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The study of effective shear wave velocity measurement
in composite soil by application of three-dimensional
simulation of surface wave

Student : Yu-Cheng Chang Advisor . Dr. Chih-Ping Lin

Department of Civil Engineering
National Chiao Tung University

Abstract

Soft ground is often improved to increase strength and stiffness by methods such
as jet grouting and stone column which result in heterogeneous ground with improved
columns. Conventional methods used to assess such ground improvement are
subjected to several limitations:such as small sampling volume, time-consuming, and
cost ineffectiveness. It’s.difficult to assess the average property of the improved
ground and the actual.replacement ratio of ground improvement. The use of seismic
surface wave method (i.e. multi=station analysis of surface wave, MASW) for such a
purpose seems to bera good candidate. But the surface wave method is essentially a
1-D method assuming horizontally-layered medium.  What MASW measures in the
highly heterogeneous improved ground remains to be investigated. The feasibility of
MASW in characterizing the heterogeneous ground with improved columns has been
demonstrated and the relationship between replacement ratio and velocity increase has
been studied by 2D model. This study aims to investigate the homogenization of shear
wave velocity measured by MASW in real 3D condition: Testing results may also be
affected by the survey line location.relative to the improved columns. The lateral
sampling space of the surface wave testing was also investigated by 3D modeling.

3D spectral element method was utilized for the numerical investigation.
Numerical results show that the effective shear velocity can be derived based on lower
bound of equivalent velocity model when the heterogeneous ground is a 2D wall-like
structure. However, in real 3D column-embedded structure, the relation between the
effective shear wave velocity and replacement ratio falls between upper bound and
lower bound of the equivalent modulus model. A predictive model is derived based on
the numerical simulations. The lateral sampling range is about 1.3 wavelength. In the
same spatial range, the measured velocity is affected more by offline heterogeneous
material for higher velocity contrast. At constant velocity contrast, lower velocity
material along the survey line is affected more by offline heterogeneity.

Key words: surface wave, surface wave method, spectral element method,
homogenization, lateral heterogeneous layer
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»

B 2.7 » kT4

W /% R FE (m)

3o

(i‘

2.1.2.2 MASW
1. 3R 35

SHEE A owm Rk )%E-UE'J /% (Multi-channel Analysis of Surface Wave Method
i A MASW 2 oo A Sd 3 3k 4o AT SR 20§ 5 3% U1 (McMechan and Yedlin,
1981; Gabriels et al., 1987 5 Park et al., 1999) » H G IR E 5 ppF » 32 % 5 B &
o B PR L BB 28 TR ) R IR - S TR o b Bk
T o — g * |2 a2 XA BEFFEFXE 1230 2 2B iR
Bt 2 BB S 24 T B S b0 R - BB AP
AR F R AR - BiRass F0 B iy fi‘e‘ M2 BE I
L= ARy (AL A S N

HEWE

Ak EL

B 2.8 MASW i # 5 ip| 5T . B

13



2. HEETW AN 45

P BRI E e BET L SR L e @i pEAe AR
B2 RAERCY Rea 7 T A - W AITH A 1T RRIT AL 0 L EF R
B B U2 MERTH R AR o 19357 P AT SLAIE BN 0 SR N A Gk
BRIEVE A 5 SHEE A T2 (MSASW) 122 5 EE R B ki
(MWTSW) & #& -
(1) 54 2 A 47 %

P EEE AT R R Sp ok (4o 2.9 #5T ) 0 B A 47T E

P AEE S A Q)N T A o L AK T R R e ki o

BRI RE g R SR g R EE 3 0 Rdpd Rauip R TR i

SEE R E g oo - ARG ¢ 3 2 RS RRRIT g

F 1T ¥-2% i (near field effect) » @ B I ¢ 3 4 AIEM R A FGR D E >

F e Foc i (far field effect) o 4~ 498427 g RuL & 20 D B2 i@

SHFECH AT IB B P T (S TR R L SASW A 45 Y 3 B B

i 17 SASW era 45§ B tecnif) S B ap g BAR M 2 AL KA /Ax P

FREFTHETIEE - HARMEIREAARORE Q7 EFI e kLG R
ZAFRTE (Ao 2.10 9777 ) o B FEd F OB FONIT T R ORI AR gL

et 4 L2l -
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-20t
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%z Faﬁ AL E (m)

Bl 2.9 %45 i A d AT (AP -3 B = % B])

400
350f
300}
250F e,

200}

ALK R o(m/s)

150

100030 40 50 60 70 80

% (Hz)
Bl 2.10 547 240400 Mo 78 %

(2) PR B

ST R F LR TR AT 2 Rl RTE 5 & A7 2L el
# 7 (Frequency-Wavenumber Transform, f-k Transform) % & & #7 & i 4% /*
(Slowness-Frequency Transform, p-w Transform) > H ¥ % 12 % [§ % & 4 827
ok o AV R RKP~E g R 2 #F47d S(McMechan and Yedlin, 1981 ;
Gabriels et al., 1987 ; Park et al., 1999) - #2353 7 I3 chfgde > Ra 3 i
g FRAUb BTG A B FlUtpd 2 A APk > ¥
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PR S b S ARICB R 2 MR T w0 56
= H
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32§ } (Lin and Chang, 2004) -
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FHUZERF R F | I ¥ ED AR
T oo BP0 M EAFRCY ME TR R FFBORS AR o FE i
L EAMAMMEE NI A GRT B 0 LT AichEJIER
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1. 34 % 3(Grid)
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2. %5 *TZ 4 ;' (Standard Finite Difference Approximation) :

BOUATRR AAE R AV R EY G G LA SN A
AR o R - B B VA Y 353 2 AleR kR
ﬁj}a mg_;,\o\ s ,g%g_,_ 1*1_34 K“‘Iig ) ,g*;{ - mﬁtF(x);at F @&g
- A S o BISN A SN E g 5 RUL A 8 (2.10)~(2.12) 5V i 7

ETIE A QAN F'(x)=

F(x+h2—F(x)+O(h) 2.10)

R A F’(x):F(x)_:(x'h)

+O(h) @.11)

F(x+h)—F(x—h)
2h

ERPRE QN F'(x) = +0(h’) (2.12)

He

h &t e

O :EFL

O(WF 15— Bk o iid

O VRIF 2 o e 38 4 » BBl & 7L Fe] o
BEGELT KRG IRANNEEL G5 SR LB S LR 3B
B

2

F(x+h)= F(x)+hF(x)+h—F"(x)+ +h F"(x)
n!
(2.13)

2

F(x—h) = F(x) - hF'(x) +%F"(x) et

HFx+h) ~Fx-hHE >3 LA LRI EFERE > vHE- 3
AP AL PR gk FTANRELIASNY DEFATMO
K7 o PHERI - ZAMARBRBHROGK: FEERI - A IERE
W O(K) » v gt 4 o

3. 7 VAL R

é‘_*ﬂ?«‘ VLA Lk ez f?j‘f Pl {7 mﬁ:‘,ﬁ\ﬁ_%& 5 5 Tl ;);“-f/“\;L
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(Poison’s Ratio)¥ & ##4d e tem 4 TR e R LR iEE > 7 €5 7 48
iua%gﬁﬁﬁﬁmaéimﬁﬁoéﬂ%ﬁw%’Bﬁ&éwiﬁé

gt kY X P A E R gy B e (Staggered Grid) ¢ % ¥_d Madariaga %
1976 & 48 31 » o7 Gk RS KA B d G o £ E R ng 7
PROIEZELAN AHFRRY > LFREDTERTE T - R

2L b P AR RS AT R R - X (4@ 2.13 ~ B) 2.14 P17 )

(& 2 3miooom2mtom
IOOOOOGOC

.¢.

Tl 414144
OOHONOE
OO0 OE
T4l 4[4 [+ [+ [ 4] mmmme e
+ 14 41+ 4+ 1414+ 0 v

BOOOOCOOESRT

L

.4}.

n-2

4

C
4

r4

B 2.13 b 45 B e 4 0 PR b k12

B EST k1
N O I, T AL

Bl12.14 &7 &8 1 PR TR kA
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222 ¥~ F i

AT G A F R S ¥ LB HRT 2 2 7 > Patera T 1984 & 5
&3 ¥~ 42 (Finite element method, FEM) fr#t#7 #:2 (Pseudo-spectral
method) » # 11 3% % /2 (Spectral element method, SEM) » p* 3 jis L 3+ 3&
B > 4858 2 53 5% (Weak formulation) » I & 3 "~ & 2 el |2 27 5047 3% 72
R c RABN GHAZES > A F P LBV B ER R
¥ p P 3E (High-degree Lagrange interpolants) » #% 4 et & Bl d GLL 4 4
/% (Gauss-Lobatto-Legendre quadrature) » 55 & F it 3 27 125§+ & F & 4&

A -1 AU

Ui AL (AR Q) de ] 2.15) 0 E AERIF RfEA R A S
i Ay A 2 BRE G Pt A 0QB A g g AT
g o H e B FR BEE T 2R E x=(r,),2) |
S A om R A 8, 21,2, 3, 0=, o=y, xaezety o 2 8B e B 4
FUEEY S rr

Wi 2 AR5 2 R R A F Y hiBaRs 2 A7 38 F 1 4 % 5 (strong

formulation) 2% 33 ;% Ff2 52N E BRI LA, AN 2 ER G RN TS EBR
S FRAAFETL R N KR B S BREES S g S

ﬁfév\fef ) —lir'*ﬁ LR

hl
2w
?\L

BEEIE AR Fiks) &= Soh BE
MBS AR 2 AT U TR AT

pors=V-T+f (2.14)
B pimA s ERS THRS RS ESEEES B2 4T 13950
LR ERAEEE B AV EAMM G T TANT AT

T=c:Vs (2.15)
BRBIF LA A BT 4 f W FUERE M B S
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v
X &

BLiT* 4 i ¥

f=— M-Vo(x — x,)S(7)

R pF R S Bie(source time function)
R ]

(2.16)
» O(X — Xg) » %% xg 2. Dirac delta distribution > S(¢) % 7
V2.14) Jp ffzxrpd A ERER2Z A eoQ:

il

f\n

SETEYS

T-5i=0
pd 2wz ¥ ixe

Il

(2.17)

B 2.15 § 'L 3k

A
A
A
LBl Bk xg v B0 i £ - % (Komatitsch
and Tromp, 1999)
?Ji'ﬁ%ﬁ»nb&@ :g'é«é?}F*
_’1’51 K‘lﬁq B s o

IEvR T gl
(Clayton and Engquist, 1977)

P = -
PR R T ER RS R AR R

thi £
T-fi=p[v,(8-8,9)81v, () 08 +v2(10,9)1,] (2.18)
t, hatpidi Bz @ P2 gERTAp> v, 207 v Bl BR
A AR S v, v A ] b eIz B4 g R o R EE N RS
BacH - S E B R e bk Bt EEE R Bk irg it § ok
ERES- 0
3 SEM F 4 B i A8 £ m i@ B0 425 0 QU FE - B e
(ER ¥ FEM AL G Rl i L BHCAIREA Q (P3N~ 0 i e
SEE SIE D N
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f pw-atzsd3x=— f Vw:Td x +M:Vw(x,)S(7)
Q

¢ (2.19)

- f plv,(8-0,8)i+v; (1;-0,8)t +va (L 0,9)t ] wdx
r
w0 IR £ 38 ¢ % Dirac delta distribution 22 M2 &/ 4 5 @ & * 3350 :R
NI -0 AR LT - RN I B TR S N PR VRS - PARNPE Y
2. BRI
SEM *7T& Wkihs B Q ¥ o LB n s 2 £ 02 A% Q.
e=1,-n,i¢ FQ= U 1 Qe (e 2.16) » e h T4 420 5 n, g
2.2k Ty b=1,n, # FT =Up' T 0

B 2.167 % £ &~ 25 & Bl(Komatitsch and Tromp, 1999)
- RkFOFEM @ @t v g f 2 > 3 M IT5 WA ~ % 0 & SEM "4
P 2 oI xZRENE L2 ~F2k e T K
GRS B P deie Mgt A F Rl o
3. P50 dc(mapping function) @ 4 IR AR T R E F R
el ERERF - A A F Q2 PR AR RS ST BRE=(C
n, Q) PRI FERETR A=[LIX[LIX[-L1] > £ 5

NGE ZN @, 220

Ny o - ~3? haBifc @~ F37* QBE&EET G fl 5 71U
¥ 97 IB:Q‘F,L’Q\,L%\T‘I‘? W om e E (Ar il 2.17)
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//’/ P ] . on__— I
i e il 0 b
| I | . | O N
B [ S
» - L . -

A A
) )
LT o
| . ) 4
! —+1 ! i +1
777777777777777 Lol 7771177— S 7—77——77—7—9——73——;%{1 B Tr e
v + 0! +1
//._0_ ---------- ' /,’D,ifofb—fln 777777
:l/ m

Bl 217 = # A~ %2 & Pk 7 408 2 2o & 4 7 124§ vk (Schuberth, 2005)
aP‘ /;P*x:lﬁ;t ﬂ——]‘b :rvaagrange;ﬁ‘\y ;‘hﬁjfi_p

#eongtl B RIEE  -1<E<], =1, n, AT

L&~

ﬁ@{qéé

J=0
J#

2 AR Sl oonyg=2 v A

|
\m

FA_n=1 T A
2.18)
(a) (b)

’

I8 ;N e

W Y

p A =&

(2.21)

W AR 3 B

1 : ‘ ‘ T T T : T . > 1
0.9F
08f
0.8F \
\
0.7k
06 \\
0.6t /
/
05 g 0.4f
0.4
02F
0.3f
0.2F
0
0.1F
0 1 1 1 1 L 1 1 1 L -0.2! L L L L L L L 1
-1 -08 -06 -04 -02 0 02 04 06 08 1 1 -08 -06 -04 -02 0 02 04 06 08 1

B 2.18 - fpe =
(Schuberth, 2005)
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4

ATl — BE B R 8z A E o H Ak Sy 1% py=1 2. Lagrange %
bIIEAIE A N
N1 (& 1, Q=1o Ol
N, (& 1, O=L(OL )1
L (& n, O=11( Do) 2.22)

Ng(&, 7, Q=L (OL (O
Moo A E Qo ® N(2.20)1F B B b Y R R R A A

B e NP K¢ ATHFE b - 3E > T Jacobian(J,)

Z]

dx dy dz=J,dédy d¢ (2.23)

% 7 3-8 Jacobian 7 L &5 (2.20) M4 5048 T] Jacobi-matrix(J) » £ B~ {7
738 e

~ 0N,
(é:)x (2.24)
(x, Y, 2)
J,=detd = |———— 2.5
& n O (229

Jacobi-matrix >t A L ¥ g F AP B £ R OHrd 0T T SV E 7 A F Y

FooA iR LE - Y7V 8 S B R R T

ke 30 Gl h ~F 2L B EE T
XEm =D NaEm, 226)
a=1
€ 3§ ?IL Iz = ';il_ﬁ
. lox ox 57
= —— X —
R AL 2.27)
Jy % 57 Jacobian
Jp = ox O 2.28
_ X —
dx dy = J, d dy (2.29)
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4. 4ot ~2 g2 )RS #c (interpolation function)
AL IR BNEATES NS T BT I AL S
KZom 2 F P Ade@ing e o Bt fR4755(2.19) R /‘E%ﬁ T o dge

% dE 2 B AT EhenE o GO FEM # % MR SN AT A
28w g om SEM» * Mg 5t A a 2B L9y Advih

S B $R % B ¢ Lagrange % 38 ;N K p 3R 0 £ A eh SEM F @ * 4~10 ¥
Lagrange % 3% 3% (£ 4% > &4 _SEM &2 FEM & § 1 & ehZ & o

L6 mBaNQ2]) 55 AL bt ERE L1 & O(F 2.19) 0 @
ipd BEATEE U SN €5 E R T A nE 0 Fl G R HinE A EE
Sodg o E A F T A bl e
¥ 12 * Kronecker-delta & # 7+ izB i

[H1(E)=0; (2.30)

M &N Q2DEFE &, i=0.. .0, :E P £ F Gauss-Lobatto-Legendre

3

points » » E_F 7N 2 {2
(1 =), (=0 (231)
P;Li-%—«‘im F# Lagrange % 3§ 5% e— =< fic~ (Canuto et al., 1988) o iz 4k ¢if %
F A Lagrange p 84 GLUL Rffen@ 27 @ TR LS L &5 7
- B A (1) BB 2.20) 0 = A E - () B R R

1.2 1
R
0.8 H
0.6 "\‘.{"‘
0.4 \
02

o b N
-0.2 -

0.4 ‘ : ‘
-1 0.5 0 0.5 1

Bl 2.19 Lagrange % 78 3% **[-1, 1]} & >on=4> 3 n+1=5 33+ B(Komatitsch
et al., 2005)
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& = = = £

Bl 2.20 = Jjk F-3psc it o1 & Bl (Komatitsch et al., 2005)
“"ﬂ’f"khﬁi:g L_ﬁf'f %Q O e R RIEL T 5

oxE 1 OF ) gy ) L @= D g LLO  232)

iy, k=0 i,j,k=0
gx=8(x(& ;> §)). & 7 GLL B 5 (&, 75, §) P Beg 2 85 5 0 P sxge
SIHIER p A g g LT 2 RtES e b - M Lagrange 75N 2 %k
fi o TERNZE P %k R REXEXGAE S B PP o i B E AR AT
R RLAEF BRI AP REAARIIRE
F1*(2.32) Sn#cg 2 HRFET A

3

Ve(x(& 1, D)% ) R018(x(E 7, )

. (2.33)

3 3
=220 ) g L LOAEH OO O]

=1 =1
Halgdmies > X,0=1,2,3 27 p &by, y,z > w2z Eize g o

o 3" GLL B X(&, 7, §) * e g 2 H AT ff it 5

26



Ve(x(& n, O)=

3 nr nL
) (2.34)
DRI g, WA ) g l)om Z ALY
=1 =0 =0

bV B A A chid 4 2 (chain rule) » 0&/0x ¢ Jf % i (2.24) 2. F 4B $48 5 7
PR R CRFEL G A - AP £ R o
5. ~EMB LA Sk
57 RfRQ19) 2 EH S AR 0 F - Ak A TS ERES EPE
B3 FEM # * B 27 £4 4 (Gauss quadrature) » SEM B .4 * GLL # »
20 L GLLET e T REEL M~ Q2 FA47 B35
111

f eixs [ | [ a6 OV gaz an ac

| == (2.35)

ny

= owoneE. n, GV, 6
i.jj=0

;> 0, i=0...n;, %°GLL # 4 = 2 {2 & (Canuto et al., 1988)
6. 22 >H k4 _(assemble global system)
B e E - E 208 0 7 KB 2.194 3 GLL FoAa oTERF | B

¢ g-lfe o ﬁﬁ»{ﬁéﬁﬁﬁfﬁi%l%{éﬂé{ig’ﬁg#’* %

T_3& > £ (global)¥ 3+ & (local)spt &+ R 7% » ¥ i%5:iF FEM 2 & ;FT NN

Fz oo ffpinfh- B 2B R - LRMHITRRS > B EAFE

Eﬁﬂ*#%Q*#*%Jﬂﬁti’s#QJHW%ﬁﬁﬁﬁgg’iﬁ
TR FPRER R R R A AR - R T

MU+CU+KU=F (2.36)
H ?

U:z#%mw g
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LR

g

L BRI
2.3 4 G L BRI E B S 0k R

2.3.1 BEF R % 6

AT 2009 E 2 AT Al AR A RPIRY TAF e R B Y
FiEE m L BRI R A PR R iR T 4 L g )
A8 e M et Pt S e R S e U (B 2.21) 8
BRE) ¥t -0 (B 2:23) 5 b0 A7 b £ 3 A ok BBl enipl e Bk 3 BT H B

A7 6 2 M AR A TR AR R TR AR A o R

RS S ER AN H RS PR TS S E R e
Tz d A a2 el LS T LR e & (IR%) a5 iR 2 o
B35 5 doF] 222880 F0 L ROPT BB R SR I e W a s AR T
1.2m $48E 2.8m SR TR 2 T A A RSB B A L B FP AL
R R T 4 A E RS AR R e AT 2T 0.7m $5EE 6m 2. F
JRF) P bt % % R 4B 2.24 BEor A G L BRI B L R B B L
EFHAR AT ARG ARRE RS B - RELFHRTF N
RIAGRPF > BYERw BRI A2 EE-

2. 4 r’g@q}f ﬁd—;‘ﬁ;l\,&*’ii-hb FREHREF Ao R BRREI T4 Lk

UF B 15~17% 0 B S 1443% 4017 0 ARG R B S R
LR o R A G A RRITEZ T4 RS F e K (IR%)

B fR o o L RIRIF B U B R G ff e B R
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B cﬁ*’{ﬁﬁﬂ %N",)ix?’ m;.»;l%\—i /P‘»‘§°
*q:}j%\’fg_ﬁﬁ:i fﬁfﬂpm ’ 33‘ E’l/ﬁ»‘é Veun‘: 7‘ ' F“ ?\‘(2 39)

Gequ
Veque= |—— (2.39)

equ
Hoe » T@HmBET 47 4031(2.40)

Pequ =T ePe + 1P (2.40)
i g5 fr TR > Voigt(1889)#-F T 447 & HE AR & - E X Bslf > ot T 2
Tk e ) ARG 5 AP R FILAR & MR il & PUE > 3% (2.41) 5 Reuss
(1929) #-3 FiE4F & AL 5 - e FHBE > 7T 5 T4 hji > v %
A 6 2 ez T RE o de it (2.42)

Gequ =chc +fme (2.41)
1EISAS:

e I 2.42

G G G, (2.42)

ik GoE G A BT Utk 3 W 4 i e gy g
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