joyner, W.B., Martin, G.R., M.S., P., Rinne, E.E,,
and Seed, R.B., 2000, New site coefficients and site classification system used in recent
building code provisions: Earthquake Spectra, 16(1), 41-68.

Ergina M., O" zalaybeya S.,. Aktara M, Yalc M.N. Site amplification at AvcViar, Istanbul.
Tectonophysics 391 (2004) 335- 346.

Kanli, A.l, Tildy, P., Pronay, Z., Pinar, A., Hemann, L., 2006, Vs 30 mapping and soil classification
for seismic site effect evaluation in Dinar region, SW Turkey. International Journal of
Geophysics, 165 (1), 223-235.

Karastathis V.K,, Karmis P., Novikova T., Roumelioti Z., Gerolymatou E., Papanastassiou D.,
Liakopoulos S., Tsombos P.,. Papadopoulos G.A., 2010, The contribution of geophysical
techniques to site characterisation and liquefaction risk assessment: Case study of
Nafplion City, Greece, Journal of Applied Geophysics, 72, 194-211.

Kayabali, K., 1996, Soil liquefaction evaluation using shear wave velocity. Engineering geology,
a4, 121-127.

Kramer, Steven L. 1996. Geotechnical Earthquake Engineering. Prentice Hall, 653 pp.

Lookjan, A., 2009, Study of seawater intrusion into aquifers in Hat Yai basin using a mathematical
model, M.Sc. Thesis, Faculty of Engineering, Price of Songkla University.

Midorikawa, S., Matsuoka, M. and Sakugawa, K., 1994, Site Effects on Strong-Motion Records
Observed During the 1987 Chhiba-Ken-Toho-Oki, Japan Earthquake. Proceedings of the 9th
Japan Earthquake Engineering Symposium, Tokyo, Japan, E085 - EQ90.

Ornthammarath, T., Warnitchai, P., Worakanchana, K., Zaman, S., Sigbjornsson, R., and Lai, C.G,,
2010, Probabilistic seismic hazard assessment for Thailand, Bull. Earthquake Eng., DOI
10.1007/5s10518-010-9197-3.

Park, C.B., Miller, R.D., Xia, J., 1999, Multi-channel analysis of surface waves, Geophysics, 64 (3),
800-808.

Lohawijarn, W., 2005, Potential ground water resources of Hat Yai Basin in Peninsular Thailand
by gravity study. Songklanakarin J.Sci. Technol., 27(3), 633-647.

Maheswari R.U., Boominathan A., Dodagoudar G.R., 2010, Seismic site classification and site
period mapping of Chennai City using geophysical and geotechnical data, Journal of
Applied Geophysics, 72, 152-168.



66

Shafiee A. and Azadi A., 2007, Shear-wave velocity characteristics of geological units throughout
Tehran City, Iran. Journal of Asian Earth Sciences, 29, 105-115.

Steeples, D.W., 2005, Shallow seismic methods. -In: Rubin Y, Hubbard SS (Eds.),
Hydrogeophysics: 215-251, Springer; Dordrecht, the Netherlands.

Strobbia, C., 2003, Surface Wave Method: Acquisition, Processing and Inversion: PhD dissertation,
Politecnico di Torino.

Thanop Thitimakorn Saralee Channoo, 2012, Shear Wave Velocity of Soils and NEHRP Site
Classification Map of Chiangrai City, Northern Thailand.

Turesson, A. 2007. A comparison of methods for the analysis of compressional, shear, and
surface wave seismic data, and determination of the shear modulus. Journal of Applied
Geophysics. 61, 83-91.

Warnitchai P, Lisantono A., 1996, Probabilistic seismic risk mapping for Thailand. Proceedings of
the 11th World Conference on Earthquake Engineering, Acapulco, Mexico, Paper no. 1271.

Wills, J.C.,, Petersen, M., Bryant, W.A,, Reichle, M., Saucedo, G.J., Tan, S., Taylor, G., Treiman, J.,
2000, A site condition map for California based on geology and shear wave velocity.
Bulletin of Seismological Society of America, 90 (6B), 187-208.

Xia, J., Miller, R.D., Park, C.B., Wightman, E., and Nigbor, R., 2002, A pitfall in shallow shear-wave
refraction surveying, Journal of Applied Geophysics, 51, 1-9.



AMANUIN

a a & v

UNAUARNUNLAY (Reprint)

67



Songklanakarin J. Sci. Technol.
36(3),333-344, May - Jun. 2014

-
.E ® SONGKLANAKARIN
JOURNAL OF SCIENCE
AND TECHNOLOGY

http://www.sjst.psu.ac.th

Original Article

Joint analysis of shear wave velocity from SH-wave refraction
and MASW techniques for SPT-N estimation

Sawasdee Yordkayhun'2*, Chedtaporn Sujitapan', and Tanit Chalermyanont®
! Department of Physics, Faculty of Science,
? Geophysics Research Center,

3 Department of Civil Engineering, Faculty of Engineering,
Prince of Songkla University, Hat Yai, Songkhla, 90110 Thailand.

Received 20 June 2013; Accepted 16 December 2013

Abstract

Horizontally polarized shear wave (SH) refraction and multichannel analysis of surface wave (MASW) methods have
been carried out in Hatyai City, southern Thailand, a pilot study for site classification, part of the National Earthquake
Hazards Reduction Program (NEHRP). The objectives of this study are the comparison of the efficiencies of different shear
wave velocity (Vs) determination techniques and the use of Vs measurements of the prediction of standard penetration
resistance (SPT-N). Good correlation between all Vs profiles and SPT-N values and local lithology are observed. However,
there are systematic differences between SH-refraction based-Vs and MASW based-Vs, which might be explained by
possible converted waves, limitations of the assumptions used, poor quality of the acquired data, and limitations of the
inversion procedures of the methods applied. From the integrated use of Vs from both methods an empirical formula to
describe the correlation between Vs and SPT-N values has been proposed and can be used to estimate geotechnical

parameters in areas where no borehole or geophysical investigation exist.

Keywords: SH-wave refraction, MASW, SPT-N, shear wave velocity, seismics

1. Introduction

From geotechnical engineering point of view, standard
penetration resistance (SPT-N) obtained from standard
penetration test is a fundamental indicator of soil stiffness
and it is recognized in evaluating the ground characteristics
for building sites. However, soil classification based on SPT-
N value is somewhat qualitative evaluation (Suto, 2011). In
addition to the borehole requirement, it is often cost effective
and unsuitable to be implemented routinely in urban and
large survey area. An alternative method is coming with the

* Corresponding author.
Email address: sawasdee.y@psu.ac.th

use of shear wave velocities (Vs), a quantitative parameter
describing the dynamic properties of soils.

Many researchers have shown that Vs can be used in
a broad range of applications, including foundation stiffness
assessment, earthquake site response, liquefaction potential,
site classification for national earthquake hazards reduction
programs (NEHRPs), soil compaction, and detection of
cavities, tunnels and sinkholes (Seed et al., 1983; Kayabali,
1996; Andrus and Stokoe, 2000; Leparoux et al., 2000; Youd
and Idriss, 2001; BSC, 2003; Ergina et al., 2004; Kanli et al.,
2006; Anbazhagan and Sitharam, 2008; Karastathis ef al.,
2010; Sloan et al., 2009; Patel, 2012; Thitimakorn and
Channoo, 2012).

Practically, Vs can be determined either in invasive
(e.g., downhole or crosshole and suspension PS logging) or



334

non-invasive methods (e.g., surface seismic methods and
empirical relation with N-value from Standard Penetration
Test, SPT). Disadvantages of the invasive methods are that
the measurements are quite expensive and difficult to conduct
in urban areas. For seismic methods, SH-wave refraction is
considered to be standard technique for Vs determination.
However, the velocity inversions, hidden layers problems
and interfering of P-wave and S-wave arrivals can lead to the
pitfalls in data interpretation. Recently, a new technique for
Vs determination, namely multichannel analysis of surface
wave (MASW) has been developed (Park et al., 1998). Due to
the inherent strong signals of surface wave in shot records
and providing a fast and convenient way to evaluate soil
stiffness even in urban environment, MASW has been in-
creasingly used. Generally, both SPT-N data and geophysical
data do not often exist in a particular area. Statistical analysis
of correlation between these parameters is an alternate
method (Akin ef al., 2011) to estimate SPT-N values or Vs
with convenience, less cost, and without additional investi-
gations and data aquisition. Several empirical relationships
exist for different lithologies and they appear to be site depen-
dent (e.g., Hasangebi and Ulusay, 2007; Tsiambaos and
Sabatanakis, 2011).

As a part of NEHRP soil classification study for
Hat Yai city, southern Thailand, Vs data of geological units
exposed in this area are essential parts for site response
analyses. The average shear wave velocity at the top 30 m of
subsurface (Vs(30)) is important in soil classification and
characterization according to NEHRP and International
Building code (IBC). This parameter can be calculated as
follows (Dobry et al., 2000),

Vs(30) = —20 0

>k 17s,)

where h_and Vs denote the thickness and Vs of the i" layer
in the upper 30 m of the total n layers, respectively.

In a preliminary test of the project, shear wave
velocities derived from two methods including SH-wave
refraction and MASW were tested at three test sites where
geotechnical parameters from boreholes have been pre-
viously investigated. This test allowed us to compare the
performance of the methods for Vs determination. In order to
benefit and utilize the geophysical data, beside this compari-
son, attempt is made to develop the empirical relationship
between Vs and SPT-N corresponding to a local scale of
the areas based on joint analysis of Vs data from the two
methods.

2. Geology

Located in Songkhla Province, southern Thailand,
Hat Yai City is known as a principal administrative, commer-
cial, educational and cultural city. The city has been recorded
as low seismicity region (Sutiwanich et al., 2012). The average
elevation of this area is about 0-20 m above mean sea level.
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Hatyai City is part of the Hat Yai Basin, which is formed by
the horst-graben structures. Morphological evidences come
from the surrounding north-south trending mountain ranges
(Sawata ef al., 1983). The eastern and western boundaries
can be characterized by granite intrusions and metamorphic
rocks that act as the basin basement. The basin geometry
estimated from geophysical studies is approximately 60 km
long, 20 km wide and 1 km deep filled with sediments of
Carboniferous to Triassic age (Lohawijarn, 2005). These units
are covered by Quaternary deposits consisting of semi-
consolidated clay, silt, sand, and gravel. Unconsolidated
Quaternary sediments found in this area are useful in site
investigation, foundation, groundwater and environmental
studies.

The Quaternary alluvial unit (Qa) and colluvium unit
(Qc) broadly cover the study area (Figure 1). The test sites
are located in the colluvium unit, consisting of unconsoli-
dated sediment of sand, gravel, clay and silt that are partly
weathered from host rock and mostly found near the hill and
outcrop boundaries (Saardsud and Srisangjun, 2002).

Namom district

o | 'r'\.-v.;-j
N -
S V) o .3\

#0000 I — — ilometers.
4

Legend:

L ] Tast site

Main road

<Ry

Figure 1. Geologic map of study area showing the test site locations
(red dot). Descriptions for the geological units are as
following: Qa = Alluvial deposits: Quaternary, Qc =
Colluvial deposits: Quaternary, Qt = Terrace deposits:
Quaternary, Cy = Shale, chert and conglomerate: Carbon-
iferous, and Trgr = Granite: Triassic.
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3. Methods
3.1 SH-wave refraction method

Seismic refraction method is a common method
applied for near surface investigations. The principle of the
method uses refracted wave across the boundary between
layers of different physical properties governing the Snell’s
law and Huygen’s principle. By recording elastic waves using
a series of geophones placed on the ground (Figure 2a),
seismic traveltime versus distances can be recorded and used
as input for data interpretation. A number of techniques have
been available for data interpretation, including intercept
time method (Hagedoorn, 1959), reciprocal or delay time
method (Hawkins, 1961; Palmer, 1980), ray tracing method
(Leung, 1995), and inversion and tomography method (Zhang
and Toksoz, 1998; Yordkayhun et al., 2009; Yordkayhun,
2011).

In this study, SH-refraction data were recorded using
a 24-channel Geometrics Smartseis seismograph. Twelve 14-
Hz horizontal component geophones were deployed at 5 m
intervals and oriented in orthogonal to the direction of wave
propagation during acquisition. The S-wave was generated
by hitting the ends of a wooden timber (shear wave impact
plate) laid perpendicular to the geophone spread. Shot points
were located at five positions, including near and far offset
on both ends and at the center of the geophone line. Vertical
stacks (or hammer blows) were done at each shot point to
enhance the signal to noise ratio. Table 1 summarizes acqui-
sition parameters used for this study.

In this work, Vs model was generated based on tomog-
raphy methods (Yordkayhun, 2011). The first arrivals to each
geophone were picked and used as input to reconstruct the
velocity model based on a non-linear least squares inversion.
Both automatic and manual picking were performed to avoid
picking error at the far offset traces. The inversion proce-
dures started from estimation of an initial model. We used
simple two-layer velocity models produced by the time-term
method as an initial model to constrain the reliability of the
tomographic inversion. Next, predicted traveltimes (forward
model) were calculated. The calculated traveltimes were then
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Figure 2. (a) SH-refraction field geometry. Note that SH-wave
energy source and horizontal geophone are used. (b)
MASW energy source is similar to the conventional
P-wave energy source (left). The surface wave generated
from this source has dispersion characteristic (right).

compared to the observed traveltime. The residuals between
them were minimized by updating the model through the
iterative inversion process until the acceptable model was
obtained. In this study, each inversion was run with 10 itera-
tions. By testing on the initial model, RMS errors between
the picked and calculated traveltimes are in the range of 2-5
ms and final model converges within five iterations.

3.2 MASW method

MASW method utilized phase velocity of surface
wave (Rayleigh wave or ground roll) that are typically
considered as noise for seismic surveys, to estimate Vs
profiles (Park et al., 1998). Rayleigh wave phase velocity is a

Table 1. Acquisition parameters and equipment.

Parameter SH-refraction MASW
Energy sources 10 kg sledgehammer 10 kg sledgehammer
Shot spacing 30m 30m
Natural frequency of geophone 14 Hz (horizontal) 14 Hz (vertical)
Geophone spacing Sm 25m
Offset Min/MaxField geometry ~ 2.5/60 mFixed spread ~ 2.5/60 mFixed spread
Recording system Geometric SmartSeis ~ Geometric SmartSeis
No. of channels 12 channels 24 channels
Record length 1,000 ms 1,000 ms
Sampling interval 0.5ms 0.5ms
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function of frequency and subsurface properties including
Vp, Vs, density, and layer thickness. In a homogeneous
medium, a Rayleigh wave has phase velocity ranges from
0.87 to 0.96 of Vs (Richart et al., 1970) over a range of
Poisson’s ratio, whereas it has dispersion characteristics in
a vertically heterogeneous medium (Figure 2b). MASW data
are recorded as the same manner as the conventional seismic
reflection/refraction acquisition (Figure 2a), except the low
natural frequency geophone (~4.5 Hz) is typically used (Xia
etal., 1999).

In this study, MASW data were acquired at the same
location and similarly oriented with SH-refraction recording.
Data were recorded with twenty-four 14-Hz vertical compo-
nent geophones with the geophone spacing and the near
offset of 2 m and 2.5-10 m, respectively. The source was a
sledgehammer vertically hitting a metal plate (Figure 2b).
Shot points were located at both ends of the line. Acquisition
parameters used for this study is outlined in Table 1. The
MASW data processing relies on the principles of the dis-
persion analysis and inverse theory described by Park et al.
(1998) and Xia et al. (1999). First, dispersion energy was
generated using wavefield transformation of a shot gather
from time-space (t-x) domain to phase velocity-frequency
(f-v) domain. In this method, the Fourier transformation was
applied to the time axis of the shot gather and slant stacking
with different values of slowness was applied to obtain the
phase velocity for a particular frequency and the maximum
stacked amplitude is a result of the determined slowness.
Then a dispersion curve was picked at the peaks of dispersion
energy over different frequency values and quality control
was done by considering the fundamental mode surface
waves of the signal and their signal to noise ratio. After that,
an iterative weighted least-squares inverse of dispersion
curve was performed by setting up a suitable initial model
and adjusting the model parameter values (the Vs) with the
objective of minimizing the error between the calculated and
picked dispersion curve. For inversion algorithm, we used
gradient iterative solutions to the weighted equation by the
Levenberg—Marquardt (L-M) and the singular-value decom-
position (SVD) techniques (Xia et al., 1999). Xia et al. (1999)
mentioned that surface wave data are not sensitive to Vp and
density, thus a five-layer model with fixed Poission’s ratio
and density of 0.40 and 2.0 g/cm’, respectively were chosen
for the inversion. After 10 iterations, a final 1D velocity
profile locating at the middle of the geophone spread was
obtained.

Apart from MASW analysis, the first arrival times
of the same shot gathers can be used to establish P-wave
velocity (Vp) model since forward and reverse shots of
MASW records were performed as the same manner as the
SH-refraction geometry. Note that the Vp model was gener-
ated based on tomographic inversion using the initial model
derived from the traveltime curves.
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3.3 Relationship between Vs and SPT-N values

Over the few decades, SPT-N value estimation for
different soil types has been derived from Vs by means of
an empirical relation (Ohta et al., 1978; Imai and Tonouchi,
1982; Kokusho and Yoshida, 1997; Hasangebi and Ulusay,
2007; Dikmen, 2009; Brandenberg ef al., 2010; Maheswari
et al., 2010; Akin et al., 2011; Suto, 2011; Tsiambaos and
Sabatanakis, 2011; Marto et al., 2013). These relationships
are generally expressed in the power—law forms of:

V, =aN* @
In the log scale it can be written as
InV,=lna+kln N 3)

where @ and k are constants that can be practically deter-
mined by performing linear regression to the cross plots of
SPT-N values and Vs in the log-log space. The variations of
relationships depend on the samples and influence of litho-
logy, soil type, age, and depth (Tsiambaos and Sabatanakis,
2011). However, this study concentrates on the correlations
which are only applicable for all soil types and regions.
Therefore, the empirical formula developed by integrating 27
published correlations around the world including from
Japan, U.S.A., Greece, Taiwan, Turkey, India, Iran, South
Korea, and others, were used for comparison with our results
and was given for all soil types as (Marto et al., 2013):

V. =93.67N"¥ @)

Note that Equation 4 utilizes the statistical analysis
of existing Vs-N value correlations deriving from various
techniques, including invasive and non-invasive methods as
well as laboratory test. Even though the empirical correlations
at local scale for various regions tend to be site dependent,
we believe that the established universal correlation can be
used as a guideline for any region where the existing correla-
tions are not available.

4. Results and Discussions

4.1 Comparison of the Vs from SH-wave refraction and
MASW methods

By comparing raw shot gathers (Figure 3a and 4a), the
signal to noise ratio of MASW data is relatively higher than
that of SH-refraction data. The dominated high amplitude,
low frequency surface wave in the MASW data make disper-
sion curve able to pick easily, whereas the first arrivals at the
far offsets in SH-refraction data are not clear to pick. This
implies that the source energy is slightly lower or attenua-
tion of shear wave energy is higher at a long distance. First
break pick accuracy has effects on the final results, especially
when low frequency data are encountered. We estimated
picking uncertainties using dominant frequency of the raw
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Figure 3. SH-wave velocity model from tomographic analysis. (a) Raw shot gather with first arrivals picked and power spectrum of the
signal. (b) Comparison of calculated and observed data. (c) Final tomography model with ray coverage.

data and evaluating the reciprocity of traveltimes (Figure 3b).
In Figure 3a, power spectrum of the signal shows dominant
frequency in a range of 20-100 Hz, suggesting a picking
error on the order of 3—10 ms according to the one quarter
dominant period criterion. The effects of source energy
limitation are noticeable at far offset shots, when traveltimes
could not be picked accurately. Thus, depth of investigation
(ray coverage) was limited at some test sites (Figure 3c¢). For
MASW data, however, the penetration depth may be also

limited due to the lack of low frequency component of
surface wave (no dispersion energy below 5 Hz). Although
frequency bandwidth of surface wave are observed in the
range of 5-25 Hz in dispersion curve (Figure 4b), examining
the power spectrum in the MASW data showed that energy
below 5 Hz is greatly attenuated by 30 dB (Figure 4a). This
indicates that the natural frequency of the geophones (14
Hz) and the active MASW source have some effect on the
data. In fact, if 14 Hz geophones are critically damped, Uyanik



338

S. Yordkayhun et al. / Songklanakarin J. Sci. Technol. 36 (3), 333-344,2014

a)
RECORD # 26 (Source Station = 24)
Offiet(m) 12 2 32 42 52 62
Trace# 4 8 12 16 20 24
o SO td e
] ‘): » 8 Power Spectrum
- < - 0
- N 10
~ g ] 2 g-zu_
£, 3 e |
2 3 H 50
- Y - ‘“n1 n.-1|0 T T T T
Frequency (Hz)
b)
| — -
i ‘ s : ° 20 % 60 80 10
R%Ecgod = 26 Mnﬂ-slvalmn =26; Spread size TZS(m), Source Offset -‘NIA Amplitude (%)
e |
g
é ,,,,,,,,
- 50
Frequency (Hz)
C
) 10-LAYER VELOCITY MODEL(Record = 26)
(Mid-Station = 37.5)
Depth
0 25 5 75 10 125 15 175 20 225 25
T S S Tt (STl SR SR
5004
oy : : : : : : : : ! :
T s o T AR R & S B ARSI B
< H : i | ‘ | H |
>
3004
2004, i :
23 20 18 15 13 10 8
Frequency (Hz)
— Final * Measured FM

Figure 4. MASW data processing steps. a) Raw shot gather with power spectrum of the signal, b) dispersion characteristics and picking

and c) final Vs model.

et al. (2013) pointed out that the signal to noise ratio of data
would be valid down to 7 Hz since the relative velocity
response of the geophones at 7 Hz would be attenuated by
12 dB. Some apparent errors may be also the results of dis-

persion curve picking because low frequency random noise
can smear the dispersion energy. In Figure 4, assuming 10 Hz
is minimum frequency that was picked with high confidence
(signal to noise ratio of higher than 0.6) and corresponding
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phase velocity of Rayleigh wave is 400 m/s, maximum depth
of investigation (one-half of the longest wavelength) would
be about 20 m. Consequently, combining a passive MASW
source with lower natural frequency geophones might be
recommended to improve the accuracy at greater depth.
Passive surface wave techniques measure low frequency noise
field that can originate from many directions, such as ocean
wave, traffic, factory activities and wind. Therefore, geophone
arrangement in a two-dimensional array (e.g., triangle, circle,
semi-circle and “L-shape” arrays) provides a reliable estima-
tion of surface wave phase velocity with a relatively small
number of geophones. However, for active source, investiga-
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tion using linear array and a large energy source is somewhat
difficult, particularly in urban environment.

Inverted Vs profiles for the three test sites (Site 1 to
3) along with Vp, SPT-N values and lithology are illustrated
in Figure 5. It is noted that the maximum depths of investiga-
tion varied from site to site and only the portion of data that
respective borehole depth is displayed for comparison. The
general trend of linearly increasing velocity with depth of
both Vs data sets are approximately the same beyond the
borehole depth. Structurally, the Vs profiles are in the good
agreement with SPT-N values for all test sites. Low N value
and Vs correspond to loose materials which are found at
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near surface. Note that the SH-refraction based-Vs (range of
about 300-700 m/s) are characterized by relatively higher
values (by 28% on average) than MASW based-Vs (range
of about 200-500 m/s). These results are consistent with
observation by the other studies (e.g., Turesson, 2007).
Regarding to this systematic difference, we consider that the
Vs from SH-refraction is slightly overestimated due to its
assumption and inversion error as mentioned by Schwenk
et al. (2012). For the assumption error, the layer may be mis-
interpreted as incorporating a hidden layer, resulting in the
layer thickness or velocity may increase. This evidence can
be seen in Site 1 and 2 (Figure 5b) where a case for Vs inver-
sion is observed, corresponding to a low-velocity sand
beneath a high-velocity clay layer. Also, a low-velocity near-
surface layer can cause its depth and velocity to be over-
estimated as mentioned by Yordkayhun et al. (2009). Static
corrections for tomographic inversion algorithm may improve
accuracy and resolution of the results. For theinversion
error, resolution is often degraded and has artifacts resulting
from ray coverage and smoothing imposed to stabilize the
inversion. However, Turesson (2007) mentioned that in case
of a sharp high-contrast boundary traditional refraction
methods are suitable. In this study, abruptly changing soil
stiffness may exist as seen by the high N values at the deepest
layer. If this is the case, Vs determined by MASW may
degrade due to the assumption of constant Poisson’s ratio
used in the inversion.

It is interesting to note that a part of SH-wave energy
is possibly converted into P-wave energy propagating along
the interface in case the dipping layers are present (Xia et al.,
2002). This can be verified by the Vp and SH-refraction based-
Vs that are very close to each other as observed in Site 1
(Figure 5a). Besides tracking the Vp/Vs values, the Poisson’s
ratio (s) can be determined simply by:

)

__»r s
YT

P s
At Site 2 (Figure 5b), the abrupt change in Vp of
slightly higher than 1,500 m/s and the calculated Poisson’s
ratio of higher than 0.4 indicates water saturated layer below

3 m depth. Generally, Vs are less affected by water table or by
pore fluids than Vp since fluids have no resistance to shear

©)
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(Sheriff and Geldart, 1995). Here, the depth to water table
estimated from Vp may differ from the borehole information
since they were observed at different times. However, the
high Vp/Vs values that characterized depths below 4 m in
Site 3 (Figure 5c) would be subjected to layers with high
clayey—silt content as mentioned by Sinnanini and Torrese
(2004).

To obtain a more quantitative comparison, the Vs(30)
is considered because it is representative indicator in the
site classification and building codes. The Vs(30) and
NEHRP site classification obtained from the MASW and SH-
refraction analyses conducted in the test sites are listed in
Table 2. According to the Vs(30), all test sites are defined as
dense soil and soft rock (site class C) based on SH-refraction
data, while two test sites are found to be stiff soils (site class
D) based on MASW data. Discrepancies between the two
methods indicate the systematic difference of the derived Vs.
To assess the reliability of Vs(30), we compare the derived
Vs(30) values with the global Vs(30) map provided by the
USGS (2013). Although the global Vs(30) map was developed
based on correlation between topography and surficial
geology which its spatial resolution of about 1 km, it can be
used as a guideline value for site assessment in the area. It is
clearly seen that the picked global Vs(30) at the test sites
(Table 2) tent to have better agreement with Vs(30) from
MASW data. However, it is possible that variations in sub-
surface lithology partially contributed to the overestimation
of Vs(30). Since the hard rock is found to be less than 30 m
depth at the test sites, Vs of the lowermost layer was
assumed for the rest of the depth.

4.2 Empirical relationship between Vs and SPT-N values at
the test sites

At the beginning of the Vs-N correlation develop-
ment from geophysical data, three main groups according to
the two methods and the average model were considered.
Vs results derived from SH-refraction, MASW and average
model are plotted against SPT-N values in the normal and
log-log scale in order to develop an empirical relationship
(Figure 6). The distributions of Vs with SPT-N value suggest
the non-linear relationship between the two parameters. The
following power—law expressions were proposed:

Table2. Comparison of Vs(30) and NEHRP site classification based on Vs derived from geophysical methods

and USGS database at the test sites.

Test site: location Vs(30) (m/s) NEHRP site class
(UTM, WGS 84, Zone47)  SH-refraction MASW  USGS SH-refraction MASW  USGS
Site 1: (665313, 774719) 411 310 310 C D D
Site 2: (665416, 775159) 466 337 289 C D D
Site 3: (665051, 776255) 596 472 302 C C D
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Figure 6. Relationship between Vs and SPT-N values displaying in
normal (a) and log-log scale (b).

V. =270.10N""", for SH-refraction ~ (R*=0.46) (6)

®R=038) (7)
V. =23838N""" foraveragemodel (R*=044) (8)

In these relationships, the curvature of the relation-
ship controlling by the exponent values (b) appear to be
consistent, while the constant that controls the amplitude (a)
are different. This implies that the correlations are mostly
affected from the derived Vs values.

As seen in Figure 6, the smallest deviation of Vs for
MASW data from the proposed relationship of Marto et al.
(2013) suggests that the Vs values from MASW are more
reliable. It should be noticed that the relationship from the
average model has a slightly higher correlation coefficient
compared to the ones from MASW. This reveals the
influence of statistical analysis in the relation development.

To account for the reliability of Vs from MASW,
number of data samples and systematic differences between
the two methods, an adapted relationship was considered.
Accordingly, a cross plot between the Vs values from the
two methods is used to identify their correlation (Figure 7a).
A simple linear correlation between the two data sets is
proposed as:

V. =20621N"" for MASW

(MASW based-Vs) = 0.75 (SH-refraction based-Vs),
(R™=0.89) Q)

By adjusting the Vs from SH-refraction to the Vs from
MASW using Equation 9, the Vs-N distribution is presented
in Figure 7b. Consequently, the proposed empirical relation-
ship for the test sites can be written as:

V,=20439N"" (10)
and its reciprocal is
e 5.88
N = 2
(204.39) (0

Joint analysis of the Vs from both methods provide
remarkable better data fit (R’=0.42) than the equations based
on MASW data alone (R’=0.38) (Figure 6b). Although data
errors may be introduced by this statistical analysis, we
observed that the exponent constant value in the adapted
relationship is stable. Moreover, the constant that control
it’s amplitude slightly converge to the proposed equation of
Marto et al. (2013).

4.3 Verification of the developed empirical relationship

The Vs profile from MASW data of Site 4 is selected
to verify the reliability of the developed empirical formula.
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Figure 8 shows comparison of the measured and the
predicted SPT-N values based on Equations 6-10 (present
study) and Equation 4 (Marto ef al., 2013). The general trends
of the predicted SPT-N values appear to be similar and con-
sistent with lithology information. It is seen that the predicted
N values based on the developed formula are almost equal to
the measured N values beyond 11 m depth (the first layer),
whereas the predicted N values according to Marto et al.
(2013) fit the observed data quite well below 11 m depth (the
second layer). This suggests that the effect of soil types and
depth may be significant.

In an attempt to consider the depth effect, multiple
regression analysis was performed on the adjusted MASW
data. Assuming the Vs is influenced by SPT-N value and
depth (z), the power-law form can be proposed as:

V. =209.96N"'" 2% (R=0.45) (12)

The comparing results of the newly adapted formula
including depth effects (purple line in Figure 8) confirmed that
depth has small effect on the N value prediction in this area
since the predicted N values became diverge from the
measured N values. Thus, it can be concluded that the depth-
independent formula (Equation 10 and red line in Figure 8)
appear to be reasonable agreement, especially for low N
values. This means that soil types and variations play a major
role in the Vs-N value correlation as observed elsewhere (e.g.,
Anbazhagan et al., 2013). Adding more data from different
sedimentary units is advisable to improve the accuracy of
the developed formula. However, it is insufficient to judge
that the present study does not have the potential for appli-
cation due to the fact that the existing N values have been
determined more than 10 years ago at this site. Mismatch of
N values at the deeper subsurface might be due to partly
land usage and filling.

5. Conclusions
Vs profiles at the test sites have been determined to

provide data for site response analyses as part of the NEHRP
site classification study in Hat Yai City. SH-wave refraction
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and MASW methods were tested where the SPT-N values
from in—situ measurements were available. This test provides
the opportunity to assess the methods efficiency and to
develop the empirical relationship between Vs and SPT-N
values in the area. The major conclusions are discussed
below:

1) Field implementations of the two methods are
comparable, except the source energy has some precautions
when deeper investigation is needed.

2) Although there are good agreement between the
Vs, SPT-N values and lithology at the test sites, it appears to
be systematic differences between the two methods as the
SH-refraction based-Vs are characterized by higher values
than the MASW based-Vs. Discrepancies of Vs from the two
methods could be contributed to several reasons, including
assumptions used, site-specific differences, data quality, and
inversion processes.

3) Pitfallsin Vsdetermination from SH-refraction data
are hidden layers and statics problems, mode conversion of
waves, accuracy of picking first arrivals, setting up a reason-
able initial model and stability of inversion. Whereas the
pitfalls in Vs determination from MASW data are interference
ofrandom noise, lacking of the low frequencies surface wave,
accuracy of picking dispersion curve, setting up a reason-
able initial model, and stability of inversion.

4) Based on comparison of Vs(30) with the global
Vs(30) map, lithology information and comparison with the
Vp, reliable of Vs at the upper 20 m depth using MASW are
promising. However, in case a strong Vs contrast exist at
shallow depth, the Vs for the basement from the SH-refrac-
tion appear to be better than that of the MASW.

5) Combining the two methods of Vs determination,
the empirical correlation between Vs and SPT-N has been
expressed as a power equation. This formula can be used to
estimate SPT-N values in the area and vicinity where in—situ
tests could not be carried out in some restricted areas.
Furthermore, geophysical based-Vs is considered to be a non-
invasive, cheaper, and faster method compared to borehole
investigations.
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0 5 10 15 20 25

® Measured-N
———Marto et al.
(2013)
== SH-refraction
e MASW
Average
= MASW- SH

refraction
Depth effect

Figure 8. Comparison of the measured SPT-N values and the predicted SPT-N values at Site 4 based on SH-refraction, MASW, average
model, joint model (red line), depth effect model (purple line) and Marto et al. (2013).
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6) The empirical formula presented here still has
significant uncertainties and has been applied as the re-
presentative of all soil types within the specific geological
unit. To gain a higher confident among geophysicists and
geotechnical engineers, the inclusion of more samples,
related information from soil types and more reliable of Vs at
the greater depth would be recommended for future improve-
ment.
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