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An Array-based 3D Audio-frequency Geophysical Exploration Method

and Its Application in Challenging Mountainous Areas
ZHAO Siwei JIN Junjun ZHAO Wenlong
( China Railway Eryuan Engineering Group Co. , Ltd., Chengdu 610031, China )

Abstract: Exploration in challenging mountainous areas, as recognized for its significant difficulty, is always taken
as an important subject in railway engineering. Geophysical methods, characterized by portability, high operational
efficiency, and intuitive data representation, are applicable to investigations in such difficult terrains. Large-
span chambers, with their extensive lateral extents, cannot be adequately surveyed by a single geophysical profile
line, demanding higher precision approaches. This paper presented an array-based 3D audio-frequency magnetotelluric
exploration method tailored for investigating large-span chambers in challenging mountainous areas. The profile line layout
comprehensively considers tunnel depth, chamber span, uniformity of measurement point distribution, and the impact of
edge effects on exploration accuracy, thereby significantly enhancing the quality of field data. Through joint inversion, a
detailed 3D apparent resistivity database was constructed, visually illustrating the spatial distribution of underground
geological anomalies. The study outcomes effectively reveal the morphology of fractured and water-rich rock masses beneath
the surface, providing valuable references for tunnel construction designs.

Key words: large-span chambers; audio-frequency magnetotelluric method; array-based 3D profile lines; railway tunnel

exploration

FURI, 8% 2 0l SR BB  )  AL B ROR 1 £ 3 o #F RIS L1 DXl 60 [ 2 1 P4 Rl i Ml [X A2 2 22
BRSBTS T R 5 B TR S TR AR BRI SR A R TR R L Xk T — MR

Yot H #7:2023-08-30

EER A X (1982-), 5, g TR,

SISO GBI R AR SO . RES L X PRSI = e 5 SR RGO R S I L) ] e kR, 2024, 15(4) :63-68.
ZHAO Siwei, JIN Junjun, ZHAO Wenlong. An Array-based 3D Audio-frequency Geophysical Exploration Method and Its Application in
Challenging Mountainous Areas[ J ] . High Speed Railway Technology, 2024, 15(4) :63-68.



%44

XSRSy, S5+ XL L DX P 37 A = e ARl L B R 1k 55

202448 H

JH TGP R A T i P v T, R RS i) — i)
5 L T SR P M R A B R L = e
WA, A AR 2t T A e, AR R TR R AR
AT VR T A T BB A S 2 M AR 114 2 [R] R AT AN
T, S O 2 it T4 7 i B 05 AR A B
K 2R v R S 1 AR 1) R M A 4 2
FES RO RE , A % JUHOR RS B 2 5 1B R AR S2
SAE[A] — B 1T AN [R) AL AN R M A 7 T )=
B b 5T AR PR — 2R E A 3 b T
R PP 2 00 1 R4 75 W= AN VEfG ) R AL, )=
S K IR 5 A Bl S 4R 30t TR B i fa s s
R, R = AR TT AR W M SR SR 1) 25 18] Ji A
Jetor b

| SMEAT 7 B YL 58 a2 b >R X 4l o
2 S FAT AL R, M 2 BRI R G AR
A BT T N TER ) BT IR A Tl — &
SR 1 =4 S S5 3 5 ML RE A A W F AR (A 14 25 1]
AT R BT B B 1 R T B AR (1) 4 )
AR, TR N AR TR B IS FRE 1E LA A ot
R R L, X T /N LR B TE A 2, B2k 4k
2RI AR SR o AR, X T OB LA 2 B AR 7y
B 8 IR i T, Bl AR 1) 15 BT e o 2 ) P A 2
i A G L, (R AT W 2R T = 4B 2k . FEWIRTT
LRI I, 5 B LR B I ML s FOR A vk E
PEFITARRLR . s R RN TR e, (H 40K
BERAR 5 =4k S S M e i 2L RIE AL 2 B IR 25 7RI,
it TARAR, B PR AR, Ll DX 1 s 2 7 H A
P IE IR REL 5 o 2 PRV | 2 P 0 5l T BB 4R
TRIEEA AR, 25 1 Prids , 35 3R M i 36 ) BAy
PR TR K it T2 i R EDAF R A, AT IS T
L DX A2 25 i 1 R R B P A el A B o 47
A YR WK i F R BRI 2, Ay st b = e R
FBARIR A BT 52 B M BT AR 2S () 4544 1 v )
O3, T R LA 25 BT P SO RS AT A
ROk

1 RES5A®

1.1 EAM AR RE

TR M FL GV S LA R IR FBLRE 9 S DR BIE 5
M ER A HL ALY 3 11— R 2 R BT B L
RO LA 5 vh a7 A 22 1) B0 R R o (S v
Ph R EE AR ) 2253 OB IR R Y
T A TP B I A S 237 AR IR S, ik
B i A IR A 5 A R R 2 B A R R

AR, 8 A UL A3 AT SR Y E R R B ] R s
() = R AR K o3 AR, T FH T B b S5 ) s LA R fi
TR S R )
1.2 #iEaE

TR b R 1 5CH s A B R A DA A B ) 47
A A F A LR AR SRS L T
J IR B SR A B T R A TR AR A5 B R G A (5
B[R] Ak 1 e 37, 5 2 S0 Ha R 37 I ) 91 e 46 3
AR IR, R T DRI R B YRS T, 2 5 AR
Py PRABERY R F R RH T, e A 280 SO AR AR AL
FHARRETR A 4 . BB AL BRI A 1 PR .

JR AR 8] 5 51
AR e

SRR

¥

| wrmm || s | | weke |
| ’/}%Z‘;J\TE || mamwaw || mﬁ‘;ﬂﬁ |

AR FEL B e SR T

El 1 E5AMEHEELCERRIZE

1.3 BEFIX=4%N&E/migH %

BRI L DX 3 R B R A 28 B 42 (4 1 ) 2 =
2 AR M P T 02 B PR I 2 A 5 v Sl £ 7 2k 24
FAIMZA . S I A BT 2 T 2 i 67 8 5 2
LR ZH AT DN 2, T2k %07 i) 235 A BT v SR 2k 14
ZeAMFIAT AN , 200 2 2H FUAT I R 4 25 2R A XS T
SR XS B A 5 5 3000w I LR ) 14 T A 0
2 by rh e ZEIZR AR IR 4 v, AR 2 1]
PRI 24 [ A ], 2510 4 Py 24 4 8 DAy ) 2 1 -5
28 4 i i) MBI R 22

W 1) X = 2 5 R L 1 8 PR A1 B
WA 2 Fros. 2 AR, 1 IR 2 TNk Ry 20 2 21



5 4 10

RSNy, A5« XIS L DX R 3) X = e A L B P 1 5

202448 H

2 ZRINZR 3 ML Ay b e LR, 4 2k 5 0 2 S A 2k
42 5. 6 i, d1 S AERIEE, d2 i E]
o A AR ZEHEIEER, dO i EE SERE , LO DR % K,
L1 JSEfRBL,

SePrs
®

Ll L0 L

-

2 IR ZHESIMAMBEEE RN LRI REE

WA 20 2 = 2 4 ] B8 5 ) s 9 B (R A — 38, Gk am)
L T 2 B R — B, A ORI 5 25 ]
SRAFEHG JRE 96 1 28 35 Ae RS SR A5 A 1 3 2
P, J5 AR T AR I 5 25 T A A 2 2 PR R B H
L2552 78 2 7 o IS R B DAy 2 A7) 2 B P PO L
LAStE G300 5880 00 e i 5 30 G 00 B s i PR B

Bk 5 ANk ZH A [ B 3 = R G T T
WA BT M i A — A H BELAS, 5 HL 58 202 S
ST RSP 0 BN SN . R A B Y
LA B AR A A A AR L R B e, — 4
B VR B8 0% S IR A . 00 M S e T b B R 45 ]
A

e~ o

2 I #ENH

2.1 MRS

VU R L DX o {57 b A s )k g L L B, B RS
KRR BEREIX =2 @A 1 B S U R E 4 vk
IKHERZ , AR & Py 200 £ e, 2ab 4
AR BREYOIR, N ARFEE AR iE R4k - HR R a R
KAL A BRI R ARAL THARE - H AR 357, SN 1]
JUE G T AT NW ) e 7K A 1 A, 7 DX SN TR
[ PG ERE 210 Y FRINEAS Jmy o BRIk X K AL 1
B SANAE Y7 SRR =5 AL NW ],
IRFEAS ARAZ NW [ 7K T #4185 7 45 1

W& T8 it T 474 s i s AR LSS WUk o 32, 3
AR T, R AR B IR H AR, I,
o Ze ik — 0 A W G T BT K R A o A
W& T8 FF42 A A= ST 7K Sl B 0T % 1 R = 5 R R
R0, 55 7E i F A 1 B 2 = — RS RN 2, LA B Hb
T F K L A A R R A G L, SRR TE T it T4
HtHh BT RO S
2.2 HUERHER4FME

HiER 4 BRI 5k 2 DA S8 R 00 X G i B — )
PERFEARY , SR 52 5 FE A B AR W S i vk

22 S0 A BB S Y R e L X . E AR
b FEL 07 308 3 ORI K A, R U0 5 | 1 L A P
Sy I R I AR Bk 2 (A B B 38 3 A A, ik
3BT EL B 8 25 5 0] o i 2 e L R 6 DA R PP
FRSEERE . A RHBBHER SRS A RS
KGO s — T, A AR AR 3 7K
A E B BRI, AN [R) 2 L R R 4 o (LB
JE R B AN ), S 3R] — b A 3 Y N A FRH
REHES

o TR, 5% NSO DA R, 2 450K
FL A R B2 2 RS AR b 2 SR, b AR A A A
KA EI M R A B T RRIFAR AR . ARPE
PRIGR L ZER, Bk F ) i S8 AF 7 22 5, th ok
SEOHEA RIS B NIRSE R TR TESE
—FRAE ™ XT L, E5 2 TR P o JBAe 1 1 =
PR S RABAFTE R R 22 50 PRI, 38 80Kl H v R
N 2] ) P BEL 6 A 400 L BEL 6, B — 2 235 [R5 Rl Y b T
MRS B i L PR, B NI S e A
FIREE TP 5 2 1 25 5 5 L T T b o 4
(1% Fi BH AR A REAE A2 H AR, B A S R 2
FVEICE AL 2 i B AT RETH BR LA R R 5
2.3 HREREN

T AR b L 7 R gt 2R LA T A P L R
TRy AR, 254 HL TR 22 R RS ORHIE R AT
XAz PRk A0 H BHL R 5 RS A K S R R
PIH SR, ANAFAE—— XL 56 R, UK EE A H B R
TCIAME— 1 T b T A T, RO R ) 2
(MR, FEAT45 A S ot v RHE B RE AT AL S IR
Ff NG B o 3 T A B LR o 0 AN R P R
RHL 23 3l R, A [ 355 7K 100 R 5 R 2 e et 3 )
R R B3R B3 0 A R AE o AR X B A b 7
PRI A B — I L BH 3R S S A2 R G A
FrKPESZ . 38 e T XS A L B R G4 B
PLE BH 23R/ INT 25 9% 40 (60 B0 X BRI RN IR V 25 57
BRIV AR B A 2R 5 2 B KA AR 5 H A L BHL R A
BLT 25% ~ 50% 53RN X BFV B R AR IV 26 58,
XoF o7 B AR5 B A A s B LB 2R KT 50% 43
NS A) DRSS R A 4 T 288 S, K o 5 Ak k75 7K
ik
2.4 FREEE

I 1) 22X == 2 0 A P 0 7 B A S T R P L%
AR R 3 R, AHE TR L 4B, —
YLD AT A0 F BH R, T = e B A T 4R
oA 2 v AR A0 P B 3 7K1 e AT 2 R R R i B o




5% 4 3]

BRIy, 45 ¢ RS L DX ) X = e SRRl FL R B R 5

202448 H

e ELD) A, AT BV VLG T A R S A ) R A 1
DU, A BB T B RO R PR IR S

N MLHLPEAAQ « m) LA PEAAQ * m)

'F' 3.00 3.00
; 275 275
g 250 250

225 225
2.00 2.00
1.75 1.75
1.50 1,50
1.25 1.25
1.00 1,00
(a) =ZEHda ik (b) —4EVI A
B3 =4REMEEERE

I DX P2 80 L BE 38K U0 R an 181 4 it . Sl 4
T % 2] 5% 5 o) AR L B 23R A B 7 2 () 22 Ak
W, BITESE RN R )7 100 m 50 m S5 ML
ZERJEEAR 5 50 m FE5HIEAR 5 100 m 53R
BRI BH R AT R . 1RSS5 A6 bR « Bl 5 )

40 ~ 50 m 7L F1 80 ~ 100 m 7 FEI 7775 W5 A BH 53
FEAKFT7 ) L PR ARV 5 5 38 0] 225 Ak sy il 60
[ SEE AT, 5 i) - PR AR BEL S 5 o L R A Y T 3 el
R G EE

DX sz v PR P BH 238 8 ) ) R A &L 5 BT R . o
T B T8 Al A 1) 40 F BEL AP B S 23 TR AR AR AR 50, 4
STERR I PR 22 100 m 50 m . ik | %
LA 50 m 100 m 7 & 46 OO L BH 28 %8 1) ) R 1AL
T % T 5 2 B A2 A ERL B R ) 5 Tl T L R A AL
RH AT, I HLRE 3 RIS ARBH 45 i i 3, 5 &
AR AR 38 3 % e 2 PR, AR BHL S S B i
Ie] ok T 2 0 5 DR A%, A0 T A 0 A1 L S 1 B i
e TE VAN GRS S =h sy (A S

R b 5T GBI X 2Ry A 1 2, 50 R L R
RAPE S 5 55 A AR R AN B KA 54, DR R A
RELS7 5 7 HE I A 5 15 K 4B

WHL 2/ (Q » m) PLHBHE, (Q * m)
1120-3.00 1120 ~3.00
290 290
100280 100 280
570 570
260 560
E 730 £ 230
= 240 = 60 2.40
530 530
! 520 v, 520
510 510
) ) 500 8 500
A ¢ 2 190 - . 190
0 10 20 30 40 50 60 70 80 90 100 110 120 1.80 0 10 20 30 40 50 60 70 80 90 100 110 120 1.80
x/m x/m
(a) B ERAPR 4100 m (b) LA RAR AR F 50 m
PLHLBHZ/ (Q * m) ALHLBHZ/ (Q * m)
120 - 3.00 120 ~3.00
290 2:90
100 280 100 530
570 570
560 560
E 730 E 530
= 240 =, 60 2.40
530 530
5720 5750
5710 510
500 500
O 4 )\ - %'90 O o~ o~ %.90
0 10 20 30 40 50 60 70 80 90 100 110 120 80 0 10 20 30 40 50 60 70 80 90 100 110 120 80

x/m

(c) GHERMUATR 50 m

x/m
(d) &5 AR AR 150 m
WA/ (Q + m)

0

10 20 30 40 50 60 70 80 90 100 110 120

x/m

= IININIINIDN|
00—
SSSoSSS

() G5 MM bR 100 m

B4 RIEMNBEERKFIRE

2.5 REREFEZWIE
BEIE 42 B S AL bR « Bl 80 ~ 100 m R FH S5 Bt
ITE RN TR B E, B W, 77

s AL Je 2 AR AE B 2, Bl R e MRS 22 , 3 T XU
B BEIZ AL R BOR K, AR LR K, 5K
MR G



55 440 XA, A8 AR L X 0 = A A 3 PR RS PR 7 1559 7 20244F-8 J
BLHLBL /(@ + m) PR/ (Q « m) PR/ (Q « m)

120 120
2.90 2.90 2.90
2.70 100 100[715°70 2.70
2.50 2.50 2.50
230 30 1230 230
e e e
% 1.70 % 60 BM1.70 % 1.70
1.50 1.50 1.50
1.30 / 1.30 1.30
1.10 . 40 W1.10 1.10
o Sy b
0.50 120 050 0.50
o o it
0 . ‘ ’ 0 L 0 ) 0 : )
0 0 50 100 0 100
x/m x/m x/m
(a) FEIE HHH2L /2100 m (b) BEIE A2 /250 m (c) FEIE rh i 2
BB/ (Q -+ m) BB/ (Q « m)

120 120
100 100329
2.50
230
e
E 1.70
1.50
1.30
1.10
0.90
0.70
0.50
o
ol )

0 50 100
x/m
(d) BEIE 2 450 m

&

120
2.90
100 270
o
80 2.10
ki
60 1.50
1.30
40 1.10
0.90
0.70
20 0.50
010
0 .
0 100
x/m
(e) BEIE £ 47100 m

E5 ROEMEARZEYRE

3 4ig

ARG IR T FE A 2 = 25 45K P B R
TR L OB K15 A 2 B3 o ¢ o
IR, 25 B 5 SERE T THZ 5O AT T Bk A,
R FEEERT

(1) P 2 = 2 A A R Rk 0 48 R e A
LR IR T BRI PR AR 5 I A R AP L
Ll G RO AF Z TP R Al BRI 2 24
O R TSR M 3 B MR SR B e AR
MRSRE . TARRSR B PRI 248 8 S M AR — 20 B
E VIR AT REE

(2) RHELTALGE — HEM 2R, = HE I RE 2 5
PR 5 A3 2 1) = 4E 0 BH A B A, n] S BT R
PR AR A BRI — ERIN B4 5 S B b o 15
DL, BERS S B L Sz et T b S5 A S 7 2 [ )
A O , B B T HR AL O I8 50 AR 2%
BEkk

(3) r T b Sy o 1 52 2k, L — 2R 20
T T A B PRA J3E BOR RO TG E i — P IR R LR S WA
T3V = AR, SR B 4 5 kB RLARE, LA
PR AR I L X RHE T i P B RS E o

SR :

(1] BREITE, 2548 . % it — 4R S b 18 TR b B U 42 /3 W i o
[J]. BEEETAE, 2009(3) : 177 - 178.

CHEN Minghao, LI Dong. Analysis and Research on Engineering
Geological Survey of Complex Tunnel in Suining-Chongqing Railway
Second Line [ ] ]. Subgrade Engineering, 2009 (3): 177 - 178.
AR PR EREYTARTIT ) ], Bl TR, 2013,30(2):
63 - 68, 103.

(2]

LI Jian. Discussion of Geophysical Exploration Pattern for the Railway
Tunnel [ J]. Journal of Railway Engineering Society, 2013, 30(2) :
63 - 68, 103.

BB RUR | SRR EORTE R R g [0 ],
MR, 2018, 9(S1) : 127 - 130.

CAI Sheng, CHEN Hongjie. Application of Comprehensive Geophysical

(3]

Prospecting Technology in Deep-buried Tunnel Exploration [ J |. High
Speed Railway Technology, 2018, 9(S1) : 127 - 130.

AR, I, A, A5 L RO R SRR T K SO BURRIE S S K S
B rERrAr [0 ], mEEkEEOR, 2022, 13(2) : 37 - 42.

Z0U Yuanhua, WANG Peng, ZHOU Hang, et al. Hydrogeological
Characteristics of a Tunnel in Southeastern Tibet and Risk Assessment
of Water Burst [ J ]. High Speed Railway Technology, 2022, 13(2):
37 -42.

AAET, E My . TBM 28 B e /R i XA ety I3t PRI Ak B 7 0T
FELT ). rE AR, 2021, 12(4) ¢ 103 - 110.




%44

BRIy, 45 ¢ RS L DX ) X = e SRRl FL R B R 5

202448 H

(6]

(7]

(8]

ZHU Tingyu, WANG Huanlong. Countermeasures of Jammed TBM in
Shattered Weathered Zone of Water-rich Structure [ J . High Speed
Railway Technology, 2021, 12(4) : 103 - 110.
TR WA, T [, 45 . O SR (A d e R T
ROBFTEERE L) ). A 0GR 4f, 2023, 33(1) : 240 - 260.
REN Zhengyong, LIU Jianxin, YUE Guoxuan, et al. Research
Progress of Gravity and Magnetic Method in Nonferrous Metal Minerals
Exploration [J]. The Chinese Journal of Nonferrous Metals, 2023,
33(1): 240 - 260.
PRIFIR A 6 B AR, A5 . R HR X — A b RROR A R it i ey
LU, BRI, 2007, 22(2) : 573 - 578.
CHEN Tongjun, CUI Ruofei, LANG Yuquan, et al. Detail Structural
Interpretation Methods of Coal 3D Seismic [ J]. Progress in
Geophysics, 2007, 22(2) : 573 - 578.

AR, RS O A P S R SR A A TIESR S

[9]

—
—
(=]

—

FeLT ). HARHT R #2740, 2018, 38(4) : 726 - 731.

DING Zhiqiang, LI Fei, YUAN Guiqin. Comprehensive Interpretation
of Airborne Electromagnetic Anomaly Verification in Mineral
Prospecting [ J |. Journal of Guilin University of Technology, 2018,
38(4): 726 - 731.

fApakss . RURBE R EE T BB AR B SHOR [T ], TP EA 6
SER, 2019, 29(9) : 1809 - 1816.

HE Jishan. Theory and Technology of Wide Field Electromagnetic
Method[ J . The Chinese Journal of Nonferrous Metals,2019,29(9):
1809 — 1816.

il . IH LR BT ST D L KD R,
2013.

ZHANG Chi. Magnetotelluric Data Quality Assessment and
Impedance Estimation [D]. Changsha: Central South University,
2013.

(E#EF 13 W)
(8] 21425, F SCHE, 50U, 25 . 1525 B TEBHE G SO b 355 43

[9]

[10]

[11

[

PRy LT ). A R, 2021, 43(3) : 100 - 101,
112.

GUO Xiaoting, WANG Wenlian, GE Shuangchao, et al. Application
of Error Theory in Data Processing and Analysis of Scientific Papers
[J]. Journal of Electrical & Electronic Education, 2021, 43 (3) :
100 - 101, 112.

AR, 5KkT5 . TR ST AE AT B S A 1 5 43 BT T R
[J]. mEEBssA, 2022, 13(1) : 60 - 63.

LI Zhun, ZHANG Qiong. Application of Floating Average Value in
Quota Determination and Analysis of Large Deformation Tunnel [ ] .
High Speed Railway Technology, 2022, 13 (1) : 60 — 63.

. T RIRSUEW M =45 2 i AL S5 b BRI
[D]. ¥ AR, 2022.

WANG Lu. Kalman Filter-based Coding Optimization and Post-
processing for 3D Point Cloud [ D ]. Jinan: Shandong University,
2022.

SRR RRE RS AL A IS [0 ). Bk TR A
52, 2022, 37(6) : 8- 13.

[12

[

[13]

[14]

WU Wei. Analysis and Research on Unit Price of Rotary Drilling in
Railway Karst Tunnel [ J ].
Economy, 2022, 37(6): 8 - 13.

207, g W % . JET Matlab R Excel (93222318 20 4K
BT LT . ARG R, 2021, 17(7) 2 66 - 67, 70.

LI Fang, LU Xinyao, CHEN Long, et al. Design of Error Theory
Teaching Software Based on Matlab and Excel [J].
Knowledge and Technology, 2021, 17(7) : 66 - 67, 70.
PO, R . BT B 12 L OB 1 B AR H T R
SERAE S ST [0 ], Bk TR 549, 2018, 33(4)
28 - 32.

YAN Huan, LI Zhun. Quota Determination and Cost Analysis of

Railway Engineering Technology and

Computer

Digital Electronic Detonator Blasting of the New Hongyan Tunnel
in Chengdu-Chongqing Passenger Dedicated Line [ J ]. Railway
Engineering Technology and Economy, 2018, 33 (4) : 28 - 32.
VAR . S FLBSDRHHE A B T A s B A 3BT [0 .
el TR 280, 2019, 34(4): 28 - 32.

TANG Jie, LI Zhun. Construction Quota Determination and Unit Price
Analysis of Orifice Plastic Drainage Plate [ J ]. Railway Engineering

Technology and Economy, 2019, 34 (4): 28 - 32.



