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Evaluation of dynamic ground properties using laterally impacted cross-hole seismic test

Young-Jin Mok", Chang-Guk Sun”, Jung-Han Kim®, Jin-Hun Jung‘” and Chul-Soo Park”
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Fool: ArAE W AP, AW S5, dEF &5, Topg ¥, ) w4 7Y

Abstract: Soil and rock dynamic properties such as shear wave velocity (VS), compressional wave
velocity (VP) and corresponding Poisson's ratio (v) are very important geotechnical parameters in
predicting deformational behavior of structures as well as practicing seismic design and performance
evaluation. In an effort to measure the parameter efficiently and accurately, various bore-hole
seismic testing techniques have been, thus, developed and used during past several decades. In this
study, cross-hole seismic testing technique which is known as the most reliable seismic method was
adopted for obtaining geotechnical dynamic properties. To perform successfully the cross-hole test
for rock as well as soil layers regardless of the ground water level, spring-loaded source which
impact laterally a subsurface ground in vertical bore-hole was developed and applied at three study
areas, which contain four sites composed of two existing port sites and two new LNG storage
facility sites. The geotechnical dynamic properties such as VS, VP and v with depth were
efficiently determined from the laterally impacted cross-hole seismic tests at study sites, and were
provided as the fundamental parameters for the seismic performance evaluation of the existing ports
and the seismic design of the LNG storage facilities.

Keywords: cross-hole seismic test, geotechnical dynamic properties, shear wave velocity, compressional
wave velocity, Poisson's ratio, bore-hole seismic technique

1) A3 sty EE A5 (College of Archit. and Civil Eng., Kyung Hee University)
E-mail: yimok@khu.ac kr
2) 3R AAGATY K ZAFAE|{(Korea Earthquake Research Center, KIGAM)
E-mail: pungsun@snu.ac.kr
3) @EFA71EF A AREE- 8 5-(Department of Geotechnical Eng., Korea Consultants International)
4) FFAAdAA Yo g A "] g ¥ (Department of Geotechnical Eng., Namwonkeonseol Engineering Co., Ltd.)
5) A3 stw E5 A% 8K(College of Archit. and Civil Eng., Kyung Hee University)

155



156 L ERE L= L D EE SR

1. A&

A kg ee g ok F /M nAAA Foprh uiE ANl zAfolrh 18 FAlO AHE FAL
= A7 7 EdetA AF ATFHI ' BopolV|E tnh oMY ARE ALY FRAS
|RtEee] Jdd TYAZIRE dAZA AGH2 2 Aol o3 Jen, I olfE EFA
go] FEdte Auke] EAE gul= A deolsta AFIEE Ao AYHolort AEES] F
g2 HdA 9 A% B/ 7bssh] "ol 53], & FxREOIY AFEY W AF &
T7F SHSH L Ye AF slolA AR FTF EA g AT Hrt e £F ZASA
AN e} olgt 22 FeAE FFAZL F U dBAA EF AY 7Yl vz 3 &
’d3}+ A& (bore-hole seismic tests)]™, 1 FHE ZAZAE A3} Al Y (cross-hole seismic test)
Az Aol M & AEHLE €A AUATHSun, 2004; Mok, 1987). Z2AE AP 9
M oety T @S NEEFE 28 F FoldY AFrt dQsEtv, 1o BE FAH &
doz s dA7tA GutAR] AHES] AANAM AFHOE NP EH = Alele EETh 28y
olg]|d AAA olfRTE AA FL FEEY AAY A% Hrled Z2AE AFL AW T3
EA4 23E A% 7HeR 4A QU8 Edte ZEF ofE o ANt £ AEAA A

X, N

1 O
FHQ 2AE A ALA AFY 558 22 A7 ek Bl

2 ATqAE AWEAeE ad BT QY ARAE AEFH 22 J1E T @Y
3 A¥Y Fede nEEHD @I AT FEYL TAs] Aw Yold BY 54
& AAANA golshA BST + Ut A22E AV WA FNE ATHAT. T, T
F2 RATA AA AR2AE AYE FP%e] GFB AF 2ol OE dold Ay F
4 542 28H0 PAFoRA, A22T A8Y Ah4 B FASS FANHE B o}
Yokt N8BS A %L A% BhE A% 22 54 AR AN

2. A¥te 53 54 2R3 L A% EF T @49 A E

ZARke] BA EALS dubF oz uAWdEE(< 10° %)olA Ayt WE EAL vy, A
FE( %Y vAE HE AFE Zsth 53 54 7k A g2 ,
T 9 A AF 59 gF ATl g% At 53 AF £ B9 oplE ¥ T =
AN Ake] AA Aol A FFZH FrtE AdA dFFo|oh ANty WY A @S o
kAl ZAA 2 A3t Ao w2l AGA S (Shear modulus; G), T% Al (Constrained modulus;
M), @ A5 (Young's modulus; E), A3 Al<=(Bulk modulus; B), 28| 1 o] AlFES #A W
3ol H|(Poisson's ratio; »)Z WWERTE v|AWHE A 7 AFe AN JAdy &%
(shear wave velocity; Vs) @ 9453} & X (compressional wave velocity; Vp), 18] A E(density;

P)Z REHT, ol 1Y AT BA= A () ~ O EFoh

Y I R

1o

G= pVy 4y
M= pVp? @
E=201+v)G 3)
E
B= 3072 @)
3 (Vs/Vp)—0.5
YT Ve Ve — 10 )
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ARk FA Wy EA4L 2IE £ 9
(S-wave)$} UEF F(P-wave)?] £EE UEHd
Al ARt 5A98F B oA “HT T3 AP 7IHOoE AAHY g A
EARG ol A S wet dasy 9o A3 B diE) gt An 5
3= Al EARG bt B ol fAE dEME AsgEHy o] 1y
A7 45 5L Itk Advs HdY A HFS FAFE e 3}5’-
£8 AL Awt WA Yol &% W] uwE AW AE(SV-wave)T
(SH-wave)2 2 #2& 5 St} A|yt3& Els
oA F2 A A &5 A8 Huy Az #§5 U
AEH] gton, ekt TH dF 2 A A 7 E0) 5
AtEetd Fwold F2 ALHT Y+ dF ST AgS H
&4 1k Al Y (bore-hole seismic tests)¥} B3}y By Algdoz FRECH
735 ThAl LR 7 (source) 2t 57 7] (receiver)?) 7188HE FAl| weEl AF
E(down-hole), ¥ Z(up-hole), U E(in-hole) A8 Fo= EFHT E3H Cd% Alﬁé 71%‘3?% 7]}
gaog FAo] FY3 K4 P-S 7% (suspension P- and
HE 95t 34 AFolA FEAsA g5 ok

jf_l,
rir
2
l-'tﬂ
s &

bEEa
o
ol
S
rlr
T
=
5

)

n 4
g
= LE m
o
B
i
o0 Ly
A 2
o H e
2
‘ﬁm¢%mﬁ
2™ o % o
AL ox o
% ol x g
oL ©

1) Z22ET 49 AY

ARAE BT AP ARkEsr Foko] A7lE olHE AG FH d F
(body waves)?! U&FT HFE(Vp) Ay}t 2 (1) o] EXE AA

o2 o]&xo] gtthMok, 1987). AZAE APL Holt F 7| o]t A¥F
M AEFoA 7HE Ay dFae) A5 E ) o] AP FelA
Z AYE ddsted 29 AE EYE A8y £28 Xé%}ﬂ] fo} Fig. 1& I=2AE
S AP MAERA, & AFZoN sdstel e 2 AuE A =AEA
717414 272 7](mechanical source)= GA W3 Akul(SV- wave)a, a8l AARE 3R
(piezoelectric source)®t A E ¥ 2] B2 7] (spring-loaded source):™= W3 At (SH-wave)d} 7
s By 4+ ok 7 i Y AN At = #F§ ek FHE 7hxlo]

A7)
=
}—}UE1MM]m0°ﬂ%€%MHmmaHP‘ﬂ“wlﬁ%ﬂéﬁﬁgﬁF%ﬂxiii

T A8 QA AETS Uy T AEoM LA 1S AAFo wet AFF
Al AX1E Ao] A (casing) 2] %6&% H43 & ¢ 9long Ao g A E ¥§5T

N2og I AR ¢ 1 40 1T AR @9 AE 71t
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Fig. 1. Schematic diagram of cross-hole seismic test.
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Dynamic Signal Analyzer
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\WIth Static Lo
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DE Bsh AW BeE AYSE Bl Ask F2E FHs AN Aus S5
337 93 F8HE @Y e A Jelth F, AF APeIME AF 26N
A Ads AWl U F A o)y FA/eIA HST Loy Ak FE ¥
g ZYs Aok F2 Tl H gtog A EF¥IA Y(Standard

rSL‘

Penetration Test; SPT)} 3™ E-Z ABZ 2 (split-spoon sampler)E UA7IZ o] &3t
AT AdHds EFOEHN erl /\]53% FEE 7ol AR BF UL s
2003), 7]E&oll= di7lf AoE S Yoz RE Adsd @ 453 NISE 5 Yok Fig
e ZFEAUAE FHA HyP 5 911‘: A& ANEY JidE EAET gutrow
AdelX e Y w371 did AE Zold =G Azt Aol & ol gAY F

217 Y AE AR dg B2 AIRE o] 3t Zo|d
BEAo7 N3 BNy Ay &

o] EA4 #39 dAdnte] F49& ol £+ ok dE

Z21¢ %% 043?‘01‘:'?—_ 2
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Dynamic Signal Analyzer

it
)

Fig. 3. Schematic diagram of up-hole seismic test.

AF VYT B ATH fol4e FuPH Hio] deE AR I% 9AN U A=
¥ AR AAA BABE wdw) Ao a4y %wr 7)) H(Mok e al., 2003).
i 5 A3 4, T AR el B WG AL TR0 9

%ﬂrﬂ X*DUr 71 LH?J = A oA #Z'Elt% 73—‘% l E}E} F A 01”4 zJ7l
T 2T F Atk AF B4 AFY AES V1EFHS
HEHAE A
RA7150] GAEHA A ZFH(probe)E FAZ AP Al
o rq%il GALAE 2719 W FA e 4 (pressure wave) TS T3 TH
A 4E9E ZHISHA =, BA719) AR AA# FA7dM e $He we I
B g3t SueA stz A@F] ol +33HA " THGEOVision, 2002). 44 P-S
AT Az ML A4d A& BT oy HZ viFoAE gEdatA o881 Yoo (Swift
et al, 2001), A3 Y 2 B4 A9 Holger di 1 &&=/ FUHZ Atk 1Y 7]
2HoR FA gYse HE 2dE A9DHGE SAHGT FAZ FAHA 42 B AP0
7Fsstth F74 P-s AEdE 28 AE A¥elMe 2R FAVE FFHYr
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packer)l} WAX H(plate spring)S BZFAO0F o] &3 AHFo] WAANOZN Aube] ojst
AF FE 7hed) @k o2 A e Ao AR = AFH AdHE 3 5+ Yok
Fol g A2 AdshR x| e FUed Adshe AADNN g8 F7HY a4
SE HBHA Forr AF fHo] FolF Auus =374 5T 5 ot
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golation Bar {Damper)
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Geophone Receiver)
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S Wave Generated
by Source {Spring-
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Fig. 4. Schematic diagram of in-hole seismic test.
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Fig. 5. Schematic diagram of Suspension P-S logging (after GEOVision, 2002).

3. AZAE ANEE 2 ZA

ARAE ANF A FAEF 7 8% Fio] &3 FXo|t} o]d B Ao e J|E
2719 ARk A nEE S B3 e mE LA, A8A, AAY T 1
of I BAE MLt AR AHtFEE EF 0 Fuoi FLH & FQ A
2] ez 7] Al A (mechanical) @ A 2218 (piezoelectric) . 24, Z+Z} Fig. 63} Fig. 7914 7]
AQ FHE IE & Ut

Z1AA A7 Fig. 60l BAE uigl Zo] I AaA717] st A7) Zxs} 4 &Y
2 o]FolA Utt. o] AV FHE oUA EdHo] teFel wet ARAE AFPA Ad
o FAo] wg ALz FRHT oy, dF AFE oz uet FLo] B AF
Aol BT & Uk F, L E FXRO|EE X3¢ ot ANt o] AFEF el
AZb EAY AF BF A 29 Ao] LA =Hol ALEE £ glth Fig. 74l AAE dFHA
AY WA= 4 dUA e Fd @ 2HE 8 A7E Aot 7bed $RaAE olf dr
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| Double-Acting
Air Cylinder
Upper Weight—ﬂ
. I’ Plunger
Weight Sleeve
Connecting —>
Rods Plunger
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%“’é <—Javl‘1'gper Cone
Lower Cone I
Lower Weight

Fig. 6. Mechanical source.
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Sprin
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Fig. 7. Piezoelectric source.
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Air Line —>
i ] i e Triggering
Electric Line ' Line
Accelerometer: «— Air Packer
impact Shoe ‘
Impact Pestle

Loading Spring

Return Spring
Triggering
Arm

Packer Spring
Return Mobile

Fig. 8. Spring-loaded source.

Sl W71 B AEe ZA WMy AY Ao g FaA AT
29 Y E t&%ﬁ,gi MANZAS Qormg F8A4o] &43Au wrte] Awd 71Ask
al

A71 BA7F AFHER mrteln yiAe] tha Hopdte, A WA ZRH TEHE WY
o] #obM EARTE ohlt Awtel AFsict ojgk T2 V|E ARAE AFE TR A A
2 Dol wt moh ohgd FF A 23M mgFoE F3 54E& 5T 5 As
LA71E AEsA

AZAE NEES 98] B A7A AgE 3R AR & Fig 8% 2L ATPA @
(spring-loaded source)o|th. o] T[N o]F HzlB E|A eh(triggering line)e] <t
2 A Aol E(trigger cable)Z E&]A FO|(trigger arm)E 3| AA 7| W, AZXFPoT AW F
Ol(impact pestle)’t 38 wWE FAlo] AFHA AZH(retun spring)ol 3 AZA Dt
7} FelU(air packen)ell ¥F F71E FYste] LWVE FHHo| dFAPeZN FF JUAE
SUstdoh e Axgs d27E vjwd sty g Bl ollel Axsty #E vt
s AUAZE AX EAF Auke] diSiAE B EA o] 43810, A7) AAE A ) AJHoe] &
THA &= 7)Ao},
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il OH okt {m N

4 322 NY £ L AW 54 54 97}

ALL BN BAE olgaed ujol B BAE A 249 F2 FAEE GHoz
222F BTG APE FYHPT TY, Q¥ FAANE ARl Ao FYHE o
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222F NP9 g4 AGL Fig 9o AND wksh o] F 3 A A, ¥4, 18lw
59 Aodold, 1 Fold AW P4 A% A% & 194% oz A22F A¥IY o
£EF NYL, 29T 59 A A FY AF YAA o 100 m o1HE 23 E oz
F22F NES FISHUT 531, ARF B4 AGY RAE FU AMA Y RFRA, ]

= g% AN4EY U A% Bk BHow T RAAA 474 239 AF 2AE R A3
T4 4 F AZAE U DL E ABE FBARLH, ING A8 A40] AN 59 A9
RANAE g A ) 29NN A7 289 AF 2AMG HEo] YA AA B Aza
T N ANST,

A g $AY AR ZAZRE BA8 AF FAL Fig 103 2ok 4y R AHEA
A W B FANNE AAE 24E A9 UE Aol SHA REAGLH, 4% 66 m
2 197 m T4 EEXGT 53], FAF ¥4 olFES A AR 152 m FAL AZA 2

sho] 4 Aio] tha Aoldt 45 m FAY AEA XPEM EAstE ARk ¥HE, QA F
A A Fiab BAee 2 tfHE O}E}M] 125 m $72 AEZ HAE9 A4 HAE Fo]
aadd) gk AHT FAF Bx 2% 22 AT(QAA 402 m, FAF 52.0 m)o] X3 A A
Kol FIADFES F3Uo] 424 2 20 m9} 30 m ALY FAZ Exstzn AJh FF A
9 AE i FAE ditel AP FF5 AHGoZA, (EW FZY 1.0~25 m 749 WHE
sHo FIADFES F3eteo] FFega, 1 oteld= NEE J|E AE 8.0~85 mFEH EY
9] A, BEY % Aol o] Exstu Atk

15°N _ 126°N__127°N__18°N  129°N
PR B

39°NF e - =139°N

Down- Hole.
38°NE- 38°N
37°Nj 37°N
36 °N{- 36°N
35°NE 359N
34°N{ 34°N

W-
0 SKilometers
S e —
1

| 15 1
125°N 126 °N 127°N 128°N 129°N

Fig. 9. Geographic locations of cross-hole testing sites.
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~{7.0m

Marine
Deposit

Cl
( s%ey

f 19.5m

Weathered|
Residual
Soil

{Silty. Sand]

5.0 m

Fig. 10. Borehole logs at cross-hole testing sites.

@) W FA XY ZA2AE AE 53

g FA oA AlF FAME ARWH AoA ¢ 3.0 m AEE o]ASA 2 & AASY &
Zt A2AE ANEE B2 F(hole for source)d 7 F(hole for receiver) 22 &3t} 3ot
Al ZAZE G428 F A22F AEY 22 7 S93 AEY +3E A3 FIY ¥
AEAA PVC AN A stn FH Auke 29} AAEZ(cement paste)Z F8to] A
& AT AY b T3 9 O R AY ol 7375—:1 et g AHE /A
Rk AZAE AEE A WA ZF FAEE JgddAe] 23T FAFY o)F Az
E s, AAAE ol 8st 7 AE T ol HARE ZAMFoEZN AP Axd I
718} #2719 AA o174 Al HMu HE AYE AT B AT AMEE e
AZAE AEY gEY UE AFAAE o4 F UARF AmdtE= A e SEA
(geophone)E WAt & T(P-wave)el AWk Atul(SH-wave) D A2 e A dal(SV-wave)
£ EF 858 F e 3WY SEAF olH, Fig. 11904 JlZFFQA F2&E A 5 Ut
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Electric Cable %_ Triggering
Line

Transverse
Geophone
Longitudinal ,|‘ >
Geophone
Vertlcal
Geophone «— Air Packer

Q

Fig. 11. Three-component geophone receiver.

ARAE B4 AIEE B9 FRE TY AER AT AHE AEE BEFE QA
A3 FAE FA A8 mYE AZ05 m HFeE SIS AYsne dAZ 1.0 m HEL
2 AY AEE FHA 7 AAEAD ARE Ay 31V £ 3 E=
(orientation rod)ll AAJI £ Al A=l YA AT, 37 FF £ T A (longitudinal
geophone)?] F Wifo] A F& FIEF ZH(LF 4T Al(transverse geophone)«] AE 0k
< EAFHY F el g AwItEF 2A)tn, £ LX) W FF FolFig 1 ¥
T E A AT CEN EA AT E FES

A= sty gHAst AAA Hdckat Al
F3S 180 © MEste] BHAT RN A WA dAds
£ 58 & Utk ojHF Aol 180 ° HE
%9 A (polarity)S ©] &3l EF A HE &
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TS ez Yol EHEFCRE o]&H T UE G2E A
Aest A3 2 539l FA4F FAoMe vy 2 A%
me ALY7HA AZAE AFS AAEA AFFoR dEvg dds A3 E A=
B AT 2R 240 m7HA] % Eb}ﬂzggsz=?%%q
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Fig. 12 @4 AN A=A 5% &0 9 doge] gixAQl A (Trigger) A& 5
Z(Receiver) NI E A ZozA, 21 AFMH 4FEFY 27] &2 A|FH(Fig. 122914 A
AlE P Anse]l T AJH(Fig. 12b0l4 AAE §)Y AzEAE BES] 2| $717)
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2719 Adg zAEsY 7 A (63 A Dol Wt ¢EH SE(p)9
28 5 ok B d7oME U 4 Bx 7 Y AN AZAE
8 Gy D Agyl AFe 27| £ AFS vZA Lo|dA BE5}o]
W =y £T 9 Ads £52 ARG

©
Q)

TRIGGERY) e

= = MHVJLﬁdVd%wmwmwwv~WV’

!
] | | |

0.0 2.0 4.0 6.0
Time (ms)

(a)

TRIGGET }rwmwwww_w‘mﬂw -

S

RECEIVER

0.0 2.0 4.0 6.0
Time (ms)

(b)

Fig. 12. Typical source and receiver signal from cross-hole seismic test: (a) Compressional wave
signal; (b) Shear wave signal. The signals were obtained at the depth of 13.8 m in Tongyeong-1 site.
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AMI FA PRNHE HHE heE ARoRRE ASH 9w 459 4 AP 4
Aty 27) 52 AP BEHL A2de) £2A4E Lelas) 98] snel
9 WH) 2AY 22 A% AL AL A4 ANART F, 2005 Kim ef al, 20042
B3 Qo' At £E LITT T2

@) H RANNY Z2AE AES B AW T4 54 B}

az2E NP OB A3 4% Aol uld AR} 1 o) BS Fold W, ¥
Fole ARk 7ol wek tha uAANY F Yok 2L FH 54 3 2
9 24 2WE ZAT o, FuE 239 ol BRI the T4 549 4FH Aol
7P So8H, olEle 27 AMge AWt 24 AR H AFE ¥ 9 AHe dAR
UEHHA Fohe A7 AA A FF DAHO gk old £ AFME gt At
ZAA AEACRE ARAE AYo] 7bed IWF 23 FAE ALste] Fu dEH FA
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Fig. 13. Body wave velocity and corresponding Poisson's ratio with depth determined from
cross-hole test in Incheon site. The shear wave velocity (Vs) profile determined from down-hole test
were also plotted for comparing with the Vs from cross-hole test.
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Fig. 14. Body wave velocity and corresponding Poisson's ratio with depth determined from
cross-hole test in Busan site. The shear wave velocity (¥s) profile determined from down-hole test

were also plotted for comparing with the Vs from cross-hole test.
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Fig. 15. Body wave velocity and corresponding Poisson's ratio with depth determined from

cross-hole test in Tongyeong-1 site.
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Fig. 16. Body wave velocity and corresponding Poisson's ratio with depth determined from
cross-hole test in Tongyeong-2 site.
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