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The effect of rates of loading and the effecf of testing procedures on the
mechanical behavior of soft Bangkok clay were investigated using the cyclic triaxial
apparatus. Tests were performed on undisturbed samples collected at a depth of about
6.0 - 9.0 m. from a site in Chulalongkorn University. The tested samples were saturated
and then consolidated to the prescribed effective confining pressures about 50 kPa and
100 kPa. Shearing under the undrained condition was performed in a stress-controlled
manner. Samples were sheared at rates of loading 0.10 and 1.0 Hz. The cyclic loading
test was divided into two types: Firstly, A continuous cyclic loading, CC, which the
sample was loaded to failure in one step. Secondly, A staged cyclic loading, SC, The
number of cycles for each stage of cyclic loading was 15. The excess pore pressure
building-up during each step was allowed to dissipate before further application of the
larger amplitude cyclic load.

The effect of rates of loading on the shear modulus and damping ratio were
investigated. An increase of rates of loading from 0.1 to 1.0 Hz had no influence on the

shear modulus characteristic. However, the damping ratio slightly decreased.

Cyclic loading test results from two testing procedures (the continuous cyclic
loading test, CC, and the staged cyclic loading test, SC) were found to give fairly similar

strain dependence characteristics of shear modulus and damping ratio.
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w = UTNNUANTLTHE (Initial water content)
LL = Tpuuaa (Liquid limit)

PL = AANan&mn (Plastic limit)

¥
aa

Pl = fainaafndm (Plasticity index)

G, = AMNONANE (Specific gravity)

= smaerinuiingaat (Total unit weight)

S, = insusadeuuLL lisznein (Undrained shear strength)
o, = Muaﬂﬂixawﬁmazﬁmmﬁmﬂam (Maximum past pressure)
O, = wiaesailszAnaua (Effective confining stress)

E = Tugaazesel (Young ‘s modulus)

G = Tupdai@au (Shear modulus)

G, = WAAAIREUAIAA (Maximum shear modulus)

h = §RIdauuANa (Damping ratio)

Au = anudisnlutesdng (Excess pore water pressure)

&, = Single amplitude axial strain

€, = Double amplitude axial strain

Ysa = Single amplitude shear strain

Yos = Double amplitude shear strain

WL = Poison’s ratio

g = Deviator stress, (0,-O.,)
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1.2 IngiszasAnaInIsIas

1, WRANHNANTENLIBIEAFNFITRILTNTZALLLSA (Compression loading) Ni
ﬁi@wqﬁﬂﬁumqmmmmé"mmﬁumﬁmé@uﬂgqm‘W% W A9 (Strength) TuRARIDE

(Young ‘s modulus) wazANAUIN1Uga9919 (Excess pore water pressure)

2. OANHNANIENLIBISAINTIDIUINILHULLIAY (Extension unloading) T
m’@wqﬁm@umm@mama‘fmmaumﬁm@'@uﬂgamw W A9 (Strength) TuRARIDE
(Young ‘s modulus) LATANLAUTN T e9dns (Excess pore water pressure)

3. Lﬁ@ﬁﬂmmmzwmmﬁmmﬁwmmefzﬁﬁl,muﬁgﬁm (Cyclic loading) ilsia
WOANTINNNNAAIANTUDIRUMTEIEDUNTUNNG 11 INQARLLLIREY (Shear modulus)

RINAIULANNT (Damping ratio) kaz AINALINTUTBIINY (Excess pore water pressure)

4. WNANHINANTINLYRIUULILIBUITINTEN NHFARNGANTTNNINAANERTIRY
Aumtlenaaungamny 1y Twaaaue9ds (Young ‘s modulus) waz ANALLNIUTE99

(Excess pore water pressure)

5. tuaflFannimeaaureausnIzinuudang Ae A1luAAALLILIREW (Shear
modulus) BAZANERTIAULANAY (Damping ratio) T lunNsAuIuNTIARRUFINI9ANY
dreaashumiiangaungamn Nezduiafuiiasannuiuaulig Tnaldllsunsu SHAKE 91

(Idriss and Sun 1992)
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muﬁﬁaﬁ%ﬁﬂmmmmmmﬁmmL'%*Qm@qmezﬁmmgﬂl,mmmmezﬁﬁ
L1 WILULIEA (Compression loading) WINWLILAY (Extension unloading) WAZUTILLLIAY)
4n? (Cyclic loading) ﬁlﬁ[ﬁifawqﬁmimwﬂ@ﬂ’mmﬁmﬁumﬁmé@uﬂgqwww IPENNNNg
‘V]M@ﬂuﬁmﬂﬁiﬁmﬁwLm?lmﬁ@ Cyclic Triaxial Apparatus Tnefnnamagauaziflunng

v o 4
AeldReulun AN NuILLILAIN  (Stress

~

nedauwUU NI uNetin  (Undrained  test

[ % [

dl o dl o = a =
controlled) B91]ARUNAENINTAN IR WA

Zhe

1. ANHNANTINLIIEMINFITRILTNTZALLLEA (Compression loading) A

AN ANITNNNAAN AR TUBIAUNTEIEDUN UM

2. ANHINANIENLUBITATTIUBILINNINWLLAY (Extension unloading) NilFe

WO ANITNNNNAANAATURIA UM TEIEDUNTIUNN

3. ANMINANITNULRIERTIUINIENULLFNANT (Cyclic loading) RGENLE

NITUNWNAANAATIBIAWUTIIBAUN TN

4. ANHINANITNLYRIUULILTIBUITINTZ NRFEWYANITNNNNAANARTIaIAU

TR B BUN NN



1.4 Us=lagunmaininazlasu
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Uselaminaindnarlgsuainauddansail

1. i imaungAnssureshumiangeuialusuuudnans(Cyclic loading) #1
) o [~ dl 1 1 o dl = 1 [ % A [ %
nazn s liminiy Seazinansznusie TpdauUU@eUW (Shear modulus) @690

A2UUANNY (Damping ratio) azANNAULINULa9919 (Excess pore water pressure)

2. ilimaungAnssureshumilatgeniladusuuudn (Compression loading)
1ngein Tudmnadanlaiviniu Tsazinansznisia 143 (Strength) Tupdaaasela (Young ‘s

v
modulus) kazANAULNlUEa9I14 (Excess pore water pressure)

o qw a a = ' A = . .
3. vinlinsungAnssnresmumtiaageilalusuULAd (Extension unloading) H0
naznudnsdanliminiy Teaclinansgnusie NMas (Strength) Tupdaaa9el (Young ‘s

modulus) kazAuAWTN lTewIng (Excess pore water pressure)

4. dayanuninlldluntsesnuuy pasirenianimeasu W indipasiungAnssu

1o9Au Uy o e lildnsANlaenditge uasin Wil ssudnenldanalunisnes¥

5. 519N NANNANANUST21I19A Shear modulus AU Shear strain Waz Damping
ratio iUl Shear strain 293fuAMmHgsgaungunn « neduleyanugiudmiunisimeed
WIN9LARIUN AU TastuRWtERaauNFamN + IHaNARULHWAWIMINITNHWTY

Aumilaneau TneldlUsunsu SHAKE 91 (Idriss and Sun,1992) lunnsawasnzef
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2.1 HaNISANEN I UaRA

TueRnlAiNAneAdeneIiLNANIENL2898RITIT8eUsNITTN  TeRNAsiENG

|
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NITUNNNAANRATIBIAY 1T A THAAA (Modulus) WA¥NIAY (Strength) UATWUAN LHAERT
Sarasusanssiniiaiy Azl g fauazindarespuinty Tnevnmsmadeuusn
w39 MIIALNL (Uniaxial load) I e L E (Remoulded clay) AR5
A19NY (Casagrande and Shannon, 1948; Casagrande and Wilson, 1951) yananiield
fnnsdnefsafuludesianunnune %qlé’%’@mﬁ;ﬂﬁmmfﬂf’ﬁwﬁu (Whitman, 1957: Ellis
and Hartman, 1967; Ohsaki et al, 1957; Richardson and Whitman, 1963 and Shimming
et al, 1966) kAT Shibuya et al. (1995) WL1EMITIVBIUINITNIULLAZANT (Cyclic load)

Tdinasar TugdauuuReulnauanimmaasuazlfiainiAzesnaasy Cyclic torsional shear
2.2 ANANURANNWAAAASUDIAY

AANLTAN NNAANAR FIB9AUNITALRNRAUTNATTALAMNAN LSz 60 1. HAN

o o 1

a1Atyagemnn TWNMIANAAZIUNITIARRUAININANUENT89AY THaINNANNATIALKWAL

@

! i 14
Tun NNIANAAZILNNTLAABUAIN AT IR UMWY azliuagAUAMIANTTRTN
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W@ﬂ’mm{mmaw,l,@:%%mﬁLmﬂ:ﬁmimﬁuﬁqmmﬁuﬁqﬂmm f‘idﬁﬂ’mﬁ’]mmﬁdwﬁmm:
IEuaiemad i lunsmnmeinnsaaeufanduinesiuitdnaiioan  léun
ABnnuARNNAAALLLLRAY (Shear modulus) AR EIULANTY (Damping ratio) 1
W1 Linear equivalent %Qﬁﬁmmimﬂsléﬁﬂmmu SHAKE (ldriss and Sun,1992; (Schnabel

et al. 1972) T93nn19R e Muwsuanasialan deazlinan1siaszf inalALaiUgaNINa3ININ



2.3 WULAABITDIAUANL RN NWAAIFASURIAY
2.3.1 WUUANaedialAeanaRnEaLd1 (The Linear Viscoelastic Model)

WOANITNLDIAUTIMARDLARELATENHE  Cyclic triaxial #1N1TDUNUALELLL
AnaealnganaAnidadi (Linear viscoelastic model) HiB4AINITALTBIAIMATEAULIL
A . 1 1 -4 -3 dJ a6 v v o & ' 1%
12U (Shear strain) azag/lutad 10°- 10° Faarunsnanns WiANdNiuisendanNf
o = . 1 a 1 % 1 o dl I
fuAMHPIEA (stress-strain) agflugldaduld  windsanuinszanseanuiazetlugiae
8n91dULANTY (Damping ratio) AzifuAnIANTRYIAUNILALANNIPTEALLILIAEY D,

AU LAZANTIAIARIAIULANRIAT I AN IATYNINAIMFLNNTAUIIMINITAABUAINIY

q

Y v

suderesinlussndnanifiauiumnlg Auluuusiaesildununginssuaeshuniuasiung

FANITANUIDIINER I AIULANTIAE
2.3.2 AMNANTUSAINAUTLAYINLATUATIUIILLLAT)ANS

a8 1 AN AR US TZUINNANMNLAUTUAINNLATEAUBI LR AR A IAB A4

[ %

a a .if = dl v v A o 1 a o Y a =
An @a1N1IneBunefl Ae WeliAnuAuReu (T) neeinsanianuasin IdiinANLATYA
Reu () luglwesnisulasugil (Deformation) @eldarnnisnaaaulag Triaxial simple

shear %38 Torsional shear Taziaznnuuali T uaz ¥ agflugilaaslaridulad (Sinusoidal)

=
AR

7=7,SNwt 2.1

a

Toadl T, ARAILBNWAYA (Amplitude), t AD 1WAT LAY M A ANDENYNYTEAINDT

a
'

o 1 o 1 a = 1 v a = g n d 1 = o ]
NISNIABAIRLWNAN sm%ﬂﬂslmmmmmmwmlugmmﬂsﬁu (Sinusoidal) LHULAIANL LAY

NL’)@’]“II@QT']’]?LT’]@L‘LI’]VLII INLNURIAE TIRINTDLAL U UANNTAIU
y =y, sin(wt-5) 2.2

Tnefl v, Aie wanWaqn (Amplitude) 199AYNIATEA (Strain) uaz O AB HARNILBINMINA

(Angle of phase difference) Tsazuandlugilang time lag 199ANNLATEANIADUALBIHDNNT
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ATENNUBIANNAUANNANNNT 2.1 uay 2.2 aliidnlaaunisvisgasdinadulneldanun
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\Tedaw (complex variable) gty IneAIIa9ANNIALLAYANNNLATEARNNIT

¥
2.1 uaz 2.2 axnsadsulug unn s lfaai

T =T, COSwt

Ye = 7. Ccoslot —5) 2.3

Tnefl T, uaz ¥, HNANUIAULATANNIATHA @XNTT 2.1 UAT 2.2 HANANRUE uane
Lﬂum@uﬁgmm (Conjugate) nanqAa i viscoelastic body HAURIAINNLATEA (Y) azmau

AURRANNNANAMNAL (T) N1nTenn luanzipaaiuddiy viscoelastic body tRgIaii

¥ P = P20 ¥ 1 = o o %'/ 1 P2
dnlAaaspnaazan (V,) azldrnaasanuidu (T,) Muheaiu asiuatanaiqlidn fn

UBIANNLAY (Stress) U84 viscoelastic body aunsanlisulatTugiuuuanuiwddau

[ %

(Complex Variable) 6@l 7 = T, +iT uazluinuesfeaiudA11eiaNATaARZNTL
7= Yot iy Toalsf i \iuswanduanaw (Unit imaginary number) uazAaed 7 uaz y 1flu

ANTRIANNLALLATANLATE A TUgLIaeR e T e

dnmuagluuuees zuar y Anaxnig 2.1,2.2 uaz 2.3 asnsnduusanli

Wuaunisludlesail

F=r,6
y=y.€ 2.4

anannisn 2.4 dafugtunuvinliaespnuduiazanuasaaiuanioglugll
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o Te Ta .
Tneslsf U=—coss , u'=—s&ns 2.6
7a 7a
Aeulvadiflu u =u+iu’
A = ; . ' *
wiaanaazlawiy —= w4+ iy = u 2.7
e
ANALe 1 u= 8a1aAning4aa (Elastic modulus)

Adananningdailunimmeiiuansitiuaouifluganasin (Elastic) Tunnzineniuen

!
o A

a o nll & Y . dl | e
TupAangoidaazununasnunnszanaaanlll (Dissipation Energy) Taiflunmuaniifues

u

viscoelastic body anauns 2.6 arunsadauiuannisvaliaei

Ta
Ja

tans =% =p 2.8
Y7,

1+ u? =]

|
a 1 a

Toed fn M Wluwnafimes Fandn dndsz@nanisgayide (Loss coefficient) Teazuanali

o

NINLINANUGTYREVT LT NI nuaAN Bz I9IuANNS  (Damping) ANANYIOT

v
o

aziflurnlugdareadaniiu

q

(Absolute) 103ATHpAAITITRY (Complex Modulus) | p*

ANTINImefIaeian e L war LU luAIAs Atres WL awnsotin e

uisrduaasaudi@iays (Angular Frequency) AStiuAn Moduli A L waz LU Ainansly

N o

aun1g 2.6 Wugtluuuanniandrdty Reetaaztili@eueslugtluuuauld vy uieidy

!
o a o

Tugtaesaoad Andugtuuuresileidunninunan Moduli 2eanginssuaesianmiuialn
8anan (Viscoelastic) @1119083L1e ldTARWNINTN N9RMUAAT Moduli Heguaneds
a1aaztiianelugluuureanismaasdlaanse  (Direct Experiment) LUNUFIUIBIULL

ANABIURNALTN (Spring) Lazuatwan (Dashpot) Tngaznanaisluiadasalil



2.3.3 Hysteretic Stress-Strain Curve

Wqﬁﬂ@@mmmmﬁuﬁuﬁa‘wdwmmLrﬁw’uﬁummm‘?‘ﬂm (Stress-Strain) U84

aquniluialadanasn (Viscoelastic body) INA1INILAEN TIAINANNNT 2.1 WA 2.2 A

LAAS LA NA NN UE I UI19 AN NIAUAUAMNLATYA FUATNITIRIARSIAY Ot 721919

aavannng Tnaanunsndauliag lugilaasaauduiug 15aam

2 2
(1] —ZCosé(l](i}{lJ —sin’6=0 2.9
z-a ya z-a ya

ANNNINNAIABNTSAT ( T/T, ) ANnsndwdeaiudennaes U uay W luannis 2.6 9

anunradissludlendly

T=uytu /;/§+7/2 2.10

ANNTIN 2,10 a18azlluaNNIIA NS UANNANRUSTEMINg  stress-strain B9R1AaZLTI AR

UNUTBIANNIT 2.1 BaY 2.2 TAsfgaNnng 2.10 adNsnssuanaanidluaasdan 1asatl

T=7,+7, 2.1
A2113N T, = Hy
. 2 2
GEMVIIGN ( & ] + (LJ = 1
HYa Va

=S

T, = Wy luaunis 2.11 azedunesongy 2.1 (a) daduannisdunss danudurindu p
douanannisazuanaliviuduadgugl 2.1 (a) wuwiu Ined T,=y, Wuununieens uas

Y=Y, Wuunun1edu doulugil 2.1 (b) aziilunissansasdaudsaeiu aeaglaiduadsunu

Readusunueesannig 2.11

Tunsaidnasutiugladaslitlndmdu cyclic shear strain deinliinANLAL
WULLRBY (Shear stress) Taazilsrnaufas 2 491 Aa douwsnaziilunisilasullasssisng

AuRsaiuANIATIALLLREY (Shear strain) NAUlUnAUNN Asuandlugy 2.1 (a) doun
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! v
v o

N @:Lﬂumﬁ‘mﬁ'wuﬂmmmqﬁﬁmumuLﬁumﬁm pananalugl 2.1(a) Aeiumnau
luagarn189ALAL (Stress) aztlsznanlldas 2 dau FeazugauilundiBsanaeuny
FuwAnn dunneanisimuuwnEieasaziilufaunuaes Hysteretic loops aauandlugyl 2.1
(b) Taeialiazda mneiulfangafunes stress-strain lun1smaaatiwuy Cyclic loading
ang 2.1(b) adaBEeFARNUANIALLILR WS iU LY, St
909 W Azl Eidudin i dinsziiaesnaunirodounnaend dames L wn az
LARIIN AU AINAIUGELAE (Energy loss) %130 AN (Damping) 11N d91dn
Frans W Tee adiazuauvltAndsugoydeviedwnivasiidenden Teasiiuly

AMNNIINABININAZALILLL Cyclic loading

UTHIUBBIALANAY  (Damping)  HIUAMANHUENLAAIDNANUINNANNUNGTY

¥
[ A

@esznananisiusalunilesay (Energy Loss Per Cycle) Tgagilanwintiy Aundenseylng
Hysteresis loop Auandlugil 2.1(b) Inenwunaas Aw Ndansassaendgidenazdainiy
WUTIN9AUI9LINI993 Aauanslugl 2.1(a) Wundestla aunsaAunlalaens tae

ldaun1371997293 Aa
AW = [y = u'y%a 2.12

IHANANINAGIGATBIWAIUBANARN (Elastic Energy) %38 W N@1unsaiiy
Tudaunifudala@anasin (Viscoelastic body) Haguaneaalunisniiuuan1siunaany u

ANWRANNANINTGA A ANALIUiLTAtdeuBanafin (Elastic component) 183A9

IAULLILIRAY (Shear stress) (T,) TeANANNANNUSIEY T, = LY, ANANNTT 2.11 WA

dl [~3 v al (| Y o z
Nunnuazandanradsuluaunis e sail

1 1
W=§r ya=§,u}/a2 2.13

v
o s o 1

AIUNI9TAANTBILANRAY (Damping) YFRNANUNGIYAL (Energy loss) 158 AW Aaudng
oy i o a = = . .
Mldenn  asarniiluiaridureuannaqeaedaNATEALLILERAY  (Strain  amplitude)

=
178
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a

dl 1 Y @ dl Y a o v K o 1 ij/ o
Y, Selianaazuansliiiuguanifnuiasmesiagld AsiAaeafunuisaesnniun
Hudmsndon Ae n1sgouBandsusanIsfiundsIugegaluniiesen anaunis 2.12

v
uay 2.13 ganunsnsnuneasiluannig lud e sail

] 2 1
AW _pmya 5 K 514
w 1 5 )7,
5#7 a

=

nuuali 1 = dudsz@nannsgeyide (Loss coefficient)

2

% W

ANHANNUS LA DINANUNGEYLAS (Energy loss) azat]Tunanaas Hysteresis loop 9

|
| =

ALAUANUSAULATNLANNS  (Damping) u?@mﬂugﬂmmmrﬁhwmgmw\lm (Phase Angle

g Yo

Difference) visapAdnilsz@nannsgayidel (Loss coefficient) 1441019 2.15 Waulual#asi

el 216

anaung 2.16 Getlsngiluglidedon TaaAAsazvingu Of aas hysteresis loop lugil

1 [EE— ¥ !
721 usrArgesdauinAuANetes  ah  Asiuaaiugluuuidianindmium

s

fuilsz@nBnnsgauide (Loss coefficient) a1n Cyclic stress-strain curve N116aNN1Maa09

shear stress at zero strain
n= 217

shear stress at the maximum strain

andetnesiuihianazaanign Tnald Rule of thumb TunisAtuanmndutlsz@nanisgey

<

\Rel (Loss coefficient) atinglafnnlunsdifidly Nonlinear hysteresis curve anaazly

| 1
=

A dIsuls usenaazldisaundwuandlugl 2.2 TaaazldAaninmonuaes AW uaz

W
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2.3.4 LULANABNWNUIZLLARaUT AT LATNEY (Model representation by the

spring-dashpot system)

lunsesunenganssugtuuuvesiala@anasn(Viscoelastic) Widnladny Tagld
alsaiuuatnen (Dashpot) dundaeilsznauniseiung  azinliviudeninuauazmn
antEnanenmeedalagaannluwsazdiueduuuaaesdi] 1w AuantFE1e8an
a v o -QI v v 1 dl
annazunusealiawazananTRrauaNiazunuseuaTnen sy Inanisdedes
AuB9AaNUINaaaNATuILILIWY (Parallel) W uULAUNTN (Series) AIUAAS UGN

1 al o % 1 dl
2.3 ludousasnsgoydendany aznauldainannuunnsnanislusesnisnlasugtlaes
Mechanism  UARIANATYABUATNANAINITDUNUANIZANUANTTRTBIN TG TR NANUT
Nendesiuiared@n  (Viscosity) 28afeqingy  wiAkaNA9azdnnsauniludluaes
ANNIEY  WTa  apesnsulanugll  (Deformation) Taeiaynanafe  Rate-dependent
damping #aulunatl Cyclic loading A1983 Rate-dependency azisngiiiulugiaueg
nsulasugl GeazauiuAINd (Frequency) Suilupmuaniiaes Frequency-dependent
= P = < o o - aa
asaunsnagllidn Rate dependent lugiuiiumiaenunilsduiunisfiansanananiis

189940

2.3.5 WULANAB4T9AAL1 (Kelvin Model)

'
=

uULAaestetAaduiniuLs aesiuguuar dunsnaneNnge Tneay

13rnauAqedUTuasuaTNen %q%rﬁiﬂﬁmmmmuﬁqmeslugﬂ 2.3(a) Azl 2.3(a) Az
winlganTuansnldanuwesan (Y) azvinliiiaaudu (T) Teoutieaniiuaasdu dou
a Adl dl a 1 o a dl 1 o o ij/ ]
wnaziianade AL T, uazaziiafuagnanyindy T, sedunisiiceaniduy 2
doutlazyinliaenndasiungialdnduldsinannis 211 Tnefid1resaauduazdaing
ALBNGINANYINAL GY uariunanen azilanwindy Gdy/dt laed G iluAiasizesaif
(Spring constant) kazAn G uAAIaIwATNEN (Dashpot constant) AIRANNIALI

[ %

1o = ¥ da’
NHAREINU T =T, +T, mmmmawﬂummﬂmmu

r:Gy+G'dl 2.18
dt
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AMNANNANAUTIENINANNAUALAINLATER  (Stress-strain)  AMNWLLANARUAIARTL

1
[ o

(kelvin) &1N17 2.18 @adlunsiiAmIa9ANNANAUsuuLRR U uaneld luannis 2.5

v
v o 1

QI dl A A a [ 1 o al 1
patiudaniaulanaddanainingaa (L) wazAnlugaageyds (L) oglumenzes G uway
G Awduaelizasdannis 24 ANE9IANNLALLATANNIATEAAZLAAS IO N YA

complex variables 1niNgadedlneMIALAIANAULAZANNIATEA LLANNNT 2.18 LAZHA

[ %

auiflulgimail

7,€° =(G+inG)y, 2.19

o

ANNTNANNNTN 2.6 azilisuanng vl lesail
u+iu'=G+ioG' 2.20

e fFauiaudauasa (Real Part) WazdauaunnIn (Imaginary Part) wenaanidudauay

[ %

= X
HATANU

2.21

PR nztanaz%

a

AnaNnng 221 wudn  lusshaanadnlugda (W) Hewiniulugddiaen  (Shear

=

modulus) w6 ludouaasariugdanisgouide (L) aziluieridudadunuaimnunidem A9

?;/ 1% o a £ a o . . N dﬁ( o
uuLLmTummauﬂﬁ?mmmifggmsz (T]) nele Cyclic loading AZWHNUULLILILALATAH

NFNNTUTIBIANDUEY Body

FINULLAIA2928d  Kelvin ddnlangwijreianeganann (Viscoelastic) 814

Y @ o a a = o o o A PR
”’VJI"HL‘]JHWQLqumﬂﬁwqmﬂ??Nmﬂ\?ﬂq?Lﬂ@ﬂ?‘W (Creep) m@ﬂqgﬂﬂumﬂﬁliﬂ IWHVI Load ANN &3

wanspNANTuENelFReunlareANAUAI (Stress-controlled) @nxnggldananng

[ %

2.18 iunnsaiaaziuwda e liRenlail Aa T =T, e a1 t = 0 lhauniaiusedl

7=%(1— e ') 222
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Tnedl t= G'/G (3und1 Retardation time &1 t winfu t Tuannis 2.22 azlé ¥ = 0.6327T, /G

FailiANUee Retardation time 14099929198 192WNTU 63.2 % 1BIANANLATEA (Strain)

o A Y & A
Ranum NnelFNenlueANNIALLLLLIReY (Shear stress) Naaat
2.3.6 wuUANaasadwungiaa (Maxwell Model)

wunsaesesusndnadluwiudnaasitsznesl draadsauazuasweniisedi
AuLUauNsH (Series) Avuandlugl 2.3(b) IuLLuuﬁﬁ@@qﬁﬂzﬂizﬂﬂﬁﬁﬂmmLé’u (T) faaz
TiArmesAuesen (Y) wieandu 2 doussaiy douusnazliain Deformation 284
Spring #AinAL Y, muﬁ'mmuW"mﬂ’mﬂﬁﬂugﬂmm Dashpot Winfiu ¥, tnelundazdan
83AAsEAazilA RS AN A AR T = GY, waz T=G'dY,/dt Favhuuuy

v o o o

ANABIVDIUNNTINA ALHANIDT ANNABALANNLATERA (Stress-strain) ANNUFRWAIL

W & Vi B3R

z,ldr_dy 203
G Gd dt

o

ANANNANAUTTN9Y ArpesaanainTugda (L) wariugdangoide (W) Az

UNUARE T WA Y AVUTRIANNNT 2.7 azunuiifne 7 WAY ¥ {MNANNT 2.8 azidzwduau

gl lesail

2.24

v
AINANNIT 2.6 AMFUAT L uay LU aziiAnsasia iy

1
G

H=7"""7 1 N\

o))
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1
Go
= 9w 2.25
" (3(e)
— |+
G Go
G
=tand =——
77 a)GI

-

aInannIg 2.25 azminlddnAruesdnilsrdansigde (1) azulsnduiuAimnuiidays
wuLRNAesTadnNntinaaztiufaunuaes Relaxation behavior 1@43ann1elin sl 19

= A o A a v A P .
AIMNLATEALUIAANIN INNANNTT 2.23 ﬂ’]ﬂiﬁle‘i@ﬂ“ﬂLﬁ‘s\lmu y = ’Ya nt=0 @']N']?ﬂlfllﬂu'ﬂ%

3
o

Tugilannuduléisam
r=y,Ge" 2.26

Tnaf t = GY/GFandn Relaxation time WaunuAn t = t aslugunis 2.26  azlé

T = 0.368GY, It retardation time ¥N1ED 1AINGBINTIHEMFU Relax Aaznaliiia
ANNNLALLLILAAY (Shear stress) BNAWWINAL 63.2 % e ldeulureannumTamaLLL

1281 (Shear strain) ﬁmﬁ@@gj

] dl 1 d” 1 o a Qrdl = . 1 o
dounazuanssialiil Anaaduilsz@Ansngodes (Loss coefficient) azminriiges
WiN289ANERINEIULANNY (Damping ratio) Lﬂumuﬁﬁmmzﬁqﬁo&lﬁqmmmﬁLmﬁzﬁm?

FALAUBNTEY Seismic AwUAINUAWlAd LN AN dNscANENgTyREAND NI

o %

AMNRENNIBILLANA998d Kelvin uay Maxwell d4nmlaann Frequency dependency

\
< =

LAz ANANLIEAVENGTYIAY (1)) AINANNNT 2.21 Uaz 2.25 GInaaniLAY Non-dimensional

Q@

parameter Ot Tugl 2.4 uwasslivinededniauaesrduilszdnangods  (Loss

coefficient)  TUHULRNABIUBUAAIVAZNANANTYL  THISLAEI T UIBILNNT AN A AAAS

1 v 1
ANNNNTINTWTIRIANND (Frequency) 284 cyclic loading

TudauslannazuanddanismAwanieluieslfimne - saiuauantfoen
TumedfiFAwasiasilugaszivAand Tnaniswuuuuiadnilienisnssiizedus
v
wHuAulug (Seismic loading)ledaetni A9TIUN9L L NARLILAABITRIALIILATLATIE Y

auflutlymlunaljofasazdndmanizlunsiifiiae GaA1ANN28ee Loading Azuls
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waswlugowau  TnefiAgesuaniie  (Damping)  azinisuaauudasiaaniniiazly

o [ -

AuNUSTUANI89A9NND

2.3.7 WULANA89189LARI WA lEANUTa (Non-viscous type kelvin model)

a o = ' ] a £a =
deny AR A1 frequency dependent nature UB9ANANLTEANENGTYLAE LU
889U LUATNEN (Spring — dashpot) 1UNANANNULATBILATNEN (Viscous

dashpot)  HANANAUEILANNAULAZERINNAITIANNIATR  ASUUNINNSA4ALIN

1
=]

niaai A ualulnsanzetnaderinaesunanan (Dashpot) d9iilis Rate independent
al a dl 1 o 1
anngefresmedinlauniing nsnlasuulases Entropy WUl WAMIUGNUNINIEATY
ALNNANNAND AINITNANNAWANIRY Time rate mﬂ\‘imﬂﬂaﬂmmmuuﬁuﬁmmﬁlﬁﬂm’
(Physics) wsifisdl Rate independent 1aaag] asduwIANAnNlAEN19993191  Rate-
independent wa3uATWaN (Dashpot) Wi lfaunsoudtliymaesuuuaiaasllls
W aNnsnazvienaniluaaesng AnssneeanulussAUANYNABIANIN  wy

¥

° A 2 oad y ] ' oo A
ANARAININUWNTGRIT Non-viscous type kelvin Lmﬂuﬂqiugﬂaumﬂmmu
r=(G+iG,")y 2.27

Tned G, ludAlasiaasuatwan (Dashpot constant) wuLaIaesiiazisznaufaadils
WAy Rate-independent dashpot AzFBRUMLLYWIY ANLaRdlugl 2.5 ANWANFNLEY
AravneeuaTNen HWAEIATY aNnng 2.27 41NN09ATIiNAANNANNUEIENINg
ANNLAUALAMNIATEA  T9ANNLANAzUIEnaLsneg 2 @91 dauisnaziiadunsaNtiy

= 1 o 1 dl a z = 1 o o 1 o 2
AINNLATEIALYINL T, = GY Uazdiunaesaziiaauliwasineiu 90 windu T, =G,y "
AANNANAUTTENINANNAUTLAMMATEALS LULANaesazlsznaufaediudidy aum

d A g 1 £ = a | a

N (Imaginary) Ag iG'y azlignsandnlilluannis Nazefunadauaseaaanienianin
wsilutlaqiiudonaasaunninazgneanidnlildon iieflugounuaes phase loop wazuaAN

3 sailupnianiifaesn

a o

Adaamniugda (L) uwazlupdangods (W)  N40aAReAULLILANA8Y

a

v
ANNTNUNANNNT 2.4 W T unuannng 2.7 uazidlsndluannis e s sai



r,€° =(G+iG, )y

ANANNTT 2.6 ANT8Y LL waz U 4131 Non-viscous type kelvin model HAn

H=G =G,
has n:tanﬁzgl
GO

ANANYE9 Moduli ieuua llauiuAIMNRLas Cyclic loading

2.28

o

X
JU

2.29

17
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aa sy 4 . . a
2.4 M ENTUAUANLUANAAIERAT (Dynamic properties) UaINY
nsAnsaNTIRNaAaaTI09mYE amnsnuLveaniiy 2 Faaaiupe
o @ 2
2.4.1 MaipA1AHEIAaULLILIRe WU

N199RANANHLETLNNITA A AN TLARDUNUBIAA WLLILILD AL (Shear
wave) ey Body wave 351in9szezniain v dnentan nsdamnsisaueanisiaEnsyans

AAY (Propagation) gnidaausnilulugdauuL@eu (Shear modulus) azANlNAAATE

a

¥
=&

£f9 (Young * s modulus) wilinINLANTEALANNLATEA (Strain) e lfldedadeaunngn

¥ QII 3 Y a d‘ :// | a A 1 o 2’/ ¥ Y a dll ¥ o
nsnszauni ldnaeauiuiunissunaumwiseld - Asiuniansssuliinnaausensein
Tinanssunausesulidesngn ieliuiladinisnserinfsnanadeag ludasdanain A

TJun3ATUIANARNIUE (Stiffness) AN LAANTazITluAAaaRnaRWILE (Elastic stiffness)
dg/ 1 v a
ANINARALLLLRANNTDLLNRaN ]S 2 1iin

2.4.1.1 3% Up-hole 4az 35 Down-hole

33 Down-hole uvasriinnAuazegfiiaRuudal Stress wave 39
rduAnlnail Geophone IflugasuAALlLAN UM TaIANNANT AT MLATY A ANLANT
AaannsiRlinaunds AannsunLlnisaaes Hight et al (1997), Richart (1997), Abbiss
(1981 and 1986), Kudo et al (1994), Larkin and Taylor (1979) Hornwsedanamiedia
Down-hole Aalsignunsnrinvue Polarization plane 184 Shear wave fiviannvanglgiiuea
ﬂizmmﬁmmmﬂ Stress anisotropy danenwulunimeaal Down-hole Tuwan@unie
wila (Silty sand)

o o

49135 Up-hole AlAlEuannisnaaiuiy Down-hole aindusiafy

]
=

di o dl v a a = o @ ©° o O a dl aal
AAUISUTNIVINNTSALNINY Lmﬂummummnuﬂmmﬂ’numﬂ@umiﬂmﬁﬂumu §INIRhi

nN139AARULLL Down-hole azuan3RgLl 2.6
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2.4.1.2 9% Cross - hole

Stokoe waz Wood (1972) #ilsensidanis Cross - hole taeniadn
Propagation velocity stress wave Tuau IagliFaniiiia Stress wave 1uM@NL@W$MﬁQ
mmmmmm‘”ﬂﬁﬁﬂmumwﬁqﬁ@xﬁmﬁmﬁu nanTiAAARe LT AR LN LR A Ay
LLILLE8Y (Shear wave) §1HN30WIAINNISITBIAALLLILIARY (Shear wave) 14 Wanzisrey
sinsszunavguIasiaiilapAuLA N8N TL daR1edia Cross-hole 72 Stress wave
i polarized plane ARG dunsofiazliiaTed Stress anisotropy 1§ N139AANNLEY
J89ARLLLLIARY  Nishio and Katsura (1994) Salgado et al (1997) 1&ianedaniei
3tn91 large strain Cross-hole test TeanansaunAnlugFauLLIReWRsziUTaS strain #ing
y %qﬁlm%’mﬁu@m@“ﬂwmmmmmL%mm'zﬁimmm%u AN284 strain %umgjﬁum’mﬁﬁq
m@qmil,ﬂa"@uﬁmmmémﬂLL@:ﬁmﬂL‘?qma‘mmﬂﬁ'mmuﬁ@u N1INAAALAT Cross-hole

azuanslugin 2.7
2.4.2 MsmpuantRnaFanfuessiuluiesdimnis

n1suAAaNTTAnNaAanfaesaud iU luial jriRnistaesialuaiunsaus

aandy 2 ngu

2.4.2.1 MeSAMIUHNIZANET8AAY

Lﬁ?ﬂqﬁﬂﬁﬁﬂﬂ%ﬁmﬂumﬁmﬂ"ﬂu@ﬁz@LmuL?mu (Shear modulus)
LA RINEILLALIT (Damping ratio) gasmuiu Tdun Resonant — Column Test (Hardin
and Drnevich, 1963; Hardin and Drevich, 1972; Iwasaki et al.,1978; Tatsuoka et al.,
1979 daUNWIBIURY Resonant Column Apparatus AeliigunInfiasnagaui Large strain
494 The cyclic torsional shear test UnAazgqunan1InNAgauil Resonant Column
Apparatus mszflunismageufaetnsALTiszaw Large strain (Iwasaki et al.,1978; Lo-
presti et al.,1993) A1 Damping Ratio U84 Resonant Column Apparatus lFa1nNITANUITY
NMIARAIULIL Logarithmic 189UaNNAYA (Amplitude) vensdundsarnnstlnginding
IHiAANNTA dauaes The cyclic torsional shear test A998 R EILLANATIEaNNNNS

ANUIUNLATRY Hysteresis loop (Tatsuoka et al.,1979)
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ANN9WmMNIT89 Stress wave generator War Pick up sensor

v i
o A

1 1 v
21311908 U A AR A A ULIULA LA UAINNI LY A AL N AU AIATANN AGALULLAUAN 111

Triaxial apparatus WAz plane strain apparatus WBANEIAINNIFIIBINITHENTZAN AR

1
a

(Wave propagation) luuviasnesinefunniaamnaey  Stokoe et al (1985) 1@%1n193m

ANHITIAALWLATEN Triaxial 439 1NBNAZA199AHANTENLADY stress anisotropy FaliaAa

PRpR P )

WUURRY  Tanizawa et al (1994) 15357 3n41 Bender Element 11n139AANNIEI94
AALULILIREURLNIARR9TEUNI9NNIMAdaL Cyclically shearing T8duviasaagng anas
AN19VANANITNUTBIANNIAULLILIREY (Shear stress) TiNNAsalNAAALLLIROULDINI Y

aunsnAneATUseansuuuiléan Shibuya et al (1997), Hight et al (1997)
2.4.2.2 n13AANRRNILALAZARTEILLANAIne 1FLATRaLLILALAN

LATRNNANARDLLLILAIANITY  Torsional shear test Triaxial test

v 1
WAz Plane strain test gninunLFuilgauazinisfinss Transducer wialipaauusngnly

1
=

Msingaudeannsnin  Stress-strain fiflendenunnld  uarldinissudqafeaty
WMALANIINARALILLL Static L‘ﬁlﬂﬁﬁﬁ’] Shear modulus l¥naneflunimagaey Dynamic
ileAnShear modulus AnenlgannunAsd ARNRAaNNNNE
(Teachavorasinsakun et al.,1992; Tatsuoka and Shibuya 1991; Jardin et al.,1984; Hight
et al.,1997; Lo — presi et al.,1993) m@ﬁ%’mﬂmiﬁuwmﬁmﬁﬂ Dynamic testing Lﬁ?‘i"ﬂ\‘lﬁﬂ
‘f;mmm%m Post cyclic behavior 1971 1H Lﬁ@mﬁwm Strength wagA1  Stiffness

904Fn08195 IeRINUAAE a9 Yamazaki and Zen (1991)
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2.5 meAurnAluaasdaugegalneldgnsanlinina

anaenlwita (Empirical) d&miuA M IugAaIReugagn  (Maximum  shear

= 1

modulus) Hagjunnung winBesldunsuane 1y Hardin and Black 1968 wazsianlaanig
U5ulgaiily Hardin and Black 1969 satflugiAanudusinigans Maximum shear modulus
U Effective confining stress, Void ratio ag Overconsolidated ratio IFannmadaLA

Wil AaelATasianAgal Resonant-column test
AXN17 Hardin and Black (1968)

(2.97—e)2( s

G, =370 7% (5 2.30
(1+e)
Tned G, = Initial shear modulus (kPa)
O, = Effective confining pressure (kPa)
e =voidratio
U5uilgeannis 2.30 MiduannisTuad Hardin and Black (1969)
2.973-€)f | 05 ek
G =3.23(— o.') OCR 2.31
=322
Taeih G, .= Maximum shear modulus (MPa)

G’ = mean effective consolidation stress (kPa)
(O-v +20, ')
3

O, = vertical effective consolidation stress (kPa)

G, = horizontal effective consolidation stress (kPa)
e = void ratio
OCR = Overconsolidated Ratio

k = exponent of OCR that depend on plasticity index
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¥ !
wananigsigmadnngiazes Marcuson and Wahls 1972 @lévinniamaaaumileu

iU Hardin and Black

(4-4—9)2 ( 0.)o..so

(1+e) 7

G, = 445 2.32

e G, = Initial shear modulus (kPa)

O ', = Effective confining pressure (kPa)

e = void ratio

2.6 meAmuInlupasuazlanadunas

manwﬁmm%maﬁﬂ (Elasticity) @110 8UaNNNTANNENAUSTLMdNaANNLAUTY

ATLFREART]
E =é(axx —V(O'yy +o,, )) 2.33
gy =é(ayy - v(axx Yo )) 2.34
g, :é(azz—v(axx +0'W)) 2.35

ANNANRUTILNINAINLAUA LA NLATLAUAINITNAGALFID NI AWULLLINE AR
wnuaziuuiy Non Linear Asuandlugiin 2.8 wilunguiaes@anasin (Elasticity) linanu

o [ !

AU UTIZUINANHLAUA LA HLATL AT ULLLLEUATS ANANNNT 2.33 2.34 uay 2.35 197

C,= 0, 0,=06,, 0, =0, naf G,= C, uaziliguaunis 2.33 2.34 uag 2.35

nallsvaid
& :—(03 —v(a1 +03)) 2.36
Ey = (0'3 - V(O'1 +0'3)) 2.37

g :—(al—v(a3+0'3)) 2.38
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E:O'1—2VO'3 239
SZZ

g_xxzag—v(al+a3) 5 40

£, (01 —21/03) '

luNILNNMAGa LA ALKLLLINEAdNWNY kUL lszuNen  (Undrained Test)
wuqn dmgndoutiiaed ([1) HANUsvanns 0.5 F9tiuannig 2.39 HaunuAemnsdutiiaed

([ asldluannisaglsannisludlasatl

2.41

AfiennresiugdanldainnanaudniuiszndnamaNAuiLANATEATRINNT
NAAALIFNAENIAUILILILISSAANUNY (Braiaud and Buchanan, 2000) auanslugiin 2.9 §

prapialilil

- Secant modulus (E,) A8 ANFWAINgA O B9 qa A (S,) fAauanslugily 2.9 6n
et Il n AieAziunsReuaTeINIaR LA NI RAF UMUK TN
NIENIATILNTN

o o

- Tangent modulus () A8 AYNFuI89qadnta 1qn A (S) Aauandlugii 2.9 s

|
A o a

ae19n19n Tl MU AU UN TR NTULRINNTAR B UFR TBINIARLLIBIAN NN TN TS

UINTZNNANNAL

- Unloading modulus (E,) A8 AxdUaIngn A v 9m B (S) Asuandlugiil 2.9
faatinan s e iy Awanuni9ia (Heave) 19dnnanunLsnniumg “aRINN19YA

NIAAL

- Reload modulus (E) Aa AxdWaINgm B 119 9a D (S) Adwanslugily 2.9 6n

aein9nN139 119 191 ANUIUNNTLARDUAIAINIA AU TANUDUY A9 NILINNIZNIAINFaTD
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- Cyclic modulus (E) A8 AINFUAIN9A B 19 9n C (S) Auanalugiit 2.9 6

2ei19nN139 11 11 AN TLARRUAIUBNNIAAY LAIANNLIINTZN DI WA 1119
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<

(b)

92119

a

AANAFRNALIAADA

AAAAN LenLilig

24l

[

2.1 WUURNAR



T
A

AW

w
1AW Y,
T W,

917 2.2 AflanuaesduilszAnogouide (Loss Coefficient)

26
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N
T1 *Tz

(a) Kelvin model

'

G7

F
F

a

(b) Maxwell model

dl o/ 1 o a a a
gﬂ‘w 2.3 ANAENNLLLRNAANIRAARARANAFN



7
J

-1
n

ale

G | , 2O
G t;jG,

' 1
k Kelvin  Maxwell J

/ Kelvin model _
[
- 10° ,

" Maxyell

mooel

10

—

TIIIII!'
| W) Y () T

T

L
S G [y R R

T
=
(

-t
Oy
-
T 7T
'
I
5 1

1
. S
—
1

10_2 7 i f i ! \l 1 |I
S 4 2 0 2 A4
JO(Y 10"» 10 10 e

51I7 2.4 AutlseRnEnnsgoydaaes 2 LuuAanasatuRNsiduIBIANG




29

d‘ o a a 1= =
gﬂ‘w 2.5 LUURNAR Lﬂ@guﬂuﬁ1ﬂﬂﬁqqmﬁuﬂ



Source

30

\

S

W

Receiver

77 2.6 n9dnANEIAaLluATINILLL Down-hole

5
Y
J

Oscillograph



77 2.7 sdnanniiapauluanisuLy Cross-hole

P
%\i_"
PSS ] ]
Receiver Receiver
Impulse = =
source \
P>
> ) K

31



G1—03

o1
\ 4
ZA
O3 > O3
-

>
€2z

31l71 2.8 neAunlNgAAaINAMNANAUST ANNLAUA LAY INLATER

YAININARDLUINDARINLNL
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717 2.9 AtlennaesAiugdaveshAu (Briaud and Buchanan, 2000)
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unin 3
AEANUIUNITLARAUAIUDINIAAU
3.1 N1FLARDUAIURINIAAY (Ground Motion)

Wood (1908) liagtlseunisiiiausuaululuaiunsudaln (San Francisco) 1iatl

o df a dl a d? dl a a dl o A
A.A.1906 Al “vunnvasaNdamaniiatutasanuEiupnlu lususudaln Wadui
10 WmIEW 1906 WY Auagiuaniwniessaiangisuuninaunuaulndunan dasg
¥ L% :j/ a 49( o o dl ¥ a ¥ a
desuiuinauannisdanedunan  Wesanndayaniesstiineuardayaunuaulngly
pnuztiuieliAaudredas uazlull A.A. 1957 ANANATYIRIANINNNETINEN ARIzAU
a o -&l A ¥ a 1 o 1 ¥ o
ANAsNEd s nuiuAnlmlsgnilameasnin  deyadinanaldainnisnsadn
ERINFIUATANNNTRINTARDUAITBITURNIWITALAMNANFNG] T D4 qRsineT] 9oL
\{a9 San Francisco atidayasinanan i Faumnauiian wn9ssiiang arunsnagy

o a dl a dp o % A al 1% | Y o di/
TEALAIMNLALRIENDNARLLIN ﬁ‘fJuﬂUIﬂﬁ‘Q@ﬁ"]\iﬁﬁ‘@@Qﬂ@ﬂ@ﬁ‘%ﬁ[ﬂ’]\i”’l 1@@@%

- Funivaasdslgna¥ieiingadaiisrezinsainqaduenatusiuaulinindiaes

o a = [ = a A A o
NUUTALAHINUATHAMNLAE RN DLLUNDUNU

1
o IS [ =

- FuRneen (Clay #ra Sand) HAMANHMENAzNIod@IARLLNLALIMNHAINT

A

49980 WAz ARUUNUALIMINEANDAN Ak uTugRIAY

(Seed et al., 1991; Hisada et al., 1965; and Athanassopoulos and Tikou, 1990)

Response Spectrum 184AUEa ULz NNFN"T FaNNAuAZIeU (Seed, 1991) wWuq Tu

Audeutlszimsine  neldiianisndeusuazszAuANAeesalaaaindatlgnaing

1 ]
P

) o A 2 oa ] = ! a PR Y a a
LL[ﬂﬂlﬂ’Nﬂu@‘ﬂﬂvLﬂ ARTUAUNEAUNINREN Predomenant period ‘l’]@\‘]ﬂ"ﬂ“’Nﬂ‘ﬂiﬂLﬂﬂﬂ’J’]NL@ﬂ

wauna1Aegennndinsea¥eniluenanstiuinendy
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3.2 Aenufineatasiuniunulng (Definition of some Earthquake Related Term)

- W& (Focus) An apfialfitaAuteseauwnninmiatuiuaausn fAagu 3.1 (3m F)

I
[

- pnmiAngesantWia (Focus Depth) Aa szazynslununhsiidaainiaulfsntnia

gl 3.1 (a) Aesza EF wiveaniilu 3 Uszinm

- WAgrean AR RsTFLAN (Deep-focus earthquake) A8 AINNANTEY
anlrlifasaus 300-700 Alawns (185-435 L)

- TlfavesnaRauEuRL sz d U uNa"s (Intermediate-focus earthquake) A8
AaANTR9e W TARus 70-300 Alaimms (45-185 ug)

- MfareansiAnuduRulvinssd AL (Shallow-focus earthquake) A8 AITNANYBY
qalWiatiesndn 70 Alawns (45 Tug)

- @rnas (Epicenter) Aa qaniagintiaqninialuuwins dawanslugt 3.1 Aeqn E

q

- graenNaRmUYian (Epicentric Distance) A8 9281ene LU LTEMI BRI UAES

Ausudsiaula Asuanslaendu EA Tuugil 3.1(b)

- szeiznalalWiaussn (Hypocentric Distance) An sv8iznesendnqatWiaiuA s

wraanun Naula Asuanslaendu FA lugil 3.1(a)

- Effective Distance to Causative fault A $¥EZNNAMNAAULNATITBITDELANFIID

ADTUN 81989 Aauanalugil 3.2 (AB uaz AC)

- ANENTeIN R AwEUALIug (Intensity) AR NMITATUNATBINTRALKUALIKITITA
AINBIUIANIINNANY BUeanily 12 syauluniasaes Modified Mercalli Scale  ALAA

11m1919 3.1
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3.2.1 21A28dnN1RAERAL MY (Earthquake Magnitude)
PUNARILEUAU A NI R IAANNIUIATRIAALAINNLAY  (Elastic  stress
wave) ﬁgﬂﬂ@@ﬂ@'@ﬂ@@ﬂm Imel Richter (1958) lonauaannislunistantlaasnasanuand

dl aI/ = [~ 1 a o U 1 dgj

AAUNNTAUALNDUN T UIU ATDILE WAL 1A N7 919A 9T

log,, E=11.4+1.5M 3.1

Ined E Ae nasuilandaeseanin Audaendy &350 (Ergs)

M Aa aunnaaawaEuaulig dmdqadlu Samas (Richter)

aun19? 3.1 Wisunisdfudgeudlalng Bath (1966) Ine Bath Ifawaannisldly

NNTANUI LN AT LN WAL NG Fauandludnnisi 3.2
log,, E=12.24+1.44M 3.2
Tocher (1958) W91 AYINEN2TBILIITREILENLEBAUNINANITIAARUAILAAA
UABLNAIUAANNT AzFURUSALULNIATRILNUARING Aananaluannisd 3.3 asglsAmniu
aal/ U U 1 a o a e a o o
@Nﬂ’]iuvl,ﬂ@]’m“ﬂ@ﬂ;ljﬂLLNLL@L&WJIWJZ\lﬁ‘gLLﬂ@W'ﬂ?LuﬁlLL@tM@TﬁLuQ’]WILﬂuﬁf\lﬂ
logL=1.02M —-5.77 3.3
P89 L AR ANNENI129928LANS3 (Fault rupture) widaendu Alawmns

IFfnsufsauinaumisaaNguuwsaesuEuAulmouLy  Richter iU Modified

Mercalli fananaldlumnsnedn 3.2
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3.2.2 ANHUTNTAABLFANI9RUILITNINaNTNALEUALIMG (Characteristic of Rock

Motion During an Earthquake)

naifaLduAul lfiaafuuLLRa WA uTWiuIN TR AN sIARa UARTaY
uuarduiunetuuiuiuinansedauda  ANETesAaLLULRe W uEFWRANLN I TIATAY
Uszanns 3050-3660 m/s lunaniiugdauiAtlszunns 762-915 m/s (Seed et al.,1969) 33

dl s a dl o 1 Y o v a a 9/90// 2% AI 1 dsj 1
n13NNTAaeUsaaasRuRA W lnatusEAuRa Al TnaasFaansudase ldiney
- sreIZlaTedNNAREWAL MY (Duration of Earthquake )

Housner (1965) 1#l92snnuANa98mINNIgENIEasuadsDe bANS198 1
J > N STy Y
HaanannnnakeuAulmiA1 3200 WRAWTA TURENIILIDULANLAL ATAINITD
AUINIANTRIN TN ALELARIN LS TeszezaedsasAnFIv@ NI AU bR NNANN
41N13789 Tocher (1958) viFaaaazldanianiis Aa WansuauInIednisduazinanly

11M91 Richter AAZATNITDATUIDINNIANIAINTN ALELAN 19 TF el

- AUt ara9dnEelutuin  (Predominant  Period  of Rock

Accelerate)

Seed et al. (1969) 1FiNean193LAITTRY Guttenberg and Richter
(1956) wazw@s Figureroa (1960) MWmWWIUMLKNUAN B9 luuHUNRTWAzLARIAYH

AUNUSIZMIN9AN Average predominant period of accelerations ALAUNAURINITLNAUEL

Al Aauanslugil 3.3
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- ANANNNLTgeA (Maximum Amplitude of Acceleration)

ANANNITIGER MAATULBENEWNTA (Epicentral) TuaniAifAuNUAY
Tuuuaulpeimuandszain 16 dlawns anieauldiannisees Gutterburg and
Richter (1956) 415 UAUIUMIAT AGNLTNGIQR AT

loga, = -2.10+0.81IM —0.027M ? 3.4

Tneh a, AB ANANINLINGIQR

M Aa aunatakEuanlng Audnedlu Famas (Richter)
Seed et al. (1969) lfiauananAMNANRALTITUINIANNITIGIEALDWIA
welum Rl UsTaEN9T9atIABY (Causative fault) Aauandlugiln 3.4
3.3 MsnsIInTUIRANNTULTITadLiuAulndlulssmalnauazdssimadnaAgs

Uszmalnaanaaslgsunansenuainuaufwig luldssmednansazatsnn Anamile

waznAnzduAnTestlsvng Auandlugli 3.5 (1A war 13und 2535)  ASlAdEng
W W 5 4 s A
nsznanlienmsfiaglununidesieenuuusumiuusaiiasannuiuiulue - Asiuael

¥ = v

A NaTluTazFiaFauianIsAIAAZIUNITIARRUANTBINI A AWEBsA NI AL ALY T4

doyad1ATYAUTLNITAIAAZIUNTAREUAITEINIARY  ABADMENLANINAAIAATIBIALN

o

o a dl | Y v v ! s a2 s 1 =2 = v Y
ALNINNTUATIZHAINNAINILAITIEU  daudEn3aATIsHaznannieeazitan liade

sialil
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3.4 AUAUNNSLARAUAITRINIRAUA2ELLSUNTN SHAKE 91

IDRISS and SUN (1992) lsitlfutlgelilsunsy Shake (Schnable et al., 1972) Wil
Tsunsu SHAKE91 (A Computer Program for Conducting Equivalent Linear Seismic
Response Analyses of Horizontally Layered Soil Deposits) TFadleufagn = Ne LN

a

1) kazanAad lnauuae FetfiAn130uAuIeT (Windows)
(FORTRAN 5.1) uazgnaas’ & (DOS) a4l

Tilsunss SHAKE 91 Qﬂﬂﬂﬂsﬁmwéumﬂum?ﬁﬂmmezﬁLmﬁ:ﬁlﬁ'mﬁu wrinAvlm
Iuﬂi:Lmﬁau'?g@LsﬁmLLm’LummﬂixmmﬁT@ﬂ i lunsdlusuAulung Loma Prieta
1989 WnansfuninsiadauizeisrusenadasiuAfituiinly ieldnnnaus
PR9ALULAE Rock motion "Lﬂé’ﬁmﬁmm@?qmﬂﬁ@lm (Idriss, 1990; Dickenson et al, 1991;
Idriss, 1991; Rollins et al, 1992; Yokel, 1992) sardultsunsuiitonslder wazldmnisimmn

v v
Tsunsnlviazaanlunislduinauiilu Proshake wazlinalunismsziuinay
3.5 A8N19ATUIUNITLARAUNINATUTNURINIA A WADILLSLLNTN SHAKE 91

Tsunss SHAKE 91 T38n19ATMIUNITLAA UNNNIANLE 19289198 A1 HasaInAAY
wiwAulvg naldrauudunulodansusdunamunesgllnimidauiuasyumasineiu
NANNIABLAUELAIHIAAUNALNAHEIAINAAULAAZFIT9NTY 1TaUANNIT Superposition

dl = o dg/ ¥ ' o dil
DITVURASLALUATBAINITATUIDLLBIAU @ZLL@@\‘]W@VL‘]JQQM

3.5.1 WaaRuFUIRLN99a g ULTUTiY
TN ARUNAN BN UIUIEURANNAWIWATY H 1WA 290guuduAung
o @A a =2 10 o o dl dll o ¥ ¥ a
anwnuzifludanafinanuaniania deuandlugd 3.6 niswasusaNINEILdNINARY
A o . K a - -
wazduiunsuuugn  asannisudnszaneluuuafisaesadua SudnuuUReuHIuAIN

a

FUALGAULUIRNHI AT et LWTUALEA N UaNnssiali

u,(z,t)= Asei(wt+k;zs)+ Bsei(wt—ksxzs) 35
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u, (Zr ,t) — A\ ei (a)t+kr*2r ) + Br ei(rut—k,*z,) 3.6

Tneifl @ = A uD@ayH (Circular frequency) TaIAAUANSINTNULLLIRAY

k = Complex wave number

b2
%

ANANNLALROUNTEAURRAUN AN DA Aatiuaunsnunusoaaunissialiil

. ou (0,t)
0z

7(0,t)=G, 7(0,t)= G, =0 3.7

S

Tnel G, =G(1+2i&) An Complex shear modulus 18R

o

WWaunuAaunii 3.5 asliluanniai 3.7 azlgaunislussail

G, ik (Ae“®-Be™® ke =G ik (A-B,)e“=0 38

4 v 3| a2 < 1 d’ dl % o I dl o %
AuN17U9FAUAIUATY NFaLNa A, = B, TNAAAAABNNUAINITIANDUFRININATY

1 ¥
o o

4N 9TBINIR AULAZ AR LA LT Boundary JastuRLLATT RN Fil
u(z,=H)=u,(z =0) 3.9
t(z,=H)=17,(z =0) 3.10
Seunuannisf 3.5 uaz @unisi 3.6 adlifluaunnad 3.9 azld
As(e‘k5H +ekH ): A +B 311

dl °o o o ¥ A * aU 14
AMNANNITN 3.10 LWAZAIRINAAIMNURIAMNLAULAAU | T = GS 8_ @251@
z

AIG, Kk, [ —e™*)=iG, 'k (A - B,)
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Gk’ e e
K Ao _en)(a )
Gk’
[ % 1 G;k; * ! .
ARTIAIL % =qa 78NN complex impedance
reer

o

WauAaunsh 3.1 uazannsf 3.12 wianiuazldriaas A uay B, Asil
21 [(1 * )eik;H (1 * )e—ik;H ]
A_EAS R +\1-a, 3.13a

B, :%AS[(l— M + (L4 ) e | 3.13b

fN19uRNIzae T UIUIAIIaSAAUULILIRAUNUANNAGAINAL A TAUAINAIUATNE

o

AuLBIBetuin (Rock outcrop) Taianeauziilu Free surface WU41A Bedrock asilues

[ %

a 1 U A 1 1 v ddgj 9nl/ U ala dl =
wagalugaswinaessuuuae 2A welidlduanslunsiiil Aeii drlunstiau Nuanslunsol
AzHUaNNAAWAL

2A, = hla 3.14

(1+ a; )eikS*H + (1— a; )e_ikS*H

]
[ % a ]

nmualif Transfer function, F(() AaSRIAILIBIUANNRAANRIAUFBLANNAYA
d‘a v i’/ a a 1 o
AR ULV RITURL WAL

Fo)= 2 3.15

(l+ a; )eik;H + (1— a; )e_ik;H

A1N1901T8 Transfer function, F(®) agluglreslsiduidetaulneldnguesest

LD
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Fo)o L
cosk,H +ia,sink H

3.5.2 uaRUnANE U e e Luduin

N3ALATITINIAAAUAITasN A RLMAT It U et LuT Y Idudnnismaaiuiy

] o

v v ! v
NARUTUAEIINeLLNTWAN WwiTsiWAe Transfer function weAdUAzHANNLANGINY

| ] 1
A A =

A iesanazfiedAnnsasiauaadnaui Boundary syndtuAunagfaiu doudunun

v

aglAntuiAn Transfer function ARWNAUALNIARWT AL DL LWT AL

[
o .

WaNansanduAuranadui et uduiuduandlugl 3.7 TaRansanidu |

1 IS dl o 14 17 o dl IS D4 dal
NUANAEHNTARDUAININATUAWAIANNITI 3.17 HANAIU
u(z,,t)= (A. e\ 4B e™ )9‘“" 3.17
J\=) J ] '

Wa1TeUN Boundary $2191994 | Baz 44 j+1 AMNITLAARUSINIeAudneasvintu

v
Fauanluannng 3.18 HANs9n
ik “z: _ik“z |
Aj+1+Bj+1:(Ajel P +Bjeljz' F{d 3.18

LAYANAHNLALIRAUNANWINALZNNNT 3.19
A, - B, :#(A.e”‘" “-Be™ ) 3.19

ANNTTN 3.18 Ay 3.19 azwdeudiuann1sf 3.11 uaz 3.12 A1389 Complex

impedance, ; 1 Boundary s¢wdnedu j way U j+1 ArresuanniqnIeeARundu j+1 az

TN NuaNNAqRTadAALNGY | IaENITUAANNI9N 3.18 uay 3.19 axlisail

A :%Aj (L+a ™ +%Bj (- ™" 3.20a

j+1 ]



B, :%Ai - )" +%Bi Lraje™" 3.200

j+1 J

NILAURIAU (z,= 0) ArANAWRaUTAWINAUALL Azl A, = B, 1lagunng
~ 2 o o . " o a £ = v o o
713.20 Wlddwdu j = 1,2, 3, ..., N Anduilsz@ndaes A, uay B, aziiaouduiudiu A

[ %

v
uar B Inedeuduannisléifsil

A =a,(@)A 3.21a

B, =b,,(®)B, 3.21b

j+1

1 4

e farfdu a,, (o) waz b, () dunarespduiiing

j+1 WUTSUINTUAUNIN 7] T

v
A o

Negwiladi | +1 uaz ANU89 Transfer function AE@NRUSALNTLARUNTULULRIARITU

¥
Bl AB | LAY | AXANNTOLT LN UALIANNNTA9T

SRaREENE

3.5.3 NN92LATIEEAMNANRUSIENINIANNAUTLANNLATE ALE N BT LA UR P

(Equivalent Linear Analysis)

nsaAsziredltlsunsn SHAKE  azlifndinginssnesadnduiugsendng
ArduiuAuesnllidudunse (Nonlinear) wanziaunuaes Input motion 78RR
wiuAnlgnilasusneslugtresaunisadu (Wave equation) laeld Fourier series
transform function UUNANNNTIRY Superposition faazanl@anizludaai A udusiug

FLUINANNNLAUALANLATALT LA UMY NI

38N19983 Equivalent linear Aa ANTNAAALLLIRELLATERTIAIBLANNIYNLFUUT
Tnenn9vindn auAnaeeiigAALLILIRaULAL AR A ULANTNANAUTLANNIATAL T AND NG
(Effective  strain)  2UABNNTNNTIRENITNIAUNINANANNLATE AU ANBRA I As LI Aq

v
%

yniamauiuAfaneuen uldsunsy SHAKEST aanliii 1 wafifusf
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wdnnnsuee Equivalent linear A MWadawuuidewdudiadesensifusdly
1701 uazdmdauuanivARLT T dresntsWusslu 1seu ﬁumﬂugﬂ‘ﬁ' 3.8 AN18Y
Tm@@”mme?ifauﬂ"wL@'?v"mmmmLﬁ@m’]mﬁ?ﬂmmuL?i@mﬁ'u%u AZUAAS AN AN AUELTY
WUL Reduction curve AguNi x L Amplitude shear strain fiuLNWy i G/Gmax Aauans
lugii 3.9 uazANTBE AT daLuAN ATl WeruirttauuL@ewiinty aZld
ANNANAUSABLNY x W Amplitude shear strain Uy SATEIUANTY AU
luglhit 310 Fadlusanmegenrasiumilideunganwe eldiadamaney Cyclic

Triaxial (Teachavorasinskun et al., 2002) az1inld 143123 lulalsunsn SHAKE 91

nsdiasziradlilsunsn SHAKE AnTuARALLLIReULAYSRINdIuLANTNATIiL
) = A A of o o . o = a a
ANANLATEAKRLILLAAUN 0.001 % &1MFUNNINNEN (lterative) AFIUIN AINNLATEIALIIEAND

¥
o a

Ha avnsndaueg luglannislFaem
Vet =R X Ve 3.23

i M _1 1 a 1 @ A '8
Inen R Siaz = M= aupraduaumulmdniaendisnines

A8n17284 Equivalent linear TH&1N170AIMIIMNANLATEADNT2T (Permanent
strain) WATANAULINlWTeIINe (Excess pore water pressure) wAagnglaimINATNNTU89
. . o ada dl o a dl dl o A vl
Equivalent linear \u3gn17ANAAZILNNTARR UGN HIARUNINEaLILE KA I IF AN N

o dl 1 ¥y v
AT ﬁ\‘IVIﬂZ\Y’I"JVLTlI’]\‘]mu



A5197 3.1 NMsSaaunaTesntaiaukuninautseaniily 12 seau

Tumuatras Modified Mercalli Scale

Intensity

Description )

I
IT

11
18Y
v
VI
VII
VII
IX
X
XI

XII

Detected only by sensitive instrumicnts

_Felt by a few persons at rest, especially on upper floors; delicate

suspended objects may swing

Felt noticeably indoors, but not always rédognized as a quake; standing
autos rock slightly, vibration like passing trucks

Felt indoors by many, outdoors by a few; at night some awaken; dishes,
windows, doors disturbed; motor cars rock noticeably

Felt by most people; some breakage of dishes, windows and plaster;
disturbance of tall objects

Felt by all; many are frightened and run outdoors; falling plaster and
chimneys; damage small

Everybody runs outdoors; damage to building varies, depending on
quality of construction; noticed by drivers of autos

Panel walls thrown out of frames; fall of walls, monuments, chimneys;
sand and mud ejected; drivers of autos distirbed

Buildings shifted off foundations, cracked, thrown out of plumb; ground
cracked; underground pipes broken

Most masonry and frame structures destroyed; ground cracked; rails
bent; landslides

New structures remain standing; bridges destroyed; fissures in ground;
pipes broken; landslides; rails bent

Damage total; waves seen on ground surface; lines of sight and level
distorted; objects thrown up into air

* After Wiegel, R. W. (1970).
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An9197 3.2 WhtuifiaumiasANguLstaesiuAulvauLL Richter i Modified Mercalli

Maximum intensity,
Modified Mercalli Scale

Richter scale
magnitude M

LI
III
v

VI, VII
VIII
IX, X

XI

00~ O\ DN
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TRELANSIY

(b)

717 3.1 Hennaesqalniauazqndnidumes (a) guUsn uaz (b) sluau



(b)

dl a a = dlw a
‘qi;‘ﬂ‘Vl 3.2 92agN NUILEANINAAINIALUANDNADUN AN

a7



Predominant period (s)

N
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80 160 240 320
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124. d‘ ’ os o/ ] =
719 3.3 muiisutnaesdngisegegnansiiu
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Maximum acceleration (g)

7
HINAN
ol

B

//

(=]
o
L~
/

\
N\
e

0 40 80 120 160
Distance from causative fault (km)

N

i

s i, |

d' o ] o’ A ¥
gﬂ“ﬂ 3.4 ARFILNGIGANLITUD mmtmuﬂulmLmzizﬂzmnmmmnmq
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Zs

SOIL As B

[T

ROCK

1 v v
7U7 3.6 MaaRuduLAEIND L LNTWY

L1l

A
¢21 h Gt X1 1

/
A
¢ Zj+1 hj+1

¢ A hy

*Zr
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91I7 3.7 wnahunaNeduINNa g UUTUiY
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717 3.8 ANINANTUSIEUINAHAWA LA NPT ATBIUIINTEY LGNS



Normalized shear modulus, G,/Gp,x

=
o0

&
N

=
e

o
o

0

50 kPa/0.1Hz.
50 kPa/1.0 Hz.
150 kPa/0.10 Hz.
150 kPa/1.0 Hz.
250 kPa/0.1 Hz.
250 kPa/1.0 Hz.
60 kPa/0.1 Hz.

60 kPa/1.0 Hz.

+ @€ O H O & < » D

50 kPa/0.1 Hz.

X 50 kPa/1.0 Hz.

= = PI15%

PI 50 %

e

} CU Sites

= = = HYPERBOLIC FITTING CURVE

o
L
-
™

\

|
G 1

€q

G, 1+ys/12x107%

> MU Sites

J

} KU Sites

} VUCETIC AND DOBRY, 1991

10™

107

10

10

10°

Single amplitude shear strain, yg, (%)

7117 3.9 Reduction curve ﬁlfﬂdaumﬁmﬁ@uﬂg\‘im’/\m (Teachavorasinskun et al., 2002)

€s
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[\
W

[\
=

Damping ratio, h (%)
= 7

7171 3.10 ArNAuRUSIENINANIATEAREUTLENT A UUANATBSAUMTEAE8UN 9N (Teachavorasinskun et al., 2002)

PI15%
PI 50 %

} VUCETIC AND DOBRY, 1991

[ |
50 kPa/0.1 Hz, ) 0 A
50 kPa/1.0 Hz. O ‘Z‘
o
150 kPa/0.1 Hz.> o O
MU Sites +
150 kPa/1.0 Hz. * LA
T o ®
250 kPa/0.1 Hz. i ' q
P Ate
250kPa/1.0HzJ . s e o o
60 kPa/0.1 Hz. ] : o
Z}- KU Sites = & ° ®
60 kPa/1.0 Hz, O
” O A

50 kPa/0.1 Hz. _
}CU Sites »

50 kPa/1.0 Hz.

1 g _|

10

10°

Single amplitude shear strain, yga (%)
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unN 4

3EN1sHAazAUMDULUNNSIREY

4.1 A0NUNLAZNSIALAIDENNARDL

4.1.1 a0 Ui UAnaging

[ %

dl =3 o 1 a dlo Y o o dl =2 a A a v
A0RMAUARENAUNEINT TR VT UNAdaLIINE ANEIIAY AALITLIDUAVRINULUN
dneuetlszguainasnsniunidnends 0. wanv welnadu ngemwaIuAT LTINS

Aytaesanunfusedwand miuldnaaeuazuanslugii 4.1
4.1.2 3519121281993 Ua N9 LADaENY

nalanzugudmiuiudaed19Auldiaana1  (Wash Boring) uazLiugasae
NITUANLN (Thin Wall Tube) 111AEUNUANINATN 7.50 T3, WATANENINTTLAN 100
DN ANNNAAUFRRENAUNNT FAUANNAN 1.0 N wazifivetesieiles Fuiusaecing

AUNTLALANAN 3 1. AUDNIZAUANAN 10 §. TeagiludosRumtiantaun AU 2 ug

o [ % <

¥ v
WNsrUeNLNUAIANNLAUfatsieanatain lauasiunsea1 eI s LaziARa LA TS

v 1
o =

andu eflesiunisgodeiniuanuauluiu uazauddliiesdimnisetesednd

)}

1 v A
At lWNNNINITNLNTELN AL

4.1.3 wisauvguianzduiumagan Down-hole

P ] A Yy o A L Al a
wasaINHnIsaznguilalfsraLnFasnsasldavianidaua 10 tiufwns aglil
wianiunsanzugN azldaslunn o 4 wns ietlesiuauiaaslyTunguuaz g wiuln

- = A o e A A o =< = =
WATNHIEY Geophone EAINTY HNBTAAINNIEIARUNTZALAINANFNY 7] TIANANULINGN
11z 60 W9 teaszanns deazlainldlfuslamilunisA1uanin12ANARLIUNN AR DL

a A a | a = o \ o = A o = 2

pasnnanuiafauEuAulug vialilinaAlugdauuuReugegen NezduaueTuAReay

0.0001 %
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4.2 \msasnanazalnsalidusuiAsainagau Cyclic Triaxial
2 y

421 Air Compressor luginsaiduiulvipnsuuazinmaniusy nelumag
(Cell Pressure) hazAusunelufaasing (Back Pressure) lHasnasnananaamnanl

FNIN1INAZDL

4.2.2 Air Dryer luginsnidmdumnliandieinunnann Air Compressor Witd niauas
tuidng Pressure Control Panel iieflesiuasudamenaziintuiugineninigly
Pressure Control Panel i1 9198 nadnAndy lusu  wenzaniléuiann  Air

v
Compressor azil launilziluaanuisae
. | ¢ o [ 4 . d'
4.2.3 Hydraulic {ugilnsadd it liuseluiuiunu (Axial Load) Seazifluuuy Servo

4.2.4 Volume Change Device \{lwazastadnnisilaauidasiSuinsressetnamy

Tusending n19naaRaANeLn (Consolidation) &115UN1INARABLLLL Triaxial

4.2.5 Pressure Control Panel luginsniduiuldifunausuuarmiuanmanumu
Aelusad (Cell Pressure) wazAuaunielusaasing (Back Pressure) WilszAuAINH AL
AINANLAND

4.2.6 Amplifier ilwATaslad viuulasdtyoyrunanaa (Digital) udtyminuanun
aan (Analog) wazidasdynnniuauunaan (Analog) Wudtyguruudanea (Digital) Tadlu
AryaynuALIRNLATATYRYIUNITR FUANRILAZAYTLANANNABNNILADT

4.2.7 Computer {luailnsniduiuldarupunimeastiuazivinuanismaasi

4.2.8 Printer \{ugtnsnldwiulduansnanismaaas

4.2.9 Triaxial Cell lugtlnsuiniindaetinsdudhinasey azilsenausaeaasiiadn

pasia i Asuanalugiln 4.2
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- Load Cell {luginsaldmivdaussluuuaunuluszudnaiinimagey

- Linear Viable Displacement Transducer luginsaid uiudn deformation Tu

WUALNUIEMI NN AL

- Pore Pressure Transducer iluginsaiidamnusunialusioeting s Back

v
pressure LAY Excess pore water pressure AvFunimegeuuylisTunesn

- Cell Pressure Transducer Lﬂufqﬂﬂmiﬁf?mmmﬁumﬂlumﬁ(Cell pressure)
& dl A dl ¥ o o . . . dl
Tnazunsuaasginsniuazirsesieflddwiumaaau cyclic triaxial uamsliluglf 4.3

4.3 MIMIANANTAVRIAUNNAIUNMENTNUA AMANTRNIIAINTTNLLIDIAY
4.3.1 WipLamEasiLasn (Atterberg’s Limit)
- AaLuaa (Liquid Limit)
- AAnanaFn (Plastic Limit)
4.3.2 13u10uANNTw (Water Content)
4.3.3 AMNOMNAUNTE (Specific Gravity)

4.3.4 n1enAdaULily UU (Unconsolidated Undrained Comprssion Test)

4.3.5 NINARDLBAFIAEILNLLILNTINAR (One - Dimension Consolidation Test)
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4.4 38N1SNAFAL

ALNNNINARBLARELATEINE Cyclic triaxial R8N1INAFBLAZTNAFDLILLLNUIEILTIAST
(Stress Controlled) nAnelaRawlauwuuliszunetin (Undrained Condition) n38msiaAnein

aziflunuundagustss@nsuawinAunniianig (Isotropic) Hag 2 A1 Aa 50 uaz 100 Nla

a

11gANa LazlReRAI9eN9AeLse 3 LU AR
- NNRAUAELINER (Compression loading)
- PNTRBUARELIAY (Extension unloading)
- N9ReUAILINTNANI(Cyclic loading) H 2 Wi
- Continuous cyclic loading test (CC-Test) #4 Lmeﬂugﬂ‘ﬁ 4.4
- Staged cyclic loading test (SC-Test) #4 LLzﬁmﬂugﬂ‘ﬁ 4.5
4.5 Tisunsun1gnagauniIgsAnHIIRE

4.5.1 NNINARDULLLUNGA

MUREILNLTEANTNa = 50 NlalnaAna

FN9FIURINNTZNT = 0.50 Dla1aA1asadI U
= 5.00 nlataAasaIuN

= 50.0 nlataAasa3uIN

PekLsANTENa = 100 NlataAna

=

ARIFIUBILINNTENT = 0.05 NIALNAAAFAIUN
= 0.50 nlataAasad i
a =

=5.00 Nlatamasadun

= 50.0 NlatUnaAafa1N
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452 NTNARBLULLILINAS

PUREILNLTEANENA = 50 NlalaAna
a al

ARFINTIUVBILTINTINT = 0.05 N1ALNAA1AFABIUN

= 0.50 nlataAasaI N

PUREILNLTEANENA = 100 NlalnaAna
FRT5IUDIUNNTILNT = 0.05 DlaLEAIAAAIUT

= 0.50 Alathapareiuni
4.5.3 NMIMNARALULLLNIYANT
4.5.3.1 Continuous cyclic loading test, CC

niloeusstlss@ndua = 50 Alalana
ARIUTIVAIUINNTEAT = 0.10 Hz.
(a/p), ., = 0.24, 0.40, 0.60
ARTUTIVAIUINNIEAT = 1.0 Hz

(a/p"), = 0.40, 0.60, 0.86

nidoeusatlsz@nsna = 100 dladnama
ARINTIVAUINNTEAT = 0.10 Hz
(a/p)),y = 0.32, 0.56, 0.80
ARIUTIVAUINNIEAT = 1.0 Hz.

(Q/p"),m = 0.34, 0.52, 0.74

UNEILR

o, — 0.
1. Peak-to-peak of g (q= %)
)

:O'1+O'3

2. p’atinitial (p' >
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4.5.3.2 Staged cyclic loading test, SC

nidoeusstlss@ndua = 50 Alalara
ARIUTIVAIUINNTENT = 0.10 Hz
=1.0 Hz.
niasuslsz@ndua = 100 Alalnama
ARINTIVAIUNNTENAT = 0.10 Hz
=1.0Hz

o o

4.6 TUAAUNITNAFALNAIY

4.6.1 N9LAFNFRENAMTUNAR AL

-1 Hydraulic jack AusinagieALaaNAINNIELANINLFM AN

a o 1

- ‘V]ﬁ‘ﬁ\l[F]Q‘ﬂﬂ’]\‘]auﬁﬁu’ﬂ“ﬂﬂlﬂ@’}ﬂﬂﬁ‘t‘l_lﬂﬂLﬁ‘i.l[gfrm?;i’]\‘]slmé}mu’]ﬂﬁl’]NN’]ﬁlﬁ‘ﬂ’]uﬂ’]‘i

13 1 Cy

naaaulneiidusinugugnaatszann 3.5 1. wazANgs 7.50 ax. Tagszunn nFau
%I/ I a o 1 a v =
VST MR DL RN [
zil o ] a o a dl A a dl ¥ ¥ ¥
- yfFunennausnetesu IngtnAuiwasannsvisnnlfanAuuy fu
| % v o 1 a v %
ansuazinuinaesinasnmu Tleuui
v 1 v v
- wmdaetiuin InanisfaininuazdnauiaviaduninugugnanaazANgs

1a9FaatN9RL Aautn lURafIAULATaINARaLl
4.6.2 AARFNALNNANTLTALATEINaNAADL

- dndnetneulianeuu nsyaenses At Porous stone 3991915LuPedestal
ARz Topcap Aa9UUFMeENALAALABINNTZANENIEY RANL Porous stone 389 k511u
BEnil LaENANaNszaNe Side drain saufredAuieiszinei luszudnainsda
FaAeni (Consolidation)

1
o a ]

- AMNINHILTU (Membrane) Fiugnatinamuinatlaaiurinielusadaunnudngo
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- % O-ring A Topcap Uay Pedestal datlasiuldliihne lumadnatusinu
i lgdaatinamiu

- ﬁﬁmﬂmmmﬂslumammﬂLﬁuﬁmma‘lﬂmﬁ’mﬁuﬁﬂﬂumﬂmwuﬂdﬁ
NUANAIDINA

- flaaaadniU Topcap Was Pedestal @5 limanuauunfiatnemu (Back
Pressure) Wizausas

- AIAGELNNTI TR (Membrane) taelli Vacuum pressure WAsA

atiafuszanns -10 kPa wazdanm WesanaRiAnaunnely Burret (ﬁ%q)

- dsznau Chamber cell WAL triaxial cell Lazan Actuator WINIIINLU
Chamber cell laffantia Actuator L tie rod Tefinfnriy triaxial cell i ATLIANLNY
WAanN (load piston) TRt e Top platen %aqﬂmaﬁ%mmw:gﬂL%uﬁmﬁuimﬂ

1 Epoxy Wusidenyszani

4.6.3 TumpauN lisaeeN98NAY (Saturation)

v 1

AANAIBINIA  (Suction) TINATHLIULATAIUANTDIFIBENIAWNaLN TTFDENg

v &

FuduGty TeeBuannls vacuum pressure  WNARENAUAALAUNTI  vacuum
pressure Nelwimad (Cell pressure) WiBNALARE) sl Vacuum pressure AAUNUIENING
nelusiatrshuiuneluagauiedigegn (-80 ilathania) Tnamponusulusoatinazd
ANRENINANNAULL Cell N (Uszxunnw 10 Aladnamna) ANt 1ETnenE AN LAY
fasfitlszanns 4-6 Falus audanaiurasainianelufagnaun AgARETAA Vacuum
pressure FaazBuanausunelTadaduTunsanAnusuneluatne Tnafaany
sunrglumaauinnInnnelusnegn9h AW Vacuum  pressure MeilusneeaRuien
Uszanns -10 Alathaena wdrdefupnasunieluaadlsilandugud desniinaaiusiu
nelwaaiAszan 10 Alathanna wazanaanusunielusinesnadugued

4 !
Saturation UaeetidnguasinenruausziuausuneluEad agin 10 Ala

U
v 1

hara wazandunelusetegnaus aunsyicthlnadsinmadaintiuaes W
ANNNALNE MEAR LA AN AN e TR AALNULATINEHINARANNANNALNY TLLTAn

Funelusnatinaliasniszunns 10 Alathaaia AaaAnITRNAMNGAY AulFANTANNAL
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1 v 1 v
nelusnetiedn 200 Alalhaaa Uasaislidszunn 4 d9lue udsanduianisnsaa

@8UAN B parameter AM3aElAININNGN 95 % A9NN138ARAANLIN (Consolidation) sl
4.6.4 TuRBUAARIANEYN (Consolidation)

TURRUEAFIANLUNE1TUNNTANIIEAE Isotropically consolidation T4as 1
Mdneiugailsz@nsua (Effective confining stress) 7 50 wax 100 dladraaa Adumnaunng

nagaLAasalilil

TAandaszinecin (Drain) LasifinANa N A (Cell pressure) AUNTLI
IaAnaas19sEnIgausune s dnuANsuntelusaesne (Back pressure) AL
Sruuald  slemndlaandaszinecin (Drain) Tagiasyinnnsdaduasufinnaesnn s aew
ulagiTuame  (Volume change) U4Fna8iNAY LL@:;mafLﬂalﬂugﬂuLLmLLﬂu (Axial
deformation) 1045ENAY 71987 4 8 16 30 60 3UNT 2 4 8 16 30 60 WITt 2 uax 4 4
Tuamudndy uasiialilszanns 24 dalue theanfilgllgaunamanuduiugssndnenis

\aaugil (Deformation) il a1 waznsulasuuilasiEunms (Volume Change) i 1941

A o

4.6.5 T4na1LRD1 (Shear) HAatl
4.6.5.1) lRAUAELILINEA (Compression test)

- @engtluuunedusy azianeuzilu usuw (Ramp)

- AUAS RIS N A e AN TIERaNT InERTLALA (GUTN) WAZLI
(W96 uuan 1 +10 N (Stress rate = 0.05, 0.50, 5.0 and 50.0 kPa/min)

- fvuaszazanstufindeya uasdeyaiiaziiuiin

- Tandaiidenry Pore pressure transducer LAl Tt
48479719 (Excess pore water pressure)

- nAAAmAgeL

- NAADUAUFIDENNI



63

46.5.2) LDABUAILILIIF (Extension unloading test)

- Lﬁ@ﬂgmmumum arianeuzili N (Ramp)

- AUBAFAINEINITRAUANNNFBINNT IREAINUAAT (FLIN) LAzl

(196118) wlua ¥ -50 N (Stress rate = 0.05 and 0.50 kPa/min)

]
P o K

- NMuuRszEzaINsindays uasdayanaziuin

! 4

- Tpandai@enu Pore pressure transducer fiadaAIAMNALWIN T

1849719 (Excess pore water pressure)
- NAANAINAADL

- NARBLAUFAIDEININS
4.6.5.3) \@aufiaeuaadnans (Cyclic loading test)

Continuous cyclic loading test

- wenglunuaesusy azidnsasflugy e (Sinusoidal)

- AMUUA Double Amplitude T9aziugns@auszning Load Nvudaendu

1 1 ¥
s U videiwsarls=@ndaa (Effective Confining Stress) AAsnAgaL T9N1ANUIDINAIT

P.=2x0, x Rx A, 4.1

P. = Cyclic load #1az Applied THunfnat
ol = Mieailsc@naua (Effective Confining Stress)
SR = @M1z cyclic stress fiul Effective Confining Stress
(xo,)/(20°,))
A, = AUt FRraIsaanasaINNIBnsiaATeLln (Consolidation)
- ANUUATATFINITRBUANNNFBINT U udsm
o o <K % % dl o K
- Auuaszazainstuindays wasdayanaziiuin

- Tpandaf@aniiu Pore pressure transducer iiadaA1AN AN

10499719 (Excess pore water pressure)
- NAANAINAZAL

- NAADUAUFIDEININ
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Staged cyclic loading test
- pengduuuneusy azidanwzilugilad (Sinusoidal)
- AnuuA Double Amplitude 2849 Load Rvdaaniluilasy iudnsdaudy

Effective Confining Stress NiaznagaLazZufiA1 Double Amplitude A1 BAN1TANUIDLN AT

¥
a

U

P.=2x0, x Rx A, 4.1

P. = Cyclic load #1az Applied T¥unfnatg
ol = Minelailsc@nsua (Effective Confining Stress)

SR = AMI14IUI¥UNIN cyclic stress fu Effective Confining Stress

(X0, /(20°,))
v 1 v
A, = NunntifnrasatnanAIaINNIBnsiaAen (Consolidation

- AMUUARATIEINTTRAUANNNFAEINTT  Muenilwdss  wavsvazinani

NAFALAY NARAL 15 29U (150 AW (0.10 Hz.), 15 3117 (1.0 Hz.))

- 1lanaaszunetin
1 v
- NAAAINARAL NEANTUNNANUAUATANIITNARDL 1TIANNAITLLNIUN

- WWuA1 Double Amplitude WAIUREUANNT] AzWMNBUAN AZNA

1% 1
Double Amplitude %uﬁfﬂm
- NARDLAWFLNNG (Failure) ANBOLTANTITTRRIFIDENIAUNAN 1L

ARATNNANNURIFNRE IR

4.6.6 W1FALNNALAANANN Cell UAIANNNIINAZALILATA

-11lannda szuneinann cell navlalluds
- AeranANAUNNE lUAIRENT (Back pressure) wazANAUNTE lWmad (Cell

pressure) ANNANAL
- AANETIARANEATZIIN tie rod U Actuator @80 LAZEIN Actuator 2

- 08/ O-ring 7 topcap WAL pedestal
- DAALNNLLSY (Membrane) WAZNIELANHNIANTIEITLLNEUNTZTUINNIDAG

ANLLNAANANNFAIALNNALLAZYN AL LT IN AU TN A N T UNAIN AZ DL
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4.7 S8R RUANITATUINY

4.7.1 pruaniRUe9Faet e unage L

Auualyl W = duminianiunaesnsiy V= 1501R979uin19980am Y
W, =imdnaesdauiiiuilenu V, = fFussiiilusesudsuoanu
W, = shuidnaesdounduin  V,, =dfuasdauiiiuin

V, = 15317910971899 19 lunaa A

v 1
- 3N lunaaRuENAY (Initial water content)

w=—2=2 4.2

- 13umsaasdauiiluiianu (Volume of solids)

W
Vi =
F Gy

4.3

- wagldnutingan (Total unit weight)

w
Vi :V 4.4
- 8m31871INTITNAL (Initial void ratio)

S=Yw 4.6
VV
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a o/ 1 o o/ QOI o/
4.7.2 AANTIR1R9A22E19MANN178AUIANYFA (Consolidation)
- ANG9TRIAIDEN
H, =H,—AH 47
o/ 1 o o % o
H, = ANga109590eandanisgainAiesi

H, = ANNEN109590809TH5Y

dl o/ 1 o o 9; o
AH = naidasuiiag ATNANTBNAIBELNUAINITAAUIALAD

dal dl ¥ o o/ 1
- WHUNUTUIAAUBIAIBEIN
a Ve _AYTI SR i

c

A, = NNTNFRUaIFaNanAIN1IaRTinANLIFY
V, = 13unnsaasaatingEusy
AV_, = maulasuuiadiFunnssyngnanayi saturation
AV, = nmaulaauuilasiiuiasseninenidasaaein
Vg =3V,AH /H,
d‘ o 1 1 o .
AH, = M3uasuulaInnNgeedsiaesnasendnani1smI saturation

. A o o & 1 o . dl .
4.7.3 Hysteresis Loop ARAIMNANNUITENIN stress NU strain 11AIRINN1T applied

) = 2 X = o = ' o
cyclic load SLMWLN?'E]U mwummﬂu loop UNNENN NNl anangaanuI1eIRAIaeg

AU Aananslugili 4.6

- Damping Ratio (h)

h= A x100 4.9

A7A



h = 831491 Damping Avdaailuile Fidus

L= WuNuas Hysteresis Loop

- lupda29 Young ‘s Modulus (E)

Loa Ls
_ e

e
Son As

L,,= Double amplitude load
Sp.= Double amplitude deformation

Ls = AINEIVBIANBEINUAINIIEAUNAEIFD

A= NUNUNARTIADLINNMAIN198RTINANLIFY

- TupAALLLIRAU (Shear Modulus), (G)

E

C )

W = ansndauilanes

- Single amplitude axial strain (E€,)

. _Sw2
o Ly/2

- Single amplitude shear strain (Y,)

Yo = Eca(l+ 1)

&

4.11

412

4.13

4.10

67



4.7 4 $18N1TATUINLNNTNARDL Compression WAL Extension

- ALATEA TULWA LN (Axial strain), [1,(%)

£,(%)= IA_—Lxloo

S

- UUREILT 19N (Deviator stress), O

T

A

A

AL= pougeansdatinenuiulasunlas

=)

Tnel
L, = mwzﬂ\mmﬁaﬂﬂ"mawﬁqﬁmﬁﬁmﬂﬁq
A = fuRvesnednmumademihanesi
A, = Nufaeses A agey

F. = uga iy

4.14

4.15

4.16

417

68
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UMINVIAY

M ¥nng

U7 4.1 unwwadaaaasmafivseteAufigundneia




70

LVDT
From -
Hydraulic
-
[1 | [1
Actuator
Cell
[\ Pressure
7 - N
Top cap :/‘\ Tierod
Perpex Cell q y 4
Sample
Pedestal
Cdll Pressure Pore Pressure
Transducer
Transducer Load Cell
| E kKl——
| Back
Pressure

717 4.2 Triaxial Cell



Pressure
control
panel Tri Volume
axial change
cell device
[P [ [
Printer Computer Amplifier
Load, LVDT
— Pressure
, Hydraulic
Hydraulic
Air dryer Air compressor

9117 4.3 uNnuivasIATEIMAGDL Cyclic Triaxial

71



Stress amplitude

Stress amplitude

>

72

- >
Time ()
31/7 4.4 nsveaaLLLL Continuous cyclic loading, CC
A
. @7
: >
Time (s)

15399

717 4.5 MImAaaLLLL Staged cyclic loading, SC
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d‘ @ o & ' Y o o .
gﬂ‘w 4.6 ANHANWULTEUIWANNLAUNLAINLATEA (Hysteresis Loop)

A, = WuN1893

& o
A, = fufiresaumasy
E =E

.o~ EQuivalent elastic modulus

g = Deviator stress

€,= Axalil strain

73



unn 5
NANITNARALLAZILATIZRRANITNAFDL

5.1 UNU

HANNINAFALULAZIATIEANANITARaLAzLaNaantily 2 dou ﬁ‘ﬂ

- NaN19NAK2UURY Cyclic triaxial apparatus ATANTANELAEITLNANTENLUR
ERINTIVININILYIMULERA  WUUAY  wazwuudAnssienuantifnIanamaniuadny
willtnden 1y Wadaeds TpdalRen  Ansdiuuanie way ANAULN TuTeINa

11461

- NaNIAIAITFaNTlsnIN SHAKE 91 asAn®aaeinefUNanssnuaad
ndl dl 1 a | a aa a o ] nal a dld I
ANNDUBIAAULEUAUINY  FTUNANARNTATDIAY  LAZARTAIULANNIIAAY  NUF

ANNLI (Acceleration) NTLFLRIAL D ANLLIATFS

5.2 dan19nadauas Cyclic triaxial apparatus

HanInAaasilAaINNIImageUALMTEIEaUNIMNY (soft Bangkok clay) tWau1AN
Tupda dasndouuanig wazmnusuinlugesde Tnaldiesesiianaaan Cyclic Triaxial

nagauuwuyliszUnesn (Undrained) nal@ianly viudossamsd (Stress controlled) a

atAuniNn ldnaaeuiiuNianFuawi dmelsygqinansninuanande

D

=3 %

TALALANENIZLANUN (Shelby tube) FaatigAnargnNNIiBNAaAN (Saturation) WAL
inFaANEn (Consolidation) AaentatiusaLlsy@NEuainiuuNAYNAANIN(Isotropic) 781
Fn@eiN9AU NRUAZaeU (Shear) AIDENIAUAIENUIELINAIN ANHTUZIAILINIAUT 3 WL

& o = o o & Ao o e, .
AR LbILLLILIBA LbTILLLLIAN LL@%LLNLL‘LI‘LI'J{]@ﬂﬁ‘Sﬁ\m@ﬂ‘]:rmzLﬂugﬂiGﬁu (Sinusoidal shape)

©

¥

AnudunisanundsluafillaulalRniuansenurasdnEaegusnseinlazguuy
YRILTNNIENT WL LIUULIEA (Compression loading) WINLLLILIAN (Extension unloading)

LAZLIULLEANS (Cyclic loading) NHFAENAANITNNINNAAIANTUDIRUITEIEDUNTANN
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iy TupAAIRaY (Shear modulus) SRIAIUUANTS (Damping ratio) ATHAAATBEN

v
(Young ‘s modulus) WAZANALLN b R9919 (Excess pore water pressure)
5.2.1 ANANTANNNIENNIAZADANTANIAAINITNTRF0E NAUNTINNMAASL

FnatinaAunauarinNINAGa LA AaIUANANITAN N AN W BAULAZ AT
ANTANNIAINTIN %\1m@mi‘wmfauﬁwumummﬂf’ﬂummaﬁ 5.1 AMNAITNUEAINANTT

o o

naaaUANNInAzaTl 16 A Fah FreteRuTiinaegeUet s S uANAN 5.0 - 9.5 WS

a

=

Funne N UGy (Initial water content) 62-63% WNAAAWAY (Liquid limit) 79-82%
FfaTaNaNdAN (Plastic limit) 37-39% ANGTTMANEANTA (Plasticity index) 42-43% AN
ingtwingan (Total unit weight) 1.60 -1.63 FWQNUIAMINAT AIAIINENAUNIY
(Specific gravity) 2.67 - 2.68 uana9FULsLRaU (Undrained shear strength) = 2.4-2.5
FY/ANIINNAT WazUUneLgaLlsyANEHAQIgATWeAR (Maximum past pressure) = 7- 8 Fiu/

ANTINLNAT
52.2 NANNTNARDLUBILATENNARDL Cyclic triaxial

idaanagatl Cyclic triaxial ANNIINNAADLNAANTFNIIAINITNIDIFIDEN
auvlé’%\a@mmuﬁﬁmmﬁmmmm‘(Static) wazAMANTRNNAAERT (Dynamic) AMANLIR
vmwaﬁ’mmiﬂ?ﬁ'ﬂ\mmmﬂummiawmmﬂuié’ﬁmmﬁ'qmmﬁﬂ 20 @R amFUNTANEIANE
ASailAnuiid 2 A1 Al 0.10 uaz 1.0 B Svazerflugasaauiizes Seismic loading Ae
0.10-10 &8 (Shibuya et al.,1995) mngaﬁ‘i 5.1 Hysteresis Loop Faifluns A uduRug
e ALl asaaine L (Deviator stress) AUANNLATHA LKLY (Axial
strain) Tugill 5.1a azuanslfifiusnzespnnaeionluiuunusingaiiiies Cyclic triaxial
ERRelIl Lmﬂmﬂﬁ 5.1b @”LmﬂﬁlﬁuﬁwmmmLﬂ?mluLLmLmummmﬁm?"m Cyclic

triaxial M3923A 161 wmimamfa@u LL@y@meuLLm\JWQ AuanLlAann Hysteresis Loop

|
I a

mmwmumm‘iu aandn lengflutdasmesscAunnuATantunats (Medium strain) uay

1
A

meﬁ@mmummmm%f@ﬁﬂu@ﬁm‘é@u (Equivalent shear modulus) Waz@RATIAU

WANAY (Damping ratio) ludasANNLATEALRAY 0.01%-10%
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5.2.3 NAN13TAANNITIAALLLILLIARY (Shear wave velocity) Tuauns

AINNANNTIAAINITITBIAAUILLIREUIWAUINALLAT Down-hole AMUIL 2 1gH
= = = = = o o A
WQNUINHAINAN 50 WAT uazugunaasianan 30 waslaglszanns Tnaaznianisdni

FTAUANANYN 7 1.0 1WAT TN13TATAY Ashford et al. (2000) Aauandlugii 5.2 wudn

D

ANT84AINITITBIARUULLIR UNIAINGNH AN INALALTLLAZA189ANIETITBIAAWULL

b

= - X 4 o = v A = = 4 = =
RAUNHUL LHBTSALANMNANTBAINITIALNNLY ATUBANAIMNLTIUBIAQRULLLLIIRAUISHATAIN
@ = Y o = Y a o Y o

\ugag ] "N’ﬂt@'ﬂﬁﬂ@@x‘]ﬂﬂﬂﬁﬁ‘uﬂ@\‘]Lﬂ@ﬂu‘?.lﬂ\‘muﬂusluﬂ@&lL@']Z ndaunmlfanziinsiany
1 [~ dl I~ Y o dgl dl o =®
ﬂ’]‘ﬂ‘ﬂ\‘iﬁ'}’mL?Q‘ﬂ‘ﬂ\‘iﬂ@uLL‘Ll‘]_lL"El’ﬂuﬁluﬂ@‘ﬂ\lL@’]ﬁ‘ﬂq’ﬂLLﬂﬂ‘ﬂ‘ﬂﬂN’]llﬁ dU NeEAUAINNAn 1.0 — 5.0

1
= o

AT ANNIEIAARNSALAUTENNDL 70 - 80 WNATAUN  NILFLAINNAN 6.0 — 12.0 LRI
ANHITIIRIAAUNTATAUIZNNL 90 -100 WAT/AUIN  NILAUAMNAN 12.0 — 20.0 LRI
ANNIEIBSAAUNTA LA UsTINL 150 - 250 WATAUIN ey NTeuAINan 20.0 — 30.0

AT ANANIEITDIARUNTRTAITHN L 250 - 320 LWA/AUDN
5.2.4 weaumeaurlugdanidandesJuRnisiustugdanldainauis

AtugaaReunaaauluieslfiFEnisldainiAsesmeaaey  Cyclic  Traiaxial
v o oadg - - Y s

NAAALIFNAENNAUNIUNINAINUANIAIEA 2 (Borehole 2) UBamanndsuatlseau
ANAINIIMINENAE NIZAUAIINAN 6 HAT UASTITTAUANNAN 11 WWAT AIUIUNIAN
Mgl e ANBUad1MTUNT98AFIAM8N (Consolidation) kUL Isotropic M 40 Alatna
A1 uar 70 Alatharia AINAAL NeAdaUAINDN 0.10 1E5H nan1ImAaeLLandlugln
5.3 Faflunsnarnduiusszuinalundaianu (Equivalent shear modulus) fLAYNLATEA
1281 (Single amplitude shear strain) NRDAAINATMLETINYBY Seed and Idriss (1970) WU
I 1 o A dla/ 4 dl . . . o 1 a dl [
91 AnaeslupdaReuninliainiATamaaal Cyclic Traiaxial MNA#aUAMBLNALNIZAL
ADHAN 6 LWAT LAy 11 WRg azilalndAesiuundanaldaindunsinsiln 5.3 Nauas

o o a dJ dl ¥ -dl . . . v [
wuiualin Temanmegaudlfanniasaamaaan Cyclic Traiaxial azllaanadasiuuanns
NALALN IAANNN13TAANLRIANNIEIAAULLLILRRY (Shear wave velocity) Nnadasluguny
299 Ashford et al. (2000) Wud1 lungaianzi 2 (Borehole 2) NIzAUAIMNAN 6 LA AL
. d - 4 “ A ews 4
TLALANNAN 11 LWAT AMNITITBIARLLLILLAAU (Shear wave velocity) NRgIadn lFazpAd
pananslugii 5.2 anaazagulfdnaunsedumnuan 6.0 wWms uaz 11.0 w9 agludusiu

LTI T ATIAUANTRAN N8N WA ATUANTTAN I AN TN U
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. o o . iy an
anNsdanARaNIINAgeLLandlugLf 5.3 wudn nansmagaunla ianunem
wnlugFauLLIRauENF (Initial shear modulus) 438 ANTNAFARLLLARUEIGA (Maximum

'
=

shear modulus) N3TAUAINATEALREWWINAL 0.000001 %38 0.0001% (Hardin and Black
1969) AlFUNNANIITAAMNEIARLLLLIRAUILANINTEY Ashford et al. (2000) Pl@ann
o o =3 A I A 2 . .
n19INTIRANITITesAauLLLReNluauN Turgaaen 2 Tneldas seismic down-hole
panandlugn 52 wnldAunnmnlugdaipeusudurzes lugdaReugegn  wudn
e - = A o = =
ANHISIPRULLILIRIUNIEALANINAN 6.0 WAT WASTITTAUANNAN  11.0 WAT Azl
ANHITIASTLISTNIL 90 WRIAWT  uazamnInAuIAN TN AaRauENauldnAY
12.96 wnzihaana NezAuanNATaaRentlszanm 0.0001%  wandlilugli 5.3 @
TupdaReun 1AaINN1TAMUININIAINANNITIARULLLIRBUATANNGT  15%  284ANTNAAE
A dlv ¥ o 1 a % a oA dl o = A
Reaundnldannmeseuseteiuluiiesdjiminig AszdumnATaa@eutlszaIm
0.02% dednAaeslugdaReuiiliainnisdnluauiniuevesiugdaeunldainiies
UfuRnsiAaenndesiu wananilldgnadalneta (Empirical) 2849 Hardin and Black,
(1968) AR NAARLABUENL TaANAAGLLLIRaUENALT A NgaaduIngTa Wi
AU 14.40 wnzihaaa seuaaslugili 5.3 nanldraudeazindirsaiuslugdaBusiun
ATUANIAINNNTTARANINITIAALLLLIREY  wanseiulsesnns 10%  Asiuenaazaqylddn
gnaLeulw3fia (Empirical) 984 Hardin and Black, (1968) HAMNIANNZANNAZENAIUINLAT

TNaARIRAUENAUIBI AT UN UM

5.3 HANARALLIINTENILLLDA (Compression loading)
AZANH I UANITNLIVAIARINTITDIUINITNULILEAN A NGBS Deviator stress  1ug)
ARUBAEY  LATANALLN LTI IREAZNININIINAZALAQLBATUTIUBILIINT A NANAL
1 v
0.05 0.50 5.0 1Az 50 AlalaAasaun? g setlssdansNauaInIs8mfaAIeLn 50 LAy

%3

100 latnapa NdunaunIImMAgaLIAail

v

asanaatinamunie 1 Triaxial cell
11

- AAFNANEIIN AL T AN B HARINNNUUA

=3)
Zo

o

NRENIAUBNFIAQEIIN

go
e

- AL UL LN UAR S A FNE N AN MU LA NI LA WA U9 lsE AR
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5.3.1 HANTENLABIDAINIIIRILIINTENMLLDARBDeviator stress

mﬂgﬂﬁ' 5.4(a) ka2 5.4(b) WUNINAMNANNUGTIZUING Deviator stress fiul
AALARAlLLLILNY NegaLTvne L s AvBHasRRaANEtnT 50 Alathana SR
289439N329 TULRALNWWINAL 0.50 5.0 waz 50.0 Alatamasau wazridaauselsz@ns
LaSAFANENT 100 Alathara §7s159909UuNIEF LNWYINAL 0.05 0.50 5.0
uaz 50.0 Alatharnarau mud1dL W91 nsilaesuilaswas Deviator stress Az39m
Galutasnnnaneaaluuuunuiiszdy 0-5 % agAes v Fraslutassziuauironluuug
N1 5-10 % LAZABLINIAITILT9IE AL AN ULATEA ILLLIMALLNNNGA 10% AunTIEaasng

o

AUAZILTR Munausatlsc@nsnadnsinnnating 50 Alatanna A28 Deviator stress Azgq

= [ = I o = 1 a a v o % all
an NzAUAMNLATEA IWUALNWINAL 5 % WaZNUUELINUIEANTNAdARAIANEILIN 100

nlat1aAna A1289 Deviator stress A¥EIgA NITAUANATHA LUILNWYINAL 10 %

AN Deviator stress WNTY LHAAATUFIUAILINITNUANTL  NITINNUD

. a X 4 o < o = a ! a
Deviator stress AZANUUNINHBAANTUTIUBILINTZNUALUAN 0.05 Hlatamasiaun
s 0.50 Alatnapasau azazidasuilasiasadiiasns3i1edus NI ANALANN
0.50 Alathamasauiiy 5.0 Alatrdaadauiinaziily 50.0 AlalaAasaun A
AR UAZINAERINTIURIUIINTETINNNTUAIDEINAUATUAAIAT Deviator stress G946
T AULAINNNTANIUTAFNUFIUDILTINTENN LL@mrjﬁwqﬁmimmam:ﬁﬁﬂwmuﬂu Strain
softening N NTWHNEENTUTIVBIUINTEAUANTY TN ANITNAINAIAUT AT TR

A5 NTeIAuNANLUzIENasa (Dilation) Aauanslugln 5.4(a) uay 5.4(p)

v % v [ =S
HANNINARD LT NAURAAAADINLNANITANIUANY Casagrande and Shannon
(1948), Casagrande and Wilson (1951) nagaufqaging remoulded kaolinite clay Taann
NN9INARDLLIINTEN TULUILNULN SN E AL NS ATITIUDIVAILINTENLANFATUY LAY
dalcv = -dlﬁ dl o dl -li/ = o o
uﬂﬂmﬂuﬂmﬁmmuwﬂm:mmmn‘uLﬁ?@\mmmﬁ‘wM@u&gﬂ@@nuﬂmmumeﬂuﬂ‘um
NAAALLN9A (Whitman, 1957; Ellis and Hartman, 1967; Ohsaki et al., 1957; Ohsaki,

1964; Richardson and Whitman, 1957 and Shimming et al., 1966)
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5.3.2 HANIENLIBIBATUIIVEILINIAULLEAFRBYoung ‘s modulus

mﬂgﬂﬁ' 5.5(a) WAz 5.5(b) HunsNANENAUSIZUI Young ‘s modulus AL
ARl NG NegaLTIve L s AvBHAsRRAANEtNT 50 Alatlhana SRl
289139N72N JUUILNWWINAL 0.50 5.0 waz 50.0 Alatamasaun wazridaauselsz@ns
LaSAFANENNT 100 Alathara §791159U09URNIFALLINWYINAL 0.05 0.50 5.0
uaz 50.0 Alatanasewn My wudn nsuwlasuulasnaes Young ‘s modulus A
AAAY HiDANALAIATLLLILNIREAY §RIN1AARIT8 Young ‘s modulus A¥aAANIIN
3 lutasszAuANAT A TuIauNUTRE <] 0.01-1.0 % UAYARINITARAILEY AN Young ‘s
modulus astiagaiiiannumealuuuunuRaduan 1.0 -10.0 % uazA Young ‘s

modulus AALENIAINLEAAINNLATEA TIULILAUNINNLT 10 %

NATBNEMTIEITRILIINTZNNGAYoung ‘s modulus  azlauta ludaessaL
ANLLAREA UYL 0.01-1.0 % Wudn (ileRnSaaesusenssrinfisdy A1Young
‘s modulus ALANTY LAYERIINTRLTLIDIAN Young ‘s modulus aziindusn g
Sms5reausensyiLinann 0.05 Alathaanaseund 1 0.5 uaz 5.0 Alataanaseund
PR IvioeusalssANBHaN8AFaANEn 50 Alathaans asfiusRInsitauae
AN Young ‘s modulus Foraundnfimiaeusatsy@vananisdagaenain 100 Alathaana
F31159909usINsERNALAN 0.05 Alathanasieund i 0.5 Alathanaseund §nn
nafisdusesdn Young ‘s modulus ’%Q\‘md'm’]iLﬂgﬂuLLﬂ@\‘ﬁmx‘lﬁvﬁl‘i’]L"E:’JLL‘j\iﬂi:iV‘i'W”m 5.0
Alathanasiewd 1y 50.0 Alathaaarewd AnsFaresusenszings 7 wualtiuna
NITNUIBIBMINFITILTINTZNAAAT Young ‘s modulus asillameas Young ‘s modulus

anas Aauanalugili 5.5(a) uaz 5.5(b)

Fanan ez lilaanndeaaiunnsAnef Texas A&M University Il Briaud and
Buchaman, (2000) We8n311592189A9NNIATUANTERANTY A28 Young ‘s modulus A
NI UANANITNLIB9ER95989NIENFBAT Young ‘s modulus T84ALINTIHNEAUATEN

ATt LATAUNIIE
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5.3.3 NANTENLABIDATNIIIDILILLA AFAANNALIN TLT 9914

ANgUN 5.6(a) war 5.6(b) unaAMNANRUSIENINg A NALTN TuEed919
AuANLATEATLLULNY NARALNMUNLLNLILANSNASAGANTNT 50 NlalNaAna SR
159999139N 72N IMUILNWWINTL 0.50 5.0 kA 50.0 Nlatnam1asauii wazuinengailsy
ANTNATAFIANLLNT 100 NlaUNaAa §79115U89UNNTZN 1 MU LNWYINTL 0.05 0.50
5.0 UaY 50.0 NlataA1asaul? MNA1FL WU Nadasuulasaaeniususinludesing
ALANAUIIA T INTEAUANNLATHA TULUILAWANAY 0-5 % avtidliudaeludass

= | ¥ -dl 1 o al
ANLATEA TLUALAY 5-10 %  WATARUINNAZASN METN9TEALIAINNLATE A MALWALALNIN

a oa

n91 10% aundsetAuardif Andosusatlszdnsnanisdasionian 50 Alathaaia
azlirAuAL luTeednegegn Aronuwessaluwiaunuwinty 5%  douiviausailse
anduanisdndaaieiin 100 Alathamna azlipimnuiuinTutesinegegn naouwssnly

" < dks x , . o
WWILNUWINAL 10% Teazaanadediun1silasuulasaes Deviator stress Aauanslugli
5.4(a) az 5.4(b) WTERATBIANN ALY Tt 29919 NTY Haga1nnnTRNAuIee Deviator

stress

A4S RIIIUIUNNITN ARANA N lUTeedne Wud1 Fednaniireuss
AL AN AN LTI Azanad LazAERINIs A lasanudTnuteq
J9Rzannd EednIET09usnITRanas  dunaldanndnmiiareusenssinnasuann
50 Alathamasewniiily 50 Alathanaseund azannnitgnSaaeansliusalaey
a1n 5 Alatapaseuniiiiy 0.5 Alatapasauni ﬁ\ﬂmmﬂugﬂﬁ' 5.6(a) LAz 5.6(b) i
nsilAsnaeaA NN LTI A AT A LANY94 Deviator stress INaNEMnealey
Avananglusetuanas  esannaifinturesanuiuinlutesdnanng lusaesng
AUty s liaeR T MInALanae A1 Deviator stress A4aARIANE AvaaAARRIRL
o UUILLIaLsrANSNa1eY Terzagi, 1936 “ All measurable effects of a change of
stress, such as compression, distortion, and a change of shearing resistance, are

exclusively due to changes in the effective stress”



81

5.3.4 a1N13ANNANTUTIzNIN TN AR Stress rate ratio

Angl 5.7(a) war 5.7(b) unamfingansevdnauni x iuaenifiuues
Stress rate ratio fUwNY y WUaBN13NNTB9 Young ‘s modulus NAGDLAMINE LS ls=AIE
LAEAFANENNT 50 AALNAANS §751159299UaNTER LLILNUYNTL 050 5.0 Ua 50.0
Alathanasiound uasmitgusalerdnauadafaenaiing 100 Alathaans §nsSieduss
N2y LLALNAYINAL 0.05 0.50 5.0 Waz 50.0 Alathamasau Aus sy F9A2nu

2
o o 6 o Y o

al o o %3 al [~ da’
WRUSIAR9azlanusuannNae (Power) a1x13aidesluannnglasadl

- b
E~E, (ﬁj 5.1
&1

AINANNIT 5.1 A1 b NAWNAL 0.02 dmsy Stiff clay HANWINAL 0.1 @150 Soft clay WA
winfiu 0.01-0.03 &113U Sand wauelne Briaud and Buchaman (2000) ANNRANISNAADL
VDIRVUHLITEUNGINN ANMNTDTEUANANTUSIzudIaINgAa U Stress rate ratio
(SRR) It

E=E,(SRR)’ 5.2

Sressrate?
Sressratel

=b_

1mel Sress rateratio, SRR =

E, = Modulud obtained at a reference stress rate

AMNANNTN 5.2 WA b WAy 0.13 Nvuaausalss@nanasasianieind 50 dlataaa
wazA1 b Wiy 0.14 unsussilsr@nsuadasiaaiasiai 100 Alataaa A1 E, Aadd
Young ‘s modulus N3EALAMNIATEATULUALNWWNGL 0.10 % SRINFIVBIUTINTZNNN
fiu 0.50 Alatharasiaui dauwandlugii 5.7(a) uaz 5.7(b) AINAIAL T9AT b NlFazgs
A91@1 b AlFan Briaud and Buchaman (2000) @4A1 b 489 Briaud and Buchaman

1 [ % o v a = 1 1 dl v 1 dl [ dlsz a dl
(2000) Wiy 0.1 dwmduhumidangau A1 b AlALANAYN Tanallunantain E, N819890
FLALIAYINLATEA TWULILNULANANNAY IN12989 Briaud and Buchaman (2000) Talésey

d|9/ a A [ aal 1 A o =] a o gaJ/ da,

E, NdwdwiEaanaazidunaniainasnimaganldmdeaunis waznndnenidanieiinng
1281 (Shear) Frasinaifluwuy Stress control Tl Strain control Ndualng Briaud and

Buchaman (2000) w1144
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5.4 NANARDULIINTEVLULAG (Extension unloading)

QAN IANANITNLIIBISAINTIVBIUINITNUULANN A NGRS Deviator stress w9
AR LATANNAULN1UTIR999  TRHATNINIINARAL AR ATITIUA LI NTEN AL
0.05 1a¥0.50 Nlathamanaunil NuUaslalls2aniNaa9N128AFIANETNWINTL 50 LAY

100 nlatam1a NdunaunIImAgaLAal

v
o o

- BaRamaatingfwne’lss Triaxial cell
o Y o 1 a QI o/ v %’
- M1 FatN9ALANAA2E11N

'
a o

- AARIANL TN AN NUIEILTILTEANBHARINNANUA

% o (=3 dl Q o o Y ¥ 4 dl
- A UL LNUAREARINFNNINUALAL TN LA UAWT N [ A

5.4.1 HANTENLUAIBATUTIVAILI LL‘].I‘].Iﬁ\i paDeviator stress

ANgN 5.8(a) war 5.8(b) unsMANANAUSIZNING Deviator stress Ll
ANNHLATEA TULLALNG TAERZNINITNAZALAILAATITIURILINTENYINAL 0.05 waz 0.50
a 1 al dl 1 a a o o 90/ 1 o a
AlatNaA1afauIN NUUEILINLIZANTNATAINIIDARIANLTININAL 50 WAz 100 Niallamn
A ANNANFL WU NATLAEULLA9U89 Deviator stress axgmidqludnesesuauLATaaly
WUOLAUWNAY 0-5 % azd1a911t099 251 ANNATEA MU LAWYINTL 5-10 % LAZARLDNY

o

AN U7 AUAHLATA TULUALNUNINATY 10% AUNINFaLiNIRALAZT]

A4 Deviator stress AAALLANTY LiadRaiireusanasinilasuann 0.05
Alathannasaund Wy 0.50 Alathanaseund WednmEiuesusenssigingy 0.50 Ala
Un@ANaReuUNT AN199 Deviator stress azAaudnIAST MszdLANUAREATLLLILNLAAN
N1 10 %  uilunIdingnIEedusanssiamingy 005 Alatharnaseund Az
ANALAREAlLULIUNUEANNGY 10 % ANUed Deviator stress asiidnmnisifindubos 'l
WAAIA1289 Deviator stress g94p %'qwqﬁmimmﬁq@ﬂ'wﬁuﬁmmuﬁﬁﬂwmuﬂu Strain

hardening ﬁﬂLLzﬁmﬂugﬂﬁ 5.8(a) waz 5.8(b)
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5.4.2 HANTENLIIAIE ATV VBIUIINTZNNUULAIARYouNng ‘s modulus

@fmgﬂﬁ 5.9(a) uaz 5.9(b) HunsNANENAUSIZUINN Young ‘s modulus i
ANNNLATEA MLLILNY IALAZINN1INAFELANLE RIS UBALINNTINWINAL 0.05 way 0.50
Alathanasewn i AinieusslsAnBnate9nNI8 AFIANELNWINAL 50 WAz 100 Alathaen
A AINAIAL WLI1 ANT8Y Young ‘s modulus ATAAAY Slepnuetealuuaumaingy
fRTINTTAAAITBY Young ‘s modulus AzAAAIIIALEY IUTITLAUAINNLATE A LLLILNLYN
iU 0.01-1.0 % WAzAANIINNTAAAITAY Young ‘s modulus axtingadiiinnnuLARa Al
WAL LANN 1.0 -10 % AN Young ‘s modulus Aavuinepaiiia AT A L LALANN

a oa

1917 10 % AUNINFAIBLINAZI1LIF

HANTENLTAIBATUTIVRILNNTENFBAIYoUNg ‘s modulus WL ANKHA
o @ o = dlq/ [~ a 1 = a
NARALAATUTIVAIULINIENULLASNERINTY 0.05 Alatamasiaun waz 0.50 Alalna
ANAREUNT HANTENLTRIBRTISI BTNz liNNafaAT Young ‘s modulus WsNE AN
‘ dlu/ [~3 a 1 = 1 [ v A % a
Young ‘s modulus N8R339 0.05 nlathaatasaun wansANiudasuInNaUazyiLatin

fiUAN Young ‘s modulus Adn91139 0.50 Alathaaasieun Asuandlugii 5.9(a) waz 5.9

(b)
5.4.3 NANTLNUAAFAITIURIULINNIZAMULAIFB AN AULIN 1T a9979

mngﬂ‘ﬁ' 5.10(a) waz 5.10(b) NI INAIMNANAUETZUIN AN T a9
AUANNLATEA LWL TAAZNINNIINAGELANES RIS URILINTZNIWNTL 0.05 LAz
0.50 Alathamasieund Fmiitusatsy@vanaresnnasasamenimingL 50 waz 100 Ala
thama  muady wud  nsulasuulasresannudiinlutesdnamniia lugaes sy
ANNNLATEA MLUILNWWNTL 0-5 % avdnadliudaessiunanuATe A lLuaLnWwingy 5-10

% LAYAALTN9AIN IUT1992FLANNIATEA TULUILNUNINNGY 10% AWNIIFIaENAUAzAT]

T9azraanAfeaiLNaAELlase9 Deviator stress AaLanalugLN 5.8(a) uaz 5.8(b)

NAUBIFAIFTIURIULIINTIZAMLLAIFB AN AULN TUTa99719 WU LHadRT5aa9
LANTLNUANTY A1ANHNALUIN1UTA99199 AR AziuAUE AR s2ANENa 50018

naaannnannniseusatlsz@nsua 100 Alathana dauanalugiyn 5.10(a) uaz 5.10(b)
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5.5 NAVARAULIINTTYINLLLINANS (Cyclic loading)

ATANHIRENANTENLTRIERTNTIVDILNNTEYIULLAN AN HNAse Tugdaleu 879

[

AUBANAY LATANNAULN U999 TAATNINIINARAL AR ATIETIUALINNTEN AL

1 v
=

0.10 uAaL1.0 1H5A NUULNUIZANTNATRINIIDAGIATEILN 50 LAy 100 Nlalaaa Jdu

De

FAUNIINARALAIT

v
o

AFIFaReiNaRAN1e LY Triaxial cell

N

=)

1 14
051'9/0/ 1 a a

- M AFRet 9 ANBNFIAQETN
- fanaenindaemiteusatlsy VS Na AR
- Wuseuunipsnsluunaunugeesnsdafiimuanasinsusaiududnel fasd
ANNIMARAL 2 kUL
- Continuous cyclic loading test (CC) Gewla wiieuslszAvsaassmdng
NAGALAZAARY
- Staged cyclic loading test (SC) Gauly wiheusalszdvinasening

NAFaLATARUTNIaT AN
5.5.1 HANTENLTBIERNINTITBIUINITN LT ANsia g AaLaaU (Shear modulus)

mﬂgﬂﬁ' 5.11(a) waz 5.11 (b) WunanImagaLzes CC waz SC fipnaid 0.10
uaz1.0 (E5n AivdaausstlssAnanaGuaunintiu 50 waz 100 Alathaaa mudisy Taat
wnenanmagauiiunsmpuduiusssndelugdaeuiuANeTEAREY  HANT
MARELLLL CC azidenuaniamasauiarnzsaufigulanitinigue wudn aouadaniieu
lugng 0.01-0.1% Alugdaideuildanmagenuuy CC azunnsinafueTupFaidauiily
AnMARRLLLL SC inter Atugdaideudilfannagenuul CC avanasmaidaiiasan
miEusaLlsyANBNaanas AN IuTena iy Lwil,ﬁfaﬁm@mwmim@ﬁmﬁﬂu
lugnspnnuirianidewiomn  Atugdaideuiilfanuanmeaseuvssauindidasiuann
fenaaznanalddn Degradation curve BeIANNANUT I T AAIRaUT LA NPT A
GeufildanmmegeLuuy SC @wnanldunu Degradation curve esAnMANLS

599 INAAARAUALANNNLATALRAUN HAINN1IAReLILLL CC uar Degradation curve
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1RININARALLLY SC lunN13ANHIRAeATaldanARadiLNANITNARELYEY Zergoun and

Vaid (1994) Al#annsnmagay Cloverdale clay

HANTENLTBIERATNTITBIUINIENULLINANTsa i AaLaaun Wudn laaanad
Fisduann 0.10 15m i 1.0 B5n Anisausaulsy@nana 50 Aladhanna AtugdaReu Ty
foapaeiEaEan 0.01-0.1% fiAuE 1.0 L"Eiﬁ?mz@;aﬂdﬁﬁmmﬁ 0.10 Wntiee daui
wieusssz@nsua 100 Alathania ArlugdaReuialndipasiunan araazagdléidn
ﬂf;f]m?ﬂﬂﬁm@ﬁiﬂmiu@ﬁm@ﬂu ﬁummﬂugﬂﬁ' 5.11(a) uaz 5.11 (b) MNANGL T9nanNT
mmmmzmﬁ@uﬁumm;ﬂmm Aggour et al.,(1987) I#91n1ImAgeL Resonant column
MANBTZALANNE WU TiszuANEiNINNdn 50 1E5R mma"%ﬁm@mm@mﬁ@u
(Shear modulus) Ag Lﬁ'@mmﬁ'Lﬁ'u%mwmim@ﬁmﬁ@mﬁ'ﬁu WARNTZALAINARING 50

ac dl 1 1 1 o A dl [ a A ¥ 1
LR m’mmﬂum@mmiu@@mmu NITALUAINNLATEALRAUUALNIT 0.10% WAZHANIT

Anm1aed Ishihara (1976) A nNNNIMARELAWMLLINEN (Clayey soil) WU41 7seau

¥
A o A

= & o ) A . ] =~ ~
ANATEAREUTRENGY  0.20% ANdarlidnaselugdaLLLI@eN  wenaNTdEng
NAAALUAY Shibuya et al. (1995) MIMN1INA&aLAK Normally consolidated clay Tagld
A A . / i Ay = P o & A o
LP3RNNeNARAY Cyclic torsion shear W41 AYND ANasiaATudALLILIREY Nsva

ANHLATEALRAW 1T 0.0001-0.1% NARALNAIMND 0.005-0.10 LH56

5.5.2 NANTLNLUIBIEATUIIVBIUNNTEN LU INIARERNINAIUUANTY

mngﬂﬁl 5.12(a) waz 5.12 (b) Wuxan1nagauwed CC way SC ‘ﬁlmmﬁl 0.10
1Az 1.0 1F5A uwasfivitaeuselsAnana Fudumintu 50 uaz 100 Alathana ausisulng
tiguananismagauluns A uFRLS LIS R druLANRI T UANLLARAEDY A
NIMARBLTBILLIL CC AzldanuanimageLianizsatiaulauniingus wudn fvioeus
Usz@ndua 50 Alathana A 0.10 (E5A AdhsdauuanielilgannageuuLL CC N
NNANE AT EUANRTILEANNARELLLL SC uATANE 1.0 185 milsuslsr@ndea
100 Alathana ANEATEILLANTSTIEANNNAN T AGELIABILLLE AL LANF T utas
NN UAT AN194 Viscous damping AazHANLsTHIns 56 % agflutasnnuATaaL@au 0.02-
005 % dhndauuaniivasifsduileauiondeudinly  Samdauaniiagega

1321101 30 % NAMNIATLALRDY 10 % Tasitlszanny
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mmmmmﬁmmLﬁ'f*ammLmﬂizﬁﬁLLuuigéTmrfi@ﬁmﬁmuLmuﬁﬂ wWudl  Lie
ANUBIRLTUAN 0.10 B0 1T 1.0 B50 ANRIELLANTNTIEAN NN MAgaLTageduLL
aeilrnanaudntias  TiiaausalerAviananisdadaanatin 100 Alathaana AeRIndIy
AN AAAINNNINIMREL s sz ANB AN 28 AFaANEn 50 Alathaane nan1sAGeL
LI CC axfiun1sanasedsnsdruuanfietalauniinanimagau Ly SC Aananalugy
‘ﬁl 5.12(a) waz 5.12 (b) %Iq@m@mmz’q’mﬁumm@m@@mm Shibuya et al. (1995) INN9T
NAZaLALW Normally consolidated clay Tmﬂ%mﬁmﬁ@%mﬁ@u Cyclic torsion shear wua il

. K ¥ L
1098ATAIUUANNIAZANAT LIBAINALRNTY
5.5.3 NANTTNLIBNEAIUIIVBUNNIEN LU ANIABANNAULN T

A1ngUN 5.13(a) waz 5.13(b) lukanimeaauLLL CC NAgaLNANND 0.10

-

waz 1.0 [@5m Nudiausatlsy@AnsnaEusiu 50 uaz 100 Alathaaa Tatiaualugilaony

v o & 1

v 1
AUNUFI217I19A N AN U B99 19 LR U UIALARILIINTENAAFI AL WLF LHDRUIU

PALIBIUNNTLANANTUAIANNA TN TUTRT ez NNTY uaziladnandou (g/p),,., NN

¥ 1
o a

v 1 ¥ ! ]
W HRINITANAMNAULN TR 1Az INNAUIIAEININN (0/p), FININ ABAARBITL
AMSANIU8Y Tamotsu et al. (1980) nA&ay Normally consolidated clay NuudasiuaLlsy
ansua 200 Alatharna Airanud 0.50 R WuIn e cyclic shear stress level AT AN

i a X
Normalized excess pore pressure FNNUL

mmzmmmﬁmqL'?ﬁqmmlmmzﬁﬁme”gféa”m?rﬁi@mmﬁuﬁﬂwﬂ'mdw WU
Slesuauseuresussnssinsaftednemuinm Aand 0.10 185 azlfAianusuinly
ﬁ@qdwgﬁ\mfiﬁmwﬁl 1.0 B e1maznalddnanudifisduain 0.10 1.0 B5A e
AUt lugeIdaanas  wazannsRanmAimieusszAvsna 100 Alathamna
nARRLTIAINE 0.1 uaz 1.0 B AnvesdnIda (Q/p"), INALARIAL il iy
1899194494 A (@Aumkinsithvesiaedng eensnlndifeiunn Wy Shandau {7/} Ny
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ADWTIALA AL N9RU

NAINIINMNINENAR (CU)

SLALAIINAN (M) 5.0-6.0 4. 8.5-9.5 W.

B0UANNT, w (%) 63 62

Uonan, LL (%) 82 79

TANAAFN, PL (%) 39 37
FaiiwanaRnas, Pl (%) 43 42
wmmﬁmﬁnmu,% (tm.’) 1.6 1.63
ANNHONAUNWAZ, G, 267 2.68
fndafunsaiiewnasiu, S, (Ym>) 2.40 2.50

vinslusalszAninagega uadn, o7, (Ym ) 7 8
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<« From Embirical formula of Hardin and Black 1969

From Shear wave velocity of Asford et al. 2000 |
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Secant Young 's modulus, E (MPa)
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Excess pore water pressure, Au (kPa)
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Secant Young 's modulus, E (kPa)
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Secant Young 's modulus, E (MPa)
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Excess pore water pressure, Au (kPa)
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Excess pore water pressure, Au (kPa)
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Shear modulus, G (MPa)
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Shear modulus, G (MPa)
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Excess pore water pressure, Au (kPa)
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6.1 #51lnan1sIae

1. NANTZNLIANTATNTIUAILINNIENULLSAGFD Deviator stress WM LHadRI59
YAILINTLNFADFAALNAUANNTL A1 Deviator stress ALANAY IALNI1INARALALNTLND

ARTUFUVAILINNTLNYINTL 0.05 0.50 5.0 LA 50 NlatNaAasauni

2. NANTENLIBIEATNSITILTNTZALLLEAFE Young ‘s modulus U4 RN
IFI209LINNIENFABAIDLNAWANTYE A1 Young ‘s modulus AziNIu Taenismagdeuas
NIENINERNIEIURILINNTZNWNNTL 0.05 0.50 5.0 WAz 50 Alalaarasauid

3. NANIYNUAAIGAINTIUBILIINIENLLLSAAD AN LUN IUER991e wud  Lia
FRN9FIURIULINNTZNARFIDENAUANTIU ANANFULN IUEaIT19azanae TagnImagaLl

ALNILNINENITIUBILINNTZN WAL 0.05 0.50 5.0 WAz 50 Alatanrasauid

4. NANTLNLABIFAITIURILINNTIZNLILANFD Deviator stress WL LHASATIEA

] o IS DU

YAIUIINTZNFIR fmjwauuml,ﬂu@mﬁﬁu AN Deviator stress @mmﬁaﬁu IpeInng

[ %

NAFALAZNILNINDATNTIURIUINTIAUNNTU - 0.05 LAY - 0.50 NlatNaAasanni

5. NANTINLIBIEMINFITAILTNTZALLLAIAE Young ‘s modulus WUINLHBERTY
< v o 1 o/ 1 a al g 3| QI d%, 1 ‘ 1 dl
\Fr209n13 I usansEnfese 1AUN AT UALANTY A1 Young ‘s modulus azluidAgiu
uad IPENINARALALNTENINARTUFIVAIUINTLNUYINAL - 0.05 WAy - 0.50 nlathama

1 a
ABUIN

6.  HANTENLUBNAATNFIVAIUNINTLNILLLAIARANAUIN U999 WUqY 18
AR 5r09uMNIENIAafatNAUNANTUALINNTY  A1ANAWTN LT agT9ariANa L
tasag IAEN1IMAZaLAZNILNNSATNGaINT1TUIYINAL - 0.05 LAy - 0.50 AlatlaAa

] =
ARUIN
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7. m@m‘zwmmﬁmqﬁ*wmLmﬂ@z‘v‘hmefgﬁm‘ﬁiﬂiu@ﬁm%@u (NARBULLL
Staged cyclic loading) wWudn WadnsFnesnIsliusanseinsafantinamuiNIL A1lug

darRaulilasunlag Inanin1magauNaRTEIUadLINNIEN AR 0.10 UAZ 1.0 1856

8. NANITNLIBNEAUIIVBIUINNITN LU ANIADERINAMUUANTG (NARBLILLL
Staged cyclic loading) WU HaERT59189n13 1 LTaNIENFaFMeE1AWANTN AERTT
AIULANNIAZARAILANTRE TAENINITNAFELNEHTFIIIUTINTTN WAL 0.10 way 1.0

GEG

9. m@mmmmﬁmqL':TffmmmezﬁﬁLLUUfT{ﬁﬂ@ﬁi@Tu@ﬁmﬁ@u (NARBULLL
X,

Continuuos cyclic loading) WL31 HadI1150UsINIEINFaARENIAUANTW A THAAS

waulilagunilas TReNIN1ImMARaLNERNINEIURILTINIZAWNINTL 0.10 LAz 1.0 LF5A

10, HANTENLUBNERINTIVBIUNNINMULINANIFARERIFIUUANTY  (MAdEL
WUL Continuuos cyclic loading) WL41 WHegnIIEI 189N TERNAR A9 NIAUANTY AN

FRTAIULANNIREAARG LALNINIINARALNTMNINFIVBILIINIZN NN 0.10 LAL 1.0 155m

1. HANITNLITBIERINTITRILINITAMLLTNANsFaANmin luTeadng
(MAR8LLLL Continuuos cyclic loading) WU HaSRIFITBILTNTENFBFIBEN9AUNN
A AANFN TR 9azanad IRLNNIN1INARRUNFRIFIURALINNTERANTL 0.10

waz 1.0 La5m

a a 1

12, HANITNULBIANNDIBIARLIEUAL MR AT IQEANTEALRNAY WLdT 7

AHDTasAAULNLALIMIRANINAL 1.0 1EFR A1ANENgeaANIsAURNAUATHANEI4A

U q

IpeRLAIzIiNANDas11T29 0.10 — 20 1H5m
a
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13, NANIENUBANERINAIULANTNTIBIAUABANNLINGIGATIITALIRIAY WU 18

'
ol o

! | % 1 1
FRIIAIUUANNINNTY A1ANLINEIgATITzAURNAUAzanaS TntdlAs e idRsduLANA

1 o

HAWINL 5.0 7.5 waz 10 %
14, WANITNUVRIATUNAIARNVRBIAUFDANNLNGIGANIZALHIRY WUTN e ATH
WANAFNIDNAUANTY  ANANLNGIQATITEALRIRAUAUANTY  TneRiATsiiAN A

WaaAnga (P) agflumgag 0 — 200 %
6.2 TALAUBLULIWNITANEILNNLAN

1. AnmAnENIEN WA dnfIaRuHngaunamne  TuTIANNIATALRAY
(Shear strain) tiaeindn 0.01% luiesllfiifnnslneldirTesiianaseuaiindu 1w Resonant

Column Test

2. ANEAANTRNNWAAIAATIBIAUNIINNG AABATEALAINAN 60 LA AN
o =2 3 dl ¥ o o U % dl o L%
svAuAanTendnanz lddniunea¥eenansge et lu1dlunseenuunsiuniuue

ANLHuUALINg

. d e 4 e oA = 9 . 4
3. whaussinsevinsasaetnAuealdidugiuuan  ww  gUunuansmaLN
(Triangular shape) TvaNalNasoAMANTENNAAARS  waztiwnFaLRauiLINIg
dl k%3 1 dl o ] o 1 a L . .
naaaun ldmiaussinszinsadaetingaulugiuuulad (Sinusoidal)
dlall v o o dl dl 1 a s = OI 1
4. AN A MFUNIIAAeLaNANAAELNAYINDEINTT 1.0 1SR YFRanaRINdd

0.10 1855 Tea1AHNARRNGANITNNNNAAIARTTBIAUNTIEIEaUN TN

° ¥ dl % U o dl o % ¥ dd‘ a
5. thiayanliainnimeasullldiinszinsnaeusoniesnudne lunsdinia
weiumulmszezlng (Long Distant) mnawiaraNguusipaiatuuaydnlilulsemnalne

Taeldlsnss SHAKE 91
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Shear modulus and damping of soft Bangkok
clays

Supot Teachavorasinskun, Pipat Thongchim, and Panitan Lukkunaprasit

Abstract: The shear modulus and damping ratio of undisturbed Bangkok clay samples were measured using a cyclic
triaxial apparatus. Although abundant literature on this topic exists, selection of the most suitable empirical correlation
for a seismic analysis cannot be done unless site specific data are obtained. The apparatus used in this research can
measure the stress—strain relationships from strain levels of about 0.01%. The equivalent shear modulus measured at
these strains was about 80% of the value obtained from the shear wave velocity measurements. The degradation curves
of the equivalent shear modulus fell into the ranges reported in the literature, for clay having similar plasticity. The
damping ratios varied from about 4-5% at small strains (0.01%) to about 25-30% at large strains (10%). The etfects
of load frequency and cyclic stress history on the shear modulus and damping ratio were also investigated. An increase
in load frequency from 0.1 to 1.0 Hz had no influence on the shear modulus characteristic, but it did result in a slight
decrease in the damping ratio. The effects of the small amplitude cyclic stress history on the subsequently measured
shear modulus and damping ratio were almost negligible when the changes in void ratio were taken into account.

Key words: soft clay, shear modulus, damping ratio, cyclic triaxial test, cyclic stress history.

Résumé : Le module de cisaillement et le rapport d’amortissement des échantillons d’argile intacte de Bangkok ont été
mesurés au moyen d’un appareil triaxial cyclique. Quoiqu’une abondante littérature existe sur ce sujet. la sélection de
la corrélation empirique la plus adéquate pour une analyse séismique ne peut pas étre choisie & moins d’obtenir des
données spécifiques au site. L’appareil utilisé¢ peut mesurer les relations contrainte-déformation a partir de niveaux de
déformation d’environ 0,01 %. Le module de cisaillement équivalent mesuré & ces déformations était d’environ 80 %
de la valeur obtenue & partir des mesures de la vélocité de 1’onde de cisaillement. Les courbes de dégradation du mo-
dule de cisaillement équivalent se situait 2 I'intérieur des plages rapportées dans la littérature pour une argile ayant une
plasticité similaire. Les rapports d’amortissement varient d’environ 4-5 % aux faibles déformations (0,01 %) a environ
25-30 % aux grandes déformations (10 %). Les effets de la fréquence du chargement et I’histoire des contraintes cycli-
ques sur le module de cisaillement et le rapport d’amortissement ont aussi ¢té étudiés. L'accroissement de la fréquence

de chargement de 0,1 & 1,0 Hz n’a pas d’influence sur les caractéristiques du module de cisaillement, mais résulte en
une légere diminution du rapport d’amortissement. Les effets de I’histoire des contraintes cycliques a faible amplitude
sur le module de cisaillement et le rapport d’amortissement mesurés subséquemment étaient presque négligeables
lorsque les changements dans I'indice de vide étaient pris en compte.

Mots clés :
contraintes cycliques.insert

[Traduit par la Rédaction]
Introduction

Although located at remote distances from active seismic
sources, Bangkok has recorded more than 20 earthquakes
(Nutalaya et al. 1985). Large earthquakes at far to moderate
epicentral distances (Warnitchai et al. 2000) were responsi-
ble for most of the events. To assess the level of ground mo-

argile molle, module de cisaillement, rapport d’amortissement, essai triaxial cyclique, histoire des

tion in Bangkok, cyclic properties of the subsoil deposits;
basically the shear modulus and damping ratio, are required,
Although these two properties have been extensively investi-
gated by a number of researchers (Hardin and Drnevich
1972; Kokusho et al. 1982; Jardine et al. 1984; Shen et al.
1985; Alarcon-Guzman et al. 1989; Tatsuoka and Shibuya
1992; and Tanizawa et al. 1994), test data obtained using
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Fig. 1. Location of load and displacement transducers used in
the triaxial equipment.
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Bangkok clay samples are available to a limited extent. This
paper presents the results of cyclic triaxial tests performed
on samples of Bangkok clay. It aims to provide the
geotechnical engineer with an additional database on the
shear modulus and damping ratio of soft clay.

Equipment, material, and testing procedure

A computer-based-controlled cyclic triaxial apparatus was
employed. The servo-hydraulic loading system enables axial
load to be applied in a cyclic manner to a frequency of
20 Hz. The loading system is directly installed on the top
platen of the triaxial cell as shown in Fig. 1. Consequently,
there is no need for a reaction frame. A load cell whose in-
formation is used as feedback in the loading control system
is placed inside the triaxial cell. Two displacement transduc-
ers with resolutions of 0.01 and 1.0 mm are used to measure
axial deformation. The position of the smaller transducer can
be adjusted from the outside so that it can be removed when
the test continues beyond its capacity.

Undisturbed samples were taken from three sites in Bang-
kok. The general subsoil profiles of these sites are schemati-
cally depicted in Fig. 2. The CU (Chulalongkorn University
Site) and MU (Mahidol University Site) sites are located in
the center of Bangkok, while the KU (Kasetsart University
Site) site 1s about 15 km north of Bangkok. The depths
where the samples were obtained and their physical proper-
ties are summarized in Table 1.

The general testing procedure is outlined in Fig. 3. A sam-
ple was first trimmed to be a cylinder of 35 mm in diameter
and 70 mm in height. Saturation was checked by determin-
ing the pore-water pressure coefficient (B-value) after com-
pletion of differential suction. The sample was discarded if
the B-value obtained at this initial stage was less than 95%.
The sample was then kept under isotropic consolidation
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Fig. 2. Simplified soil profiles at three sampling sites in Bangkok.
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pressure (with a back pressure of 200 kPa) for another 24 h
before the start of cyclic shearing.

The equivalent shear modulus

Degradation curves of the equivalent shear modulus, G,
are shown in Fig. 4. The G, defined as the ratio between
the single amplitudes shear stress and shear strain (Fig. 4),
was computed by assuming that the Poisson’s ratio, v, was
0.5. The shear moduli measured at shear strain levels of
0.01% are about 80% of the maximum shear moduli re-
ported in the literature (Hardin and Black 1968 and Ashford
et al. 1997). The empirical equation proposed by Hardin and
Black (1968) is adopted to compute the maximum shear
modulus, G, because it gives a comparable value of G,
to that obtained from down-hole seismic tests performed at
the CU site by Ashford et al. (1997). The degradation curves
are obtained from tests conducted at two load frequencies;
ie., f=0.1 and 1.0 Hz. Nevertheless, the effect of load fre-
quency on G, is very small in all cases.

The relationship between the equivalent shear modulus
obtained at Ayg, =3 x 1072% and the initial confining stress,
G.. is shown in Fig. 5. The shear modulus forms an expo-
nential function to o7, namely G, o (0¢)*®. Note that there
is an almost indiscernible site effect on the G, measured at
this strain level.

© 2002 NRC Canada
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Fig. 3. Flow chart outlining the testing procedure.
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stress history

Applied undrained cyclic load
(strain = 0.20-0.30%)
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Table 1. General physical properties of the tested clays.

Depth of Natural water Liquid limit, Plasticity index, Total unit weight,
Sites sampling (m) content, w, (%) LL (%) PI (%) v, (kN/m?)
MU 4.5-6.0 53-60 59-67 29-30 16
CuU 6.0-7.0 60-70 80-85 4045 16
KU 9.0 60-65 80-85 4045 16
The normalized shear modulus degradation curves, The coefficient 0.0012 represents a parameter called the

Geq/Gmax ~ A¥sa, for all of the tests fall into quite a narrow
band (Fig. 6). The G, was calculated following the equa-
tion proposed by Hardin and Black (1968). The curves from
Vucetic and Dobry (1991) for clayey soils having plasticity
indexes (PI) between 15 and 50% were reproduced for refer-
ence purposes. A hyperbolic equation, shown in eq. [1], pro-
vides the best fit to the test results.

Ge I
[ ot
G max 1+ BYsa_
00012

reference strain, 7y,, which was defined by Hardin and
Drnevich (1972).

Damping property of Bangkok clays

The damping ratio, defined as shown in Fig. 4, is plotted
against the single amplitude shear strain in Fig. 7. In gen-
eral, the sample tested under a loading frequency of 1.0 Hz
(f = 1.0 Hz) yields smaller damping ratios than that tested
with f= 0.1 Hz. Shibuya et al. (1996) applied Masing’s rule
to the monotonic test results and simulated the hysteresis

© 2002 NRC Canada
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Fig. 4. Degradation curves of the equivalent shear modulus. e, void ratio; A;, area enclosed by hysterysis; A,, equivalent elastic energy;

Y, shear strain.
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Fig. 6. Normalized shear modulus degradation curves (Hardin and Black, 1968). G,

initial shear modulus.
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Fig. 8. The effects of load frequency and initial confining stress on the damping ratio.
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loops of a clay at various rates of loading. They predicted a
decrease in the damping ratio when the rates of loading were
increased. This is well in accordance with the trend observed

Single amplitude shear strain, Aygs (%)

in this study (Fig. 7). However, the effect of the loading rate
_on the damping of clay has not been conclusive. For exam-
ple, Vucetic and Dobry (1991) found that the damping ratio
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Fig. 10. Normalized shear modulus G ,/F(e) obtained from samples with and without cyclic stress history (f = 1.0 Hz).
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was rather insensitive to the changes in the rate of loading.
Fortunately, the slight change in damping ratio, either in-
creasing or decreasing, may not be instrumental in their ac-
tual application.

The effect of the initial confining pressure on the damping
ratio is demonstrated in Fig. 8. The damping ratios obtained
at Aysa of 0.1 and 1% are plotted against the load frequency
and the initial confining pressure. At a strain level of 1%,

the sample tested with higher initial confining stress exhibits
higher values of damping.

Effects of the small amplitude cyclic stress
history

Bangkok subsoil is believed to experience some extent of

- cyclic stress as a result of small earthquake hits in the past.

© 2002 NRC Canada
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The effect of the small amplitude cyclic stress history, if it
existed, must therefore be clarified. In the present study, 50
and 100 cycles of cyclic loads with Ayg, between 0.2 and
0.3% were used to generate cyclic stress history on the
tested samples (see Fig. 3). The G, obtained before and af-
ter subjecting the samples to cyclic stress history are shown
in Figs. 9 and 10. Note that the changes in void ratio were
taken into account; namely by normalizing the G, with a
function F(e) = (2.97 — e)?/(1 + ¢), where e is the void ratio.
It can be seen that the cyclic stress history does not signifi-
cantly affect the normalized shear modulus characteristic or
the damping property (Fig. 11).

Conclusions

Information on the shear modulus and damping property
of a soft to medium clay (Bangkok clay) was provided. The
effects of the loading frequency, initial consolidation pres-
sure, and small amplitude cyclic stress history were investi-
gated. The equivalent shear modulus was not significantly
affected by the load frequency (f = 0.1 and 1.0 Hz) or the
small amplitude cyclic stress history. However, the damping
ratio slightly decreased as the load frequency increased.
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Shear modulus and damping ratio of a clay during undrained cyclic loading

S. TEACHAVORASINSKUN®*, P. THONGCHIM®* and P. LUKKUNAPRASIT*

KEYWORDS: clays; laboratory tests; repeated loading; stiffness.

INTRODUCTION

Research on the cyclic behaviour of clays has mostly concen-
trated on exploring the undrained cyclic shear strength. The
results have led to the establishment of important links between
cyclic shear strength and several physical parameters such as
stress amplitude, number of load cycles, strain levels, and rate
of loading (Wood, 1982). In most of the studies, the undrained
cyclic load was continuously applied in either a load-controlled
or displacement-controlled manner, called herein the CC test
(Fig. 1(a)).

To measure the deformation parameters (i.e. shear modulus
and damping ratio) using the cyclic loading test, a staged cyclic
loading test (SC test, see Fig. 1 (b)) has been widely adopted
(Vucetic & Dobry, 1991). After completion of each step, the
excess pore water pressure may (or may not) be dissipated. In
the present study, dissipation of the excess pore water was
allowed, and this caused the initial mean effective stress at the
beginning of every load step to be the same. Superimposing of
the test results makes it possible to draw the curves of strain
level dependence on the shear modulus and damping ratio.

Owing to continuous shaking in actual vibration problems,
coupling between the effective stress change and strain level
should be considered in determining the shear modulus and
damping ratio. This has generally been dealt with by performing
a few SC tests at different initial effective stresses or by not
allowing dissipation of excess pore water pressure at the end of
each step of the test. There is still no information on how the
testing procedure affects the shear modulus and damping ratio
of clay. The present study aims to present a direct comparison
of the test results from the above mentioned two types of cyclic
loading tests.
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Fig. 1. Testing procedure for: (a) CC test; (b) SC test
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TEST RESULTS

Tests were performed on undisturbed samples collected at a
depth of about 6 m from a site in Chulalongkorn University,
Bangkok, Thailand. The fundamental properties of soft to
medium Bangkok clay have been well addressed by Bergado et
al. (1990). The test scheme and variation of test conditions are
summarised in Table 1. Fig. 2 shows the degradation of the
shear modulus with strain during SC and CC tests of the
samples having initial isotropic consolidation pressures of (a) 50
and (b) 100 kPa. The shear modulus, G, is computed from the
measured Young’s modulus, E (using the definition shown at the
bottom of Fig. 2(a)), by assuming Poisson’s ratio, u, to be 0-5.
Note that the points plotted for CC tests represent only the
shear modulus from some selected cycles. The initial shear
moduli at strain levels of about 0-02-0:05% were measured for
all samples tested. The values at those strains from both groups
of tests are in good agreement. This tends to confirm that the
quality of the samples is equivalent. .

In CC tests, the mean effective stress changed (usually re-
duced) owing to a change of pore water pressure. The values of
the. mean effective stress, o¢, and the number of cycles, Ny, at
the end of each CC tést are shown in the figures. The degradation
curves obtained from the CC and SC tests are slightly different.
Samples tested with the CC procedure exhibit slightly faster
reduction in shear modulus with strain. Nevertheless, when the
curves are viewed for the whole strain range, it may be reason-
able to say that the difference is minor. The shear modulus is
dominated much more¢ by strains than by the effective stress
changes. Therefore, in the case where there is no information on
effective stress change,’the curves from SC tests (with dissipation
of pore water pressure allowed) could reasonably be adopted to
represent the general degradation characteristic. This is in good
accordance with the results of cyclic loading tests on Cloverdale
clay reported by Zergoun & Vaid (1994).

Figure 3 shows the plot between the damping ratio and strain
for the same tests. For the first few cycles of the CC tests,
samples show a rather small increase in damping ratio with
strain. The curves obtained from CC tests finally merge with
that obtained from SC tests. In general, it may be concluded
that the damping property obtained from SC tests is close to

that of similar samples with similar initial consolidation pres-

sures in CC tests. /
Results of tests with different load frequencies (0-1 and

Table 1. Test scheme used in the present study

(0 &initiar:™ Load frequency: | Type of test | Stress amplitude}

kPa . Hz 4/ P Yinitia

50 01 "8Gt Staged
01, 10 cc 0-12, 0-20
0-1, 110 cc 0-20, 0-30
01, 10 (8 0:30, 0-43

100 01 SCt Staged
01, 1-0 cC 0-16, 0-17
0-1, 10 cC 0-28, 0-26
01, 1-0 CcC 0-40, 037

* Initial confining stress

+ SC test with pore water pressure dissipation

i Ratio of peak-to-peak deviator stress (¢ = o} — 03) to initial mean
effective stress (p')
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Fig. 2. Shear modulus degradation curve from CC and SC tests: (a) (0¢)initiat = 50 kPa; (b) (00 )initia = 100 kPa

1:0 Hz) are included in Figs 2 and 3 for the purpose of
comparison. There is no discernible effect on the shear modulus
when the load frequency increases from 01 to 10 Hz. The
damping property is somewhat affected by the load frequency,
especially for the results obtained from SC tests (Fig. 3(a)).
When load frequency increases from 0.1 to 1.0 Hz, a decrease
in the overall damping curve can be observed.

CONCLUSIONS

Cyclic loading test results from two testing procedures (the
staged cyclic loading test, SC, and the continuous cyclic loading
test, CC) were found to give fairly similar strain dependence
characteristics of shear modulus and damping ratio. For a given
initial consolidation pressure, strain was a more predominant
factor than the effective stress change. The strain dependence
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Stress rate effect on the stiffness of a soft clay from cyclic, compression and
| extension triaxial tests

S. TEACHAVORASINSKUN* P. THONGCHIM™* and P. LUKKUNAPRASIT

KEYWORDS: clays; dynamics; laboratory tests; shear strength;
stiffness.

INTRODUCTION

The rate of applied stress or strain has been one of the most
important time effects known to affect the behaviour of soils. In
the present study, particular attention was paid to examining thé
effect of rate of loading on the secant Young’s modulus of
undisturbed samples of soft Bangkok clay. This was done by
direct comparison of the results obtained from undrained triaxial
tests carried out under three different loading conditions: com-
pression, extension and cyclic loading.

The effect of rate of loading on the stiffness of clays has
been generally studied based on results obtained from the
resonant column test and the torsional shear or triaxial test
(Stokoe et al., 1994). Though an increase of shear modulus
with rate of loading has been reported when the resonant
column test is adopted for comparison, the effects of number of
loading cycles and stress rate cannot be clearly distinguished.
This was partly supported by Shibuya er a/l. (1995). They found
that the effect of loading rate on the shear modulus obtained
from the cyclic torsional shear test was almost negligible. How-
ever, the shear modulus quoted in their study was the equivalent
shear modulus, which did not provide a view into the effect of
stress reversal.

MATERIAL AND TESTING PROGRAMME
Tests were performed on undisturbed samples collected at a
depth of about 6 m from a site in Chulalongkorn University,

Bangkok, Thailand. The natural water content, plasticity index
(PI) and maximum past stress of the tested samples varied
in the ranges 65-70%, 39-40% and 90-100 kPa respectively.
The fundamental properties of soft to medium Bangkok
clay have been addressed in detail by Bergado er al (1990)
and Sambhandharaksa & Taesiri (1987). The tested samples
were first saturated to have a similar degree of saturation
(B =~ 94-97%) and then consolidated to the prescribed initial
isotropic consolidation pressures: (0¢)ini = 50 and 100 kPa. The
initial conditions of the tests conducted are summarised in Table
1. Note that the samples tested with an initial consolidation
stress of 50 kPa were lightly overconsolidated.

Shearing under the undrained condition was performed in a
stress-controlled manner with three loading types: triaxial com-
pression, triaxial extension and cyclic tridxial tests. The rate of
loading, defined in terms of the vertical stress rate. g, ranged
from 0-05 kPa/min in a slow monotonic loading test to about
1000 kPa/min in a fast cyclic loading test.

Since the pore water pressure was measured at the top and
bottom of the sar. le with allowed side drainage, discussion
regarding the effect of stress rate on the effective stress path
may be uncertain, expecially in a fast loading test. It is there-
fore omitted in this paper. Nevertheless, as will be shown later,
the effect of stress rate on the secant Young’s modulus can be
reasonably concluded.

TEST RESULTS

Comparisons between the secant Young’s modulus, £, ob-
tained from the staged cyclic and monotonic loading tests are
shown in Fig. 1(a) and Fig. 1(b). Before discussion, the follow-

Table 1. Summary of test conditions and some test results

Test no. Type of loading Rate of loading™ (0)iniT: (kPa) | B-value (%)
; (kPa/min.)
COM-1 Triaxial Compression 0-5 50 94
COM-2 Triaxial Compression 5:0. 50 94
COM-3 Triaxial Compression 50 50 95
COM-4 Triaxial Compression 0:05 100 96
COM-5 Triaxial Compression 0-5 100 96
COM-6 Triaxial Compression 50 100 95
COM-7 Triaxial Compression 50 100 94
EXT-1 Triaxial Extension 0:05 50 97
EXT-2 Triaxial Extension 05 50 94
EXT-3 Triaxial Extension 0-05 100 96
EXT-4 Triaxial Extension 0-5 100 95
CYC-1 Cyclic triaxial 0-00025* 100 95
CYC-2 Cyclic Triaxial 0-1% 100 94
CYC-3 _ Cyclic Triaxial 0-1% 50 96

* Defined in term of rate of applied deviator stress, ¢ = (o) — 03).

 Initial consolidation pressure.
+ Unit in Hz.

Manuscript received 11 August 2000; reviséd manuscript accepted 6
August 2001.
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inside back cover. '
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Fig. 1. Variation of secant Young’s modulus: (a) (0¢)initia = 100 kPa; (b) (0)iniia = 50 kPa

ing remarks should be noted on the results of the staged cyclic

t (represented by the solid lines in the figures):

(a) A staged cyclic load test was used with the following

(b)

Yo

procedure. First. 15 cycles of small stress amplitude were
applied. After the built-up excess pore water pressure had
dissipated, another 15 cycles of loads with a larger stress
amplitude were applied. Stress amplitude was increased by
25 kPa per step. This pro¢edure was repeated until the
sample failed. :
The secant Young’s modulus. E, for a cyclic loading test
was defined as shown in Fig. 1(a).

Since the load frequency was kept constant, the rate of
loading increased as the stress amplitude increased, from
about 180 kPa/min at moderate strains (at the beginning of
the test) to more than 1000 kPa/min at large strains.

The rate of loading affects th¢ values of the measured secant
ung’s modulus, E. In general, samples tested at a faster

loading rate exhibit higher values of F, especially at moderate

strains (&, = 0-02-0-2%). For example, from the test results
shown in Fig. 1(a), E at an ¢, of 0:02% varies from about
10 MPa (in the compression test, stress rate = 0-05 kPa/min)
to about 35 MPa (in the cyclic loading test, stress rate
= 320 kPa/min). Fig. 2 shows the changes in pore water
pressure measured at the top and bottom of the samples during
triaxial compressions. Although the pore water pressure meas-
ured was not representative for every sample. Fig. 2 implies that
the effective stress changes (or the built-up excess pore water
pressure) at &, =~ 0-02-0-2% could still be very small. The
differences in £ at these strains are therefore caused mainly by
the difference in rates of loading.

At large strains (g, > 1%) the range of loading rates used in
the compression tests (0-05-50 kPa/min) is too small to initiate
any discernible difference in £. Only very high stress rates such
as those used in the cyclic loading test (> 1570 kPa/min) were
able to result in a small difference. [t may be reasonable to
conclude that at large strains the strain level dependence
characteristic of £ has overcome the effects of loading rate and
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Fig. 2. Development of excess pore water pressure; (0)iiia = 100 kPa

probably the effective stress change. Therefore the E-—g, curve
at large strains obtained from the triaxial compression  test

‘iconducted at a specific initial consolidation stress is accurate

enough for practical use.

Fig. 3 shows the variation of the secant Young’s modulus
during load—unload-reload cycles of a cyclic loading test. The
peak-to-peak deviator stress of about 80 kPa was applied at a
slow load frequency of 0-00025 Hz. This was equivalent to a
stress rate of about 0-04 kPa/min. The origins for determination
of the secant Young’s modulus were shifted to the point of
stress reversal, as schematically drawn in Fig. 4. For first
monotonic loading (marked ‘Load 17 in the figure), the degrada-
tion cuive of £ is very similar to that obtained from the triaxial

compression test performed at a stress rate of 0-05 kPa/min
(see Fig. 1(a)). When the first stress reversal occurred, the
subsequent secant Young’s modulus (marked ‘Unload 1°) at
€4 & 0-02-0-2% increased considerably. For the first few loading
cycles the F£-g curves ‘in this swain range were not much
altered. However, for the last loading cycle, when the sample
approached failure, £ obviously decreased. This is because of
the build-up of excess pore water pressure. The effective mean
stresses [p' = (01 +204)/3] at the beginning of each stress
reversal are shown in the figure. When strains become greater
than 1% the degradation curves almost merge, and the eftect of
effective stress change seems to diminish. .

Note that the effect of stress reversal on the subsequent

40 163 T T
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- Cyclic load test (0"} = 100 kPa) i
¥ Peak-to peak = 80 kPa; f = 0-00025 Hz [0 Unload 1 (p" =95 kPa)
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Fig. 3. Secant Young’s modulus during load—unload-reload cycles
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a

Unload 2

Reload 1

Fig. 4. Secant Young’s modulus of the load—unload—reload cycles
during a cyclic loading test

secant Young’s modulus might suppress the effect of loading
rate. This is because the stiffness curves following the first
stress reversal are similar to that obtained from the staged
cyclic load test [solid line in Fig. 1(a)]. Therefore the effect of
stress rate concluded from the results of cyclic loading tests will
not be clearly seen, as reported by Shibuya et al. (1995).

In general, at small to medium strain levels, the effect of
effective stress change is pronounced and cannot be neglected.
However, when the' strains become larger, the strain level
dependence characteristic of £ overcomes the effect of effective
stress change, and the initial consolidation stress dominates the
stiffness degradation obtained at large strains.

CONCLUSIONS

The secant Young’s modulus at moderate strains
(&, = 0-02-0-2%) was influenced by the stress rate: the faster
the loading rate, the larger the secant Young modulus. When
the effective stress at the origin (used for determination of the
secant Young’s modulus) decreased, the secant Young’s modulus
at moderate strains also decreased. However, at large strain
levels, the strain dependence characteristic of the secant Young’s
modulus overcame the effects of loading rate and effective
stress change. The degradation of E at large strains was dep-
endent almost entirely on the initial consolidation.stress.
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