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Experimental Study on Geological Prediction Ahead of a Tunnel Face
Using Construction-Induced Vibrations
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To support the automation and remote operation of mountain tunnel construction, this study
investigated the applicability of microtremor array exploration using construction-induced
vibrations for geological prediction ahead of a tunnel face. First, three-dimensional FEM dynamic
analyses were conducted for a sedimentary rock mass, and the S-wave velocity structure ahead
of the tunnel face was estimated using the spatial autocorrelation (SPAC) method and the
Neighborhood Algorithm (NA). The estimated results were generally consistent with the fault
location and S-wave velocity structure defined in the numerical model, confirming the theoretical
applicability of the proposed method. Subsequently, field measurements were carried out during
rock bolt installation in an operating tunnel. The analysis identified a low-velocity zone extending
approximately 10 meters ahead of the tunnel face. These results demonstrate that microtremor
array exploration using construction-induced vibrations has potential to serve as an effective
method for the remote investigation of geological conditions ahead of a tunnel face.
Keywords: Prediction ahead of a tunnel face, Microtremor array survey, FEM analysis,

Mountain tunnel
1. [FC®HIZ

IR b o rovid, Ml o TRREEE 2 80 L 7c ML JEIC S DWW TEkEF a5, T4, WiEm bRV T
T, RAHEERRE~OXEE BN E LTl Lo BIERED b TWD, £, YPENONELKFZBIEL
BN ZH LS5 L2 HMWE LT, ILoEBLNEESh TS, —F, BEFEOUNE RS
Wicix, ZRREMCEAZET 200, UPEF CTOEEELLBELTIH0R8EL, LEECHE THEOH T
HMERD D, 2O, BEIOBREICHERELPFONLIHEEHRARDENTVD,

WEYT L—RAEEE, HRICEBOZIEAZERE L CHEFEEZFNL, ERNES R AITY 2T, 3

U EA I ST AT B S HEE R
2RSS EAREERILE 2~ o R AR
3 R ARFIEAES LA

18



TV T RIS R A 5 1 5 (2026 4F)

FE100 m LAEZ & e ML ORFERIZ B 2158, 772 b bR S EE 2 G T 2 FIETH D, KHIEH(2024)D
X, ERFOWLE X AGE FICZEAERE L CBE T L—RE S ER L, =M A CAEREEZ AWM
L0 HI ORI OWTEBRLRBHRMERZ2ETWD, 2 OMENT L — A kA2 KI5 H O YN Rl EE
WG L, bR AREI TEOM THICEAT 2 THFRESHZIESHE LTHAL, v—¥— Ky 77 —Eit%
FAWTES 2 6 IEEf CUIP OMIEBI 2 &+ 28 & LTHRE T 28 TEhiE, UPNETTOR LV —=
FHUMSSHEHOBREN RE L /0D, Zhic kv, B0 NB TRl 22U AT O MUK DL o #1253 AT HE
20, THETERAOEEND 2NN XN T RESHIFTE 5,

AW T, WHE N RNMCBITDMEN T U —EEOERBERIRGTE LT, BTHo b rv 2 U7 e fig
WrETAERAG, bRV THRICHESIREEO 2Rt FEM BN 2 2 Eii L7-, Zhicky, horxaiics
D MREN T L — R O BRERE H FTREME A MREE L7, & DI, N AT R E ORBILICE T 5 M ERE LT
N AN TR IR ZFH L- ORI A EEER D 2% L, T O@MA ik >0 TRF LT,

2. ZREBMENIC & 5 THESE A LS HETARE OB AR

PREN T U —REEE, EICHREE O SEHEMBEOHELHNE LTHEASNTELEELZETL. 2010,

AT FAMERGEO MM & L C, SRS MILZXIRE LIEMHTET L %3E L, FEM IZ X 2 Bhr T
I L7, FEM fEATICAWEMATET V2 E-1 12, ATET LoEEDEER-1 1IR3, e s vk, B
AOERBICIRAENPEE L, R ENETT 1S m ICEERETE N0/ T 550 & Uiz, fFTaEEIZ—i2 100 m
SEHEREL, ZFOFIEOB-1IZ7RT Y=0~50 m OFFICEES mD b R ERE LTz, A L7
BAaEB-2 1277, MREERIER v 7 ALk OFRFEOHFLEM ORI TRIEB 2 g L7 v DB L L, Hl
L= VF—300 MN/m* & FEHEL L CRRE Lz, MEAB I OZEROEEZ E-3 IR T, MERIE, gy 7R
VRO EFEEL, YN Y HH~-5m OMEIZH D bV fllim Bz 17° FIRT 12 SfE Lz, ZEA
I, LIS 1 RELE T S & L B, DR IR AR A S SRR 4 m O E Bl 12 SEE L, IR AT
R AEICEAR T 2 H1m e L, BN > TREFEHEN Y OISR % & 2 7o, YIPRTHRACIE, SPm
ICEEE 7R Y F D OBREREEEE AW, ZIBEEZB-4 2737, MEXAIEICE 2 6h, ENENOEEHH
BHELTERVAI 2 LICLY, ZIBEFORENSFHOKE L & bICHRT 2HENBHE I N, ZRERO
NI =27 M EE-5 2R T, 150~350 Hz O#FA TR — A7 M ORIEN K E <, 300 Hz Tl A<
M OE—7 BED LTI,

g1 fEHTET L OYNEE

600

z”%ﬂ%%‘fi %{ﬁ E&Zu:;:‘ {JEZ”% Hﬁﬁ"% = o
= 0
PREGEE m/s 2,290 1,740 1,720 @ o
& 200
!E -400
S I m/s 1,330 650 342 - | ) - .
BR (s)
. AR kg/m® 2,310 1,710 1,800 o
m-1 fgres,  COMER kem' o 2, 7 B2 RN
LI |
e ;: £ro gt
e |ogcf.h 'Chm.” 322 E
- qich 260 ° gzn LI\ 1
° 12ch 15%h Tche Tch <
i = o ey R
i
o e | ———————
® RiRA 0s 10s 40s 80s 0 50 100 150 20%5&2;9”‘3()» 350 400 450 500
K-3 EAB L OZRA -4 ZiEEE -5 NU—2~_7 kL

19



TV T RIS R A 5 1 5 (2026 4F)

SRR A DT — Z BRI, B 7 L —EEEOMHT FIEE LT RMNICAW SN D ZEM B CHEBIE %
AL, COFETE, Tr—FhbatEMESHOEFZFa — L ABBOERERD, ZOEFVY, T4
DHHACEEN S M E CAHBREE RN T 2, SWER» AN M B CHHBEfRE A E-6 127~ 7, B-5
WZBWTNRT =27 MLOIRERNS K E o7z 150~350 Hz O#iFH TIXZe/ A CARBIfRE S/ & <, 25/ B O
BEMEIC X 2 MENT S 20 7 AR B PA 1L 5~100 Hz T~ 7=, Z OB &L, B-5 B\ T/T—27 kL
DOER/NEWHFICH ST 5, 202 L bh, EEO b R AVHBICHEI T L —EEZ BT3BV TH,
PR\ AN 70 B I B T BN T — & D SIN B ME L R B FTREMEDN RIB S5,

WIZ, 5~100 Hz OZE[M B CAHBIMRE Z FIVC, WMEATIC X 0 BIFRT T O S WM 2 HEE L, WfgHTIc
X NAEYZE Wz, NAER, IR RERZ R ICEERRT D2 FEO—D2THY, T ¥ AIZER LS
TA=ENOHELNLMIZEDNT, IRAT 1y NBAR/NERDIEHHEBARET 22 LT, 2MA CHBIRE
20 SHIREHNGE L EEMEE TE DL FETH D, UIPRIHME) 7 L —EEOMT R 2 R-T 1277, #iEIhi
Wi AL {E 3 KOV S W EE1E, FEM AT CRRIE LTCITET VO L Bkt —& L7z, ZO/MRLY, M4
FHN T BRI AT 5 B4 o0 BRER A 38 H FTREME 23 R S v Tz

1000

1.0- .. 900
x 1 . 800
g 05- - 5 ®
- "._ A ; 600
Z oo W\ B sm |
E E; 400
w
=05~ NSF w
E‘l G EEESEE 200 —EEER
L . - == 100 —BIFETIL
L | 50 100 500 0
TR (Hz) 0 " é?]%ﬁ"}:ﬁimﬁéﬁf(aui b N
EELD m,
E-6 72 E O BR K B-7 SRS T L — A

3. ErURIVICBITRUBPRIAEFEEERY

FEEBRL, R-2IRTHEMSEREFEIL - BHERE2 hoRrALLHE (UT, B2 b)) O CRAPATHE
fi L7z, 2 b, B-8IC-T LSOl TR E R /NE D EM AT #EIL/NEZ S IER 13.9 km OfF
e BHERKO S D, 3R 1,267m OEE S kL THD, A M RE, NATM LIEIC XV LS 5108 15 m,
EME8S mOKMIHE F XV THY, HILOMEIIBEMBIEIE NS5, F U RAALEIZIS T DB Pk
L 2.5~4.4 km/s TH D, YRPEIHFFEAERIT, K-9 28T bSO 05 604 m #S O8I % %t
Gl LT, ay 7R NS ER L7,

®-2 H2 b oTHEHE
ITHE |FASFEMRL - SEERFE2 RIS

TEHFF | ILOBREMTELUThEA
I SMe&£E2/18
E $Mo&£3A31H

EixE |(EixEE PEBHEERER LUEEMEEEHRT
BIE | TILVLT - EEBBRERRTEARE

e

L7 %4
)

L

B-8 2 kR OALiE

#E2b2 )L L=1,267m

C L gAmRD
EERME
(F R LH O AV D604mith &)

B-9 %2 b xLoHUE WX

20



TV T RIS R A 5 1 5 (2026 4F)

cHs $i5><10'3m/s
o 2 4 e 5] 8 10
B-10 HIE SEE RS L OFHEMR IR B-11 HEEE
1000
0.8 800 === e
g/ Q
S SR e £ s
£ o PN N i #
E ' - . W g 400
B -0.4- L‘ o
e : 200
-0.87 fhdiEEE ,
a b e 0 10 20 30 40 50
R #EHz) UIFRTH DEEHE (m)
BE-12 Z=f B A BRI BI-13 S i B A D HE B G R

WEYORE AL, B-101073T 8910, UIPE LIS 1835 mOE=ZMAFERDLHWRE L, U OEEHE
Wi, FEREMRALE A R EER L —Y— Ky 77 —E#hEE 3 AV,

WEN T U—REO T — X BRI L, FEM AT & FRRICZEM B CARBEE A Lz, B-11 IClERIEE, B-12
(CZEfE B CARRRRE R R T, 5 D2 B SRR EIC W T, RE D SR/ ME~ T b K E B Lz 30~
40 Hz OB Z MM L, SEITIC L0 ORI o S EREME AT L, B-13 2HE Lz S HHER
WakRYT, HEEMETE, YHRIHN 10m E TOMPAICRT, SHEHED 350 m/s B (K35 B I 237800 B
Nz, T ORI, FUmANCE O LD 2 HaEik A K L TW D AEEER S D, —F, RERTIE,
GIPIRITHT 10m LV EF O SWHEHEAHETT D LT TERdol, ZOERE LT, Bb7-2%MH S
RN 02 DFPHIZE EF O, T—HDSINUNMEDP-TZZ ENET NS, £/, MEBIT7T L—EETEHELND
BERE L RICZERAMRO SHEREL SN TEY, RERICET 2ZHREAMR 3.5 m TiX, #ETEEEN
REINTZZEH—REEZHILD, Cho(2023)V0F, EMBCHEEHMOY A MBI 2ME 7 L—ERATIE, M
EIRE DS S HARIC L A WEBORMEICHE) SINMOR TR EERFEE 2D L 2HEML VWS, o, #ME
BENTSTHIHETHoTH, MIBICKZREICL Y, BEEEHIRO SN AE LK T I 5 aaEER S
DLEWHEBETARNELRDHD EBRRTND, RFIZBWTCHRBEOHEABPHRINT-Z D, A% 0OBEE L
T, ZIRAMBHOIEKRB LT =40 SINKOB ERNET L5,

4. £ED

WG B RSB 2HMENT L —REOREBAORGTE LT TP o b o x V% B L7z Z kot FEM BhAOfEHT
BIOFE MRV TORENEZ FEM L, TFRS) 2RI U7 OPRT 55 O H TREME 2 i Lo, = DR,
BAEAENT T, #HESNZHEMER IO S WHEBENMITtT LV ERBBh—H L, ATEOBRAEA
BEMEARERR SN, £/, EhFLICB T D8 v 7 B0 MTIREOIRES 2 AV 7@ i, SIR15/ 10m %
TOFMAIZER DD 2 AR EHE SN HIREEEE RS, SEXY, THFESBHEZFA LM Lv—
BAEZ, PR AUPEITEE~OBEAMREEEZ AT 52 LR ENTE, 5%I%, BEEREOR BB X OHEER
Eoth#ELZRNE LT, ZRAMBOIERLCUET — 2 O SN EIZOWTHRET 5,

21



TV T RIS R A 5 1 5 (2026 4F)

SE XM

1) KHEG, ERRER], 23, WEEEA, ANERE I RERITOFER P OINE b xicBT 2ME 7 v
A RAE, 5150 M EEE i S U8, Vol.150, No.3, pp.9-12, 2024

2) BERIT, KEEE  (HE 2B T 28 7 V—8EICBET 5 A (2o 2 SIPRiF#HRA),
AT AR ERE R BE KA 80 BIFE R AT E G CHE, Vol.80, No.lll-176, 2025

3) BERT, KAFE, I, AR LHREZFM Lz b U RAE B 2 AR ER, &
8 A B2 REKRRH 81 MIFR AN ML, Vol.81, No.lll-292, 2026

4) Wathelet, M., et al.: Direct Inversion of Spatial Autocorrelation Curves with the Neighborhood Algorithm. Bulletin
of the Seismological Society of America, Vol.95, No.5, pp.1787-1800, 2005

5) Cho I.: Spatial autocorrelation method for simple microtremor array survey at rock/stiff-soil sites, Geophysical

journal international, Vol.233, No.2, pp.1296-1317, 2023

22



