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Assessment of Ground Improvement with Improved Columns by
Surface Wave Testing

Student '  Yung-Zheng Dai Advisor : Dr. Chih-Ping Lin
Department of Civil Engineering

National Chiao Tung University

Abstract

Soft ground can be improved to increase the shear strength and bearing capacity
by methods such as jet grouting and stone column which may result in heterogeneous
ground with improved columns. Experimental methods (Standard Penetration Test,
Sampling, Laboratory testing, etc.) used to assess such ground improvement are
subjected to several limitations such as small sampling volume, time-consuming,
and cost ineffectiveness. Current homogenization equations based on improvement
ratio may not be representative. The objective of this study is to investigate the
seismic surface wave method as a non-invasive and direct method for assessing the
overall quality of the ground improvement, which is characterized by large sampling
volume, efficiency, and cost effectiveness.

The surface wave test is can be used to determine the shear-wave velocity depth
profile which reflects the stiffness and strength of the geotechnical materials. This
study investigated the homogenization of surface wave testing in heterogeneous
improved ground with improved columns. The lateral sampling space of the surface
wave testing was also investigated by field testings of different survey line locations
relative to the improved columns. From case studies with different improvement ratio,
the difference in shear wave velocity before and after ground improvement is
compared with various site characteristics such as improvement rate, SPT-N, and the
complex shear strength. The engineering information that can be extracted from the
improvement rate of shear wave velocity obtained by surface wave testing is
discussed.

Key words : Surface wave method, shear wave velocity, ground improvement
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% 2.1

Applicability of ground improvement for different soil types.

Improvement Reinforcement Admixtures Compaction  Dewatering

mechanism or grouting

Improving period Depending on the life of  Relatively Long-term Long-term
inclusion short-tern

Organic soil 1 1 1

Volcanic clay soil

Highly plastic clay

Lowly plastic clay

Silty soil v

Sandy soil v

Gravel soil v

Improved state of soil ~ Interaction between soil ~ Cementation High density by

and inclusion

(No change in soil state)

decreasing void ratio

(Change in soil state)

(Bergado et al.,1994)

Deep Ground Improvement

Yes 0 yOu Impr No
properties of
oft soils ?
Yes Can you deal wi No Ba you reinfors
the groundwater e
?n soils? the soils!
Structural
supporting
Yes Can you decreasa Yes ml?nﬁ:’r:n No Do W“"*f H:ﬁ:a No eg,piles
A manent e ik
the water level for improving? per ':;ﬁ":;?
,efe.
No
Grouting method
Yes i i Yes
f;ir:;[;%;?k 3 > No Yes Is it enough No Do you “"’p Do you use groutD No
Y
Vibrofloatation Forced dewatering | |Preloading Verticol drain | | Deep admixture Compacted i " Erilesi
method or method e.g.well method or e.g.sond drain,| | method e.g. sand pile Grouting method reezing method
gravel drain pomnt , deep well surcharging prefabricated | | D M.l_vl Jet method or
method elc, method band-shope grouting method heavy tamping
drain method

Bl 2. 1 Selection flow of deep ground improvement technique.

(Bergado et al.,1994)
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Fittd R
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2. Abp3 K
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Grax = p Vs’ (2-4)
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PHEEEAFRPEALT A R FAcRI 2.3 d B¢ ¥ A H
- BE%T o FETRA L REM T ¥ Bl(Hysteresis Loop)#7)
oo A R BESRT TE I BB AR S iR W
(Backbone Curve)4r] 2.4 > H P i@ E R E(F BT RERT S 0)2 &
BT A TS B ST 4 (G 0 I E R G/Ga 32 g L3 L e
GEERZR RR S B RNy - ey
WA fEZ T 4 HCERR & 4 (Modulus Reduction Curve)4e®] 2.5
pld Ad F R RS RE S T B WY G RN T 4 OEGRR Y R
B 0L BN 1 P F T R M en Bt o m T ) PR

2 PR RE R EREL T )
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\4

Bl 2.3 232 &+ &% % (Luna and Judi,2000)

\ 4

B 2.4 % i¥ ¢ & (Luna and Judi, 2000)
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G Range of Geophysical Tests

Gmax /

1.0

GSEC

max

=3 }
10 ic Log '

B 2.5 % 4 ffchi o 4 (Luna & Judi, 2000)

222 A piEnE R

§ T A b TR R e A3 TR e s T 2D

PTG Y TR Y 2R RT A AR R AR

1. ¥ 4 & =~ &35 (Bender Element Test)

FEVTA PFBE R P BRSPS FREYF
(University of Texas at Austin)#7% P » 4] * 4 4 5 (Shear Plate) (Shirley,
1978)i8 {73885 » M FBEARBRT kS I EAE > PO BRTRIH
Florie £ 2 3 4 4 2 2 (Bender Element)iZ B~ 8 50 4 5o 9512 oo B

WA ERN ERG R S - 2T 4 4 = 2 (Bender Element)i&
2



FTA4REPRRRTRAT A P AT WS RS S A
PR N g P RPRTEN R BB RL R LT e S
TBS B F 20 TR i S R e FEe s B
LA RTBATA R A RRT S R - B Sk E 2 B
P4k ¥Ry d 4 hid 7 B TS RAEER QT
HET 4 i o P4 LA B g%e A hT BRBYENL ] 107%
(Dyvik & Madshus, 1985) > F]pt 325 % ™ 7 24407 4 i
Be( Gnan)

T4 AR B 2.6 o 0 0 P4 L A R T A $Ae

,i]{ﬁf’& T “—L El au 4 /ﬁ» s i vk ‘\‘ )‘L 77‘” 47 P4 ﬁ)—‘ﬁ;t(Gmax)

L/t (2-5)

L= 73 & & #FHL )iia‘r%"é;ﬁ b AEd ) TEESLER



Signal =
Amplifier/Filter

Receiver
bender
, element
———— Oscilloscope ! ? " | Soil
o ‘ Specimen
5 : oy
C omputer for data Transmitter | 7=
processing bender _zl_
element
Function g
Cefictitne —>—| Power Amplifier

B 2.6 T 4 4~ it E5% (Bender Element Test) (Leong et al., 2005)

2. X ¥=+13:E% (Resonant Column Test)

.

S A RIS SR~ 7 S T 4 R (o
AR Ld b BN REEM O R BAEH o Ea
ERE PRS2 AR T c £ IR AR LN B
dAEIERE A opd A LR RACE 2.7 (1% Rl T 2 -

YA G Ad s 23 kA 2 irR A2 M % (Kim & Park, 1999) -
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FyEarae I g I
f /

Bt it (8 dim)

B 2.7 233N L8 (FEp 4zhE > 2002)

3. B3 3% R iRliZ (Crosshole Method)
Brit N RRLE Ao 2.8-a%fm 0 I F R A BEE w4 oG g0
Lo Wz YL E o APEA g2 FPEEN S 23 o o 2

=

e

B Y R RR A BT hA B B RIRE - RR

3t

KEXAE  MEERRTEN2ZRY JZ2 L5 v d 4 g B
BRPpARRG g2 FRER L B2 R R A GEV 2 R 2 TR
HRS VM RAER A BT URRAGE P A TR W
FHO0SE 1 2 B =t FR T LR RYETFRFFIN 2K
2 ARG R o2t R BE Feh U R D K e
BRI 2 BEH S <P Pl Rk T 2 B Y o I g FATHIR
iz A BRUEERCEEFERS R RZIFRIA ZERE K

2 i R A K e
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4, T3t 3\ Z Bl (Downhole Method)

TIUNRBE AcB 2.8-bHF 0 R E R - BB B A G eI
BEARRERR D AP RBEERLRAT LRI RRTE D
2 BA PRI R T e G A PR RRES A B2 R LT
ZEF O GEERFERPN G K TR B R B R BEIRO0S
Rl ATHE - K I FRYTFERGETREL L R
BRERFEEN 2 A2 AR RGBS ERAZATRET §LFFRRIF

B2 H A @ 00 E AR R 2 R TR RS

5 R Z-;% P-S 47 Bl (P-S logger)

Fad-N P-S RIERIE o AeB 2. 8¢ REE - BLE K LG
PRI AR EE I - PR LEE - BRIRZTESFRE
AL A B FEEL 1 0% o BRENZAET 2 5 (FRF TR
NERIE N M F R TR R oA d B A4 KT
v AR AR R T e T A R E R N d A B E
AERERTRAEL PR RS XA B MIEE R B2 PR E 4
PCRRFFIN R RS QERE T RER VP TRENFHFES
fRO0S & 1 2 Lt Bde- & 8 30 TRER 4R RIFR G L 0

)
o

N

St R E A SE N RN RSS2 SRR S S & SR



el @ﬁb}[“ oo A H @"T.ﬁi/\?ﬁ s e ﬁ» ES 354
1o REABZRE S ERACERFF2ZFLRS 553

HHF 2 A ERA

6. 7 >R

TN FERRNE P o F 05 RBIFCRI4E TR »~ % (Seismic Cone
Penetration Test > f§ #SCPT) > 4o 2. 8-d #7577 » 1 & f4r* § 4
RAFR T 2 K2 i@ o Hd a2+ § (University College of
Nales)*T# B o tet» 2 ek R RR TR ES BFIES Im2 2 B X%
®o FE - TRECKER4 (Robertson et al.,1986) » * 15 i¥ R
NREERE BRI T EFIEZ PR B RRATE 2T 4 A
BoRPFRGRREL A BLIEHZ L OEFEFEZRFRM 2 A2

T4

(=i

;¥ 1T N T JUSREERE B o & X AT "F’f ~ 05812
.31 R N REIER o Tkt 4 LR TR IEET
RACKRFIG Y » 227k FPF R B2 A2 k@ R3e B
Harghd 2 prkg X IR BT W R0 2k-¢ R TRENSE B0

ARk BEEEC I s 423 ol SV - {F’: *SNIERE T A FF TR

GH L Koy BT RS R -
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b. Downhole test

Souse

c. Seismic cone penetrometertest d.Suspension logging test

B 2.8 % Lz %4 L& 2 (Stokoe & Santamarina, 2000)

7. A6 R

% o & B Pl(Seismic Surface Wave)iZ > L & £ * L g ¥ 2 F
4 & (Rayleigh wave) % ;& % L (love wave) K4 B|3= T 4 & > % F]5 §
PR AR BREY RF R AL T ARIETIR 2 RO - R
PFARKRFERF TR A0 2 L BREREF L QBT
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o BARZFREPN F A e R PEFA

AR F IR TA BT FRAARCF oA BERTEF
(R E)2ZF e i o fE2 5 Ao L2 BFAOR % o R RN
F(R )2 B AL SRR S T IR ERET S LR
YT ( 4% B 2. 9) (Richart et al., 1970) > 41 * #F 4w 487 3 K L id (L 2

1z
% ¥ K

=

FEDE 2T RE ARG o 4R 2.100

3.0 I ry | 1 !
w 25 Constrained -

2 - Compression Wave, Vp
> \
é —
2
Q9
>
” —
Z
2 Shear Wave, Vg
ki /
;% 1.0
: /
z p Rayleigh Wave, Vg

0.0 1 1 1 |

0.0 0.1 0.2 0.3 04 05

B 2.9 tpivt @ pls# & 2 B 7(dF p Richart et al.,1970)
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Frequency component  Gegphones

‘ Dispersion curve ‘ﬁ%miﬂﬂ
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B 2. 10 % & 4 R Rl B 42 ]

o A RRIZ BRI A AR NIREE A BURM B R B Y
EOAF Bk R HEN R BT Y NS P 01 BRG]~ FIH SR
FAE S HEE B A AR B R R R AP ATY M EEF B A
EIIT 4 > ARG AT R H IR AR 2 R L
SEFNFE S AR RS e 1 ot K A B R RE
BTGV R R] S R T R A AT~ B T U SRR B R AR 2 F
BREZ ST EAIE TSNS HL G L2 ARRBREE R 2T

HEE 4 ook B RL2 (MASW)IE 4 & o
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1_7

u(x,1) = Uy (@) Ax)e e =Uy(wyde " * (2-6)

H o
U & A7 dedmtg 2 = ] o &2 R IR 3% 49 B

A

ED

Fghig s B g5+ > B BRI ip

K & 7 B 520« /[ (* it % > Wavenumber)

Kz fl#AE2nk)T i nht - Q6P grp@B2 i 875 ¢ 3
ABz rpBE AL R Y JBRAV)E MR B L ET 2
*ﬁ-#ﬁfﬁg’f?%%éﬁﬂ&ﬁﬁi:ﬁiﬁ&ﬁ Z_W i@ o Ao oo
y=0_2"
ko k (2-7)
QN7 T 2 EIF()ERE (L) T
v=f-4 (2-8)
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BRI SGEERY > P2 ks - TEOEFRHZAER

a

o FRBLZAERE TR BZER - VT FEEF 2
R R RIDTAGEMY > W H - WG Re o - &
Rped RipiFR > e o 2300 A H 2 B HCECEIF R 0 %
e B pE KL AIATEA FRIER 3R - ST @ (=24 )7

TR IAZEfET R e W

u(x,t)= ZSm (w, x)e—j(wt—kmx)
" (2-9)

H v

M= 4= i ¥

S=4RIEFT > ¢ §(RA-LRAE BPIORE P FEH
)

WER AL A BREER S GBUN- BRAEZFERP A D
FAEFRAL T A2k E  F0 k2 RAEERE 0P LRI

SR RS L S S RN 2 B R

u(x,1) =U, (@) A(at, x, )" (2-10)
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e AALIRIER ()2 B8 2 32 S @5 - 4FEAP

ol A R SRR AL 2 B R o T A

2 FFHER(B) Aol g B B)T U T VA T

ot — @(x,w) = const (2-11)

Tt o b VPR A T U E D G osuAp ad R 2 T G

A w
e (&12)

ox

d AT A SERAA B G oprE R R FE

\V‘kﬂ

A EEF AR ABER - FH ATV AEZERIG (T4
BB R H Ao m ) o B ¥ L @ d ARSI A 3 vdp i

AR AR 2 # R(HRET % > 2002)
231 $HEE % & AR

Foo ok BRPERIE A A G L2 BB F BRE k2
T4k 3 BB IL (1) Ry B RE A 8 BRI R(v())5

Q) 1% B B F B A KT A RE () PR E Y 2
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b REPIE 5 4w k2 (Spectral Analysis of Surface Wave » #§ -
SASW) 2 § 47 4 & /2 (Multi-channel Analysis of Surface Wave
Method > i - MASW)» AFT 7 3% S HE:E & o 02 PG B2 % T o
SHAEE N Ao L ERNE B d R P IRAR B ZFERD
(McMechan and Yedlin, 1981; Gabriels et al., 1987 ; Park et al., 1999) > ¥
BRI &= SEEALLE 1) P oh i 2 E R N o — g
1~2 2R 2 RpBRFFE> FXE 12BN 2 XA BN R- BT
MERRERTEFNZRANGEH Y Ut A w2 B 5 A 07 24
BLABZ0 % - BPXAF2ZMALE 1 BFR-TF HER-
FERRE (Tt RPN R RE 2 B B D e s o A
Bleab o B AUF L2 o MR T S OEE RRITOR 0 1Y
FEMELE TR LA G MRS SEF AT IR E
PRZTARERIG oA RF T 20473 FHEE A g AR

(MSASW)Z % #7 i 28 i 3% 2 (MWTSW) » *t 2 & 4 52 i Hra 42 o

232 $HFE A ¢ AL VrE- SR A

“r3) ik Brig k2 (MWTSW) » 7 4L 5 i3 4 1572 (Overtone
Analysis) ¢ EoBER2Z A4 H 3 T AIE 2 (Fourier

transform) % ## 4 # 3% ;2 (Integral Transformation) ; 7 Lz TR B F kL
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2R e 2 11T o AL I R R LR

ZRATH D 2 REFRFONFE#EL 2 FEIB N )? 40T T

U@wmszLnawm

BP Uo) P 25d BRCIFESIBRATH £ & 7422 kg
ZHFFHFTR S un R R R BT ERRFBRATE -a B A H

it o AR A e o e H R AP R R A TR A

A, )=V (@)= Z [ﬁfaJ

(2-14)

OV (0,f) RAGS ARG HE TR X, R A E R EL

BB P2 V) R A TS TR AL B - TR

¥

BEXRZAPTER (vV=0/g)HF - B A BE 247 55 fagp =T
e L#F - LR BITHUELMEHF A Aloy) B & TR
Bz BRG]  JIr TR M hv=(0/d) ¥ £ 7T &
Alo,v) » #5 B A B2 p L HRI T FE2 40 ik B ko B

B2 it BIRIGE F R 4v2 st F 2R RS Flt fpseisz i £
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LRI I 5/ R R S N B % FEE UL R T
WA e 2,120 B¢ R R e G S L i BRI

2B RTERR S B2 TR @A T S ApATY M2 =B (Park et

3

al.,1998) » & *t— Ay K TR RIF) 2 F MO ETY M gRd A A
P i B ARAPACY REFF B oo ARIAFEE TR |
WACR] 2. 139757 » B 2. 13-a5 £ G A BRI SFE R 0 X, 5172
% pE(near offset) > 5 BR(E5)E % - BX A Bapedp  dx i XA B
FEE S NEZ XA Beandc® o B 2. 13-b 3 4 5 jf BRI S RS a2 pF
-7 3 4 F(t-x domain) T3 > ] 2. 13-cP| &_t-x domain 7 #1353 4
B e 15 2 foNE 2 Ml R S F EE P2 T 4 iE 4o 2. 13-d o

301 (PROCESSED)
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Bl 2. 11 4 »c2 jif & §o
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Overtone Diagram
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B 2,12 A Hfdd A 4742 Ly A GED 5 > 2002)
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X1o d}(& | - A d§,§§¢
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100 [
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o B D EAT Y 7 2 T A 0 B2 dd7 i (Digitization) 22 £ &
(Truncation)#-i¢ & /4 F-4 3 & 24 phAf R 48 (Aliasing) &2 B &
(Leakage) o fepFst > & > d 30 P 70 FTAFEE L A2 BRI B RA
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1:1

PR R F SR B A B (Anti-aliasing
filter) » FIp PR EAFFRIE2Z A2 > A B fRBP A ¥ » v L9z
R ERGEREFASUBEAREF LB R U RBFRATT
¥ (TR 4L ¥ (Time-domain windowing) & "% M#E & 2 8 iF o Am » 3
CEEIER RS PR L T S e T Y
2 PRARRIE R B 0 U] 2 XA BREET B e A B( LK) B
Flo R p XA B2 8P - T PIABAR] » BIEAR ] » ¥ avid = Bk
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170 Fhd MR R R R TS E e o F BT AR £
] Kansas Geological Survey @] [} #7% & 2_ Surfseis 1.80 #it §8:& {7 3%
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225 (SCPTU) 2 B57° RPI3ES » 328 1% e 29 (351 @ Bl 2 4o o
FLER T4 AP EIFRBRA LT Fre 5] Axtell and
Stark(2008)F] * g3t ;¢ B Rli2 2 £ IR 8%k & BIHE4E 1 72 (Soil Mix

and Jet Grout Methods)2. = #53c % & 9 4 e * > IR F P E%K A

EERE KPR FERL G AT A AT 4 R

Bz {0 G RS B 0 F Tk B 4 (2006) B
it AR P 2 B R VB (HRARL F)% BN P-S i

FRIZZE TILNRPLE O PIEREFFREFT A LE GRS 6%

s P 30% ©

2.% % A BRI S Brr A L
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A FER 2L 2240 SPT &2 CPT > £ 6 i RRIZ R GAE ¥ X 7
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31 ’4%‘4% Jﬂai'] 5'% /n‘ﬁ_’éﬁ*ﬂg

AP R R AN A A RPN T R DA S E 2
AR UZ B2t BRI EY BAF R R
o223 3RO Ftorec AR (E)% s2 2y
P 2K RIS AR S Y B 0 @ 2R TS i B E %Y Parkeet
al(1999;2002) 1 . 47+ Vi A4 2 B3 A AT TR EBIV R

SREARRAR T M VU RRT LR o2t R G L RPITE R

F o ﬁggﬁy&%ﬂ,%j iR 2 F R FIF ko A G e s 2 T R
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BB FEENEZ A XA R oA 20 R RE BE
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b2 A w o FFRD B (2002) R FATE £ 6k BRI R
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1. e iT 540 £ o L BB RRIF LT 6 B>

2 ()R BB G GRIE ) B R T R
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Shear wave Velocity (m/s)
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