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Abstract ; In order to expand the applicability of mine transient electromagnetic ( MTEM) forward modeling to complex
geological models,a 3D forward modeling method based on time-domain vector finite element was developed. Firstly,

the Helmholtz equation of magnetic vector potential based on Coulomb’ s gauge was derived from Maxwell’ s equations
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in time domain. On this basis, combining the perfect conductor boundary conditions, the corresponding weak form
equation was derived by Galerkin method. The first order tetrahedral vector element that has extensive applicability
was used to analyze the weak form equation,and the loop source was regarded as many current elements to overcome
the singularity of the source. The backward differentiation with increasing step size was used for time discretization.
Thus the full waveform MTEM response of any complex geological model could be calculated. Secondly, the root mean
square percentage error between FEM solution of homogeneous whole space and analytical solution was 0. 84% ,which
validates the proposed algorithm. Thirdly,the influence of ramp current was calculated. The results show that the ramp
current will increase the induced voltage, the influence of linear ramp current will be stronger than exponential one
when their turn-off time are same ,and under the same turn-off waveform,the longer turn-off time the influence extends
later. Under the linear ramp current, the induced voltage before the turn-off time is mainly caused by the change of
current in the transmitting loop. Fourthly ,the influence of tunnel was calculated , the results show that when the turn-off
time is zero,the tunnel will reduce the induced voltage in early time,but has barely influence in late time,and the in-
fluence is stronger when the transmitting loop is in the center of tunnel comparing to that when the loop is at the head-
ing face ,when the loop is toward roof/floor or side comparing to that when the loop is toward heading face ,but consid-
ering the practical turn-off time the influence can be ignored. Finally,the responses in the horizontal and vertical sec-
tion of ahead rectangular watery goaf were simulated ,the modeling results show that the watery goaf will increase the
induced voltage ,and in horizontal section the strongest anomalous response will occur when the transmitting loop points

to the center of the anomalous body,but in vertical section it will occur when the transmitting loop points to the roof/

floor.

Key words : transient electromagnetic ;3D forward modeling ; vector finite element;watery goaf;ramp current

BEF IR A WTHE A B BHE TR 7K
FEH g, S/ KRR R AR R K B
LA, TEARZ ORI T Be b 07 L il B oA
XRCRE AR B A (AR S i FEE R it T 07 1
SEPC AR R R AR | AR T K DR
SEGURAR BN TTIZ B TT R I RS Rk Y
=HEIEFETTE , ALRE R T 52 PR T AR o B BB R |
P2 i PERTIE 3R RE N i A TS B B i) =4 S JH 35
SE A, X% 57 0 A R BAT R e A

BEXTR” AL L VA L R, 22 AR 2.5
HEA PRIE ML IR T 228 AR F IR 1, 16 5
s ] < A B 9 BT SO TR], A s 8] 2R AF T R
(LN G R T - R TR VI N N
Wifdnm >R F = 2 75 A7 BROCYE A5 2] 7 AR [ 1) 45
W XEHHE S R R AL AR RO R = 2
TR AT BROCHE IE T T AR T A2 4 A A A1l
WA v 7 ) 7 LD, A 1 AR R, X 4R 25 2R 5
WA AR SR = M R 22 TR IE
T ARTE ST R U A5 X I L L Y R
LURRUIEE A 2R A Y] AR IR 5
SR HL AL A ) T2 AR A < D ST A R
RUTASORE T 57715 7 10 535 W 1 705 < WG B0 ™ S €707
TR A LR ] = A BR 22 731 0 B 25 K i ™

FE AR LR N A T T ST, S AKX & A Il ek
S [N F 5, 22 2SR A T AR T — B, S TE AR I
T — 07 A PR A A X /N A S
HHTRRD i AR R 0 AL oo ik X Al B s BT T OE
T, 48 H PR R BH SRR, 453 A R R
R AR WL I UE 1 O iy % A7 I Ik A8 H R ok 1
38 ) R TT R K e I SR A R 3 T R ik 4
23 [ 45 T FL A GRS B R 1 961 7 TSR dR AL
R v A IR R e = v R R L
B BA SRR A FR 25 50k IR T 4510
S BT IR AR FL R A e 1N, 8 A 1) S A B R
o S 2l 5 00 7 ) 2z T) e £ %oF W5 722 F i) oy LA
ot

25 LRTIR I GE X AR R Y 2.5 4
o =R IE AT 2] TR 2 £ R SR AR O ik JR B
A BR 251k Uy B A A R JT X sy
I T 2 AR R 34 52 31— g A BRI
KA PRICE: (TR B T, NPk A R
JGHE ) B H IRAR B b i e 1 A RO R D iR
PR S5 25 KRR 56 B AT SR T T B o A R 3
PR KRS RSP, BT, EH IR TR R
A FRICIE 0 I AR B G Tk = 4R IR TS RS R
i b JoORR Y T T RS



www.chinacaj.net

%5 8 1 SR AGH S . B I AR B W9k AY Rl Ok G PR o = 4 1E 2363
| MEXBEERTERES: A a
VX A) - (VXN) +po (A - N)]dV =
L1 BSHERES [l rcvxar - (vxmy +mo ca-m]
X b2 [, HE RS S (BSOS TR ) T, ﬂ wo(J. + N)dV (10)
[a] s S 3 R 0
HIRRAA S Gy RN B0 DEORR,
R ) L3 mRas
VxE=-°" (2) SR MO 2 M RETE) SR FH— B DU 2
v b0 3y ERTTEITRIEANR. ST BT
v B0 Gy BRI BRSO | 5

S VA BT H SRR E b
BE 3D WL RS S 5 B b B R 3 5 0 IR
WA EERE ] IR R 9 S s

AN BT 3 AHER A R R T

B=uH,D =¢E,J] =0E (5)

bt e o SR RE SR A BRI 2R, 6
S M T 4 T E B 5 5 A8 B o, -
SV BRI B =gty o

hat(2) , (4) ATfRR

B=VxA (6)
E=-2_v, (7)
at

KA NHER R o HbREH,
ESIAECHIEY - A=0( REARITTHIx&Mt
A sl &) AT, Vo =0, IEBRINT .
HRIE(3), (5) F(7) " H5
V-a(—(z;‘—qu} =0
FERA IR, B e E50, B 1N
V- (Ve)=0,HVX(Vep)=0,Ve=0, Kt

E=-24 (8)

R (6) , (8) M BUFETT BACA (1), Wl 1%
e IR A B ) A 3 B 2% (Helmholtz ) 7 F20

VX (VXA) + g0 A = (9)

1.2 BEEXFE
B 7 IR R B A A AR A e A E R AL Ah 30 7
AR ATERAR AL AR, I3 RGeS i Bt
R A3 0, BRI
nxA=0
nx(VxA4)=0
o, n SRR SR T B B I ]
HRHE Galerkin IIALAY ik, 2 T LR i R 55
A 7 RE (9) 1 H G 3 0] AL 1Y 55 08 X 8 28 4 | ]

4

[t

1 2

P PR B BT T FR i
Fig. 1 Nodes and edges in a tetrahedral vector element
Hte 1, K (x,y,2) R R EH A TEFE—MF %]
FREL T H 7S S5 0 Ok 1 BE pR B NS R

A(w,y,z,t) = X Ni(x,y,2)A{ (1)  (11)

R, FAR e M i Kt A ST RAIE IR

TR A, P AR L R R

N; = (L VL - L; VL)I; (i=1,2,3,4,5,6)

(12)

2, TR i, R i, bR i X T S s 1 s

SKRE; L ALY, g 2 A4 SO R A e R g, 7T
DATIER , 2% 5L pR B AR 0., B

V-N'=0 (13)

ZE530(11) ,(13)  BIAMERV - A=0,

SRR GR FLA AR P B NG 7 X BB 3
I AR 1 e 5 Sk 1 b I 4
0, EAL A BT i (T L bl 43k 0,

(1) AR (10), 2 (10) Zesmmashs 1 #85r
QEEDS

ﬂjm(VXAe) « (VX N7)dV = ‘iAf(t)‘Uﬂe(Vx
N;) - (VX N;)dV = .iK;(x,y,z) X

AS(t) = [K° T 1A (i,j=1,2,3,4,5,6)
2 N O — S SR EG [ AT 6x1 151 ]
i HICE N A1) [ K] N 6X6 [IRTFRIFERE



www.chinacaj.net

2364 #H % F 1#*® 2019 445 44 %
A2 20 (10) Ao R v 58 2 3543 B U vl 2 _ _
[F(1)f + At[E]%A(t Ar) | 2At[E] X

ﬁaﬁ[mﬂ%f}iyjﬁ#ﬁ@@mﬁ%mﬁo

HFFILR K E; R TENS %R 17 ]

XFR10) B9 A 3 B3T3, D /N L 5 LR
[y ar St , ALK 2R R M A B S LT AL
IFAEPR BT R FH A B9 RS 150 73 . ANSARL 2 8
SELLZIT AL BRI, U T A BOR Y i
RETIRALT 2= 0 B-F 11 L, i s i v 0 4 4 2
7R o

1l

YL
v o Il

X

I
2 RO
Fig. 2 Sketch map of transmitter loop
DA 2 i T390 ek SRR RS 043
5 DA T A e, LA e o e
A B T A S
T2, = 1(D8(x = x)3(y = 70)8(2) die,
Rorl, 10 B2 0 D3RI 5l i o
B LA PLTER K s (o) WHTL A b e,
R PR R, BB AT () WA
WO % A
AR 6x1 KT b T E R
Fo=mf] (e Npay
AR A B G HE I, LA 2 T A b3
Jo - No£0 HARBENI R 0,
1R T 0L R — 4 0
AR, LRSI R R 2R
(KIAM] + B = Fo 1 (4
1.4 HEEH
TR (14) L T TS PR ok
T A 0) 5 RIS R, SO JE A R
WIELIR S SMRIET, HARRERE R B
HIHEM250H ) B8 o P22 i 4 By 5 2,
il

A _3A(1) —4A(1 — At) + At - 2A1)
ot 2At (15)

o, Ac TR RIS ARAS(14) , 1THR

AG =280 | = (K] + S TED 1A
t
BRI A (o) B3 A28 3K, AT LR A A o

(ks 20 m)) bbb A %
KT+ g LB ) B A R P .

Rl 7 e i 37 0 008 AR R 2 3 78 A T 28 11
S el — 18 RIS E) 2 (e An A ) THE B
— I 2] AR S HG RN E PG (Andg KR 24, ) |, #5315
FNHE— 20, W5 FRR G RIS DU S, L&
EGET

2 ERWE

I ¥4 5] G AU ASE A 1) figt M fife A PR T A 1) 6F
L, B E R Bk i IE i, B R /N 8 kmx
8 kmx8 km,HL 5% 0.01 S/m(HLFHZ 100 Q - m),
RS RINK 2 m IETTIE M2, KT B AR
O, TR A 0, SR F s [l 2 422 WA, 422 Wi 2k Pl 453k
AR 100 m* 76 107 ~ 1072 s B A (7] P X6 50 25 ] 5 4
A 41 AT R T AR SC W s 204 0 Bif(R])

R ) R A% 51 43R H Delaunay 32351 43 F 45 ¥4 4k
VU A PR, BT R B 55 & SRR B3 00 1 i i 1
Wk A 5 A 30 021 MHOT, 7E CPU i E3 -
1230 V2, N 17 32 GB iy & KX ML I 19 31 5 i )
H 166 s, Y5] 4 AR ()4 B T A RN AT gt i o
FLaniEl 3 B, 41 AN]R8 AR 5% 25 1) 4 (B 2
INTF1.5% BT AR 228 0. 84% , A BRIl 11k

gy & BLAT
107! — 2
- A PRIT A
Y — fRHTR
P s xR E TN,
= gk & /o 7 g1
- +\}‘ fﬂ/ +.\/
\\>_, 10° 0 Vs + - N
H 10k o
= 10 0 ]4%
2 107 :,P?
#1070 =
T 10° F =
I_: IO’A(I -
10 L
10 12 1 L ! =7
10°¢ 10° 104 10° 102

B[] #/s
&3 5] 4as ) BRIT AR M AR R 2

Fig. 3 FEM solution of homogeneous whole-space and

its relative errors

3 EHSH

3.1 KEIRN
SEBRE TS, A& 55 AN AT REBEAZ R 0, BT



%8 4

www.chinacaj.net

GRS < 7 I B L RV B0 I SR e A BR T — 4 2365

B — B S A BE RO 0, S2Pr15 BHAR AL R
SR Bl 22, o2 ol S s 14 i 2 v e o i 3
WAE PR g WOV o AR 2] 4 s Al Y )
fill L, 70 5 SR TE] O 10 s AR AL IR R
HLIE LA S G T B ) A 1000 s 118 48 1 2 DB HL 37 ( IA
4)  BFFEHL I S WA O W I 18] 51 S B 87 - B A
L e 97 W22

Ly — - ECK AR
\ LS
\\
\
< |
- \
b \
peud] \
\
\
\
\
\\
0 H;J— |‘iﬂ s ;'%I*ﬁ ﬂ‘j |E]

K4 Wb iR
Fig. 4 Sketch map of ramp current

A&l S5 P, ST E 350 10 ws I, 45 B0 W
FH 2R I, 5 | Ay e 2 T /0N | 38 ) i 7 1
PRMbAZE T AT A, 3% 2 PR A 45 2 M S T A L, 4 40k
T R 37 14 0T T AR A B BRI, 2R G
FLIE 58 4 S W7 2 11 14 SN FR R AR SR 0, T 1A
Ay L DG 3 R v 2 A B v o RN L R U AT D
530 R R S R e AR AR B R A (B2 R U,)
AR A b R R 16 3 RE U B RS R o (B2 M U)
U, oc dI/de, i H 2P DG W BT, dI/de S %L, B U,
A5 B KT U, , K U FEARARAE E 5 ik
PEEWTHLIRAE 10 ps ZHTY U FEARHHZE 10 f5HEIE
T RS s 76 L i 5 4 C W DR 1R] L U, TH % B I
TR PR BT B B A SR R 5 e A, 5 ORI A E] 10 pus
HAEL, SCITAE] 100 s 5 A A0 B A5 B M1 i) G 0T 4B i

10°
Joo b ] e ﬁ‘fijvil}rﬁlﬂ |‘E'J 10 Hs
i — LR PSSR 11100 ps
REIE e $EHOCHFRT T 10 s
z TR
= 10
£
2o
|
] 108
o
10 10 |
-12 q . ) "
10507 10° 10+ 10° 102

I 1] /s
K5 AECB A U- R
Fig. 5 U-t curves under different ramp current
3.2 BEXW
W AR R T it TR R AR A P T, R

2 R ARTE I SRR £, A 25 ] TRk FE
BN 0 YRR SEHAR BEOR T AR A A B Ak A, 5
RS I FEL R T 7 ) MR A5

Rl %) HL BEL 30 & B Tl 2 K AR AN AR 7R 355
A7 (AR BB R ER AT 10 mx10 m < 1 000 m fY
FRIE 43 IAE AR A U T AR T AL IR E N 6 Pir
JNEY 2 ZHRH BLEE A R B TR (TxD ~ Tx4) , LAY
AR AT S Pl 3 1 O i mT R, AR T 5 S A e
KGR IRFEIX 4 PERPE 2,

I Tx4 Tx2kg | Tx1

10 m
N
H
>
(93]

Pl 6 AR R A G Il 4 A R
Fig. 6 Sketch map of tunnel and transmitting loop layout

SRIBTRFE] S O FsF P 85 108 7 | R ) I 28 P, i o
AR T Bz, AR TE 05 MR 32 SR I Sy {2 e
IVARENER 2 (N B e R AT AU T G ESTER A RS 2 (A
20 s Ji 75 I R 0 R0 - BRAE 4 s T B R X R
Z2/NT 10% o H5TE 5| B WG 722 it 2 A ] 24 o7 B 1) 728
e S (Y23 T o A AR R STE R R NIR N DR £ N
TR AT T AR v B [T 28 i) TOUJRE A sl ) 55 el
Fi8 W 7L B S DA T ) v i P AR D I, BAACH Txd >

Tx3>Tx2>Tx1
107 48
, 174518, Tx1 35
lOw HARIE, Tx2 ]
{; 10° —— {751, Tx3 125
<10+ o ARTE, Tx4
= 14 — Tkl 1 =
% 10° 5 08
B abess. S0 A a5 iy
@ 10 ity Bl
S 100 -15
| 0o 4 e Tx AR IR
z T TX2 AR 25
00f 2 e TR s
0y s x TXATHXT IR 72
1012 L L L -45
10° 10 10+ 10° 102

S
B 7 BICEER U- BhZk (EWIRIY 0)

Fig. 7 U=t curves of models with and without tunnel

(turn off time 0)

AR 1 52 e AR TP AE L AR SE PRt T
AU — e Ay Bk DG T HLA 26 550 TR i) G T 1]
WIEHT % I8 AR 5 R A m AR . gk bR
W, 7E Txd A5 11 Ze v i 484 Pk SC W st 18] 2 100 s
() & ST LI, IE A AN 8 BR34BT R 1 4
i 55 PRAR 4225 1) i B KARRHR 22 /N T 6% |, SEPrit T
H] DA ZEASTE . AR SC 2 i DA AR R e S PR
A1 LR TR A MU LR EE IS



www.chinacaj.net

2366 £ 3 % #® 2019 4F5f5 44 3
10° 6 P8 #f B i), AH L TGR 25 XA, BN HEL R TE 500 ps 2
70 RIARA — 2 B K, 500 ws Z G BEE BRI 80
2 100 I . MR BEL R 35 A, BB R s TSR X S
. |o & A 0BT 0, B 0" BTG 18] 55 AR A9 0,500 s
c & 22 T ) S 7 P VR T T
= 10° s 2% 1051
] /
10 10 pwwsrwimrr e \ 174 2106
L lz10 o ld 2 10I 4 10I3 10 276 ; o
B ]/ % 10*
B8 A TRARIHY U= 2k OCHTITE 100 ps, Txd [112) 2 10
Fig. 8 U—t curves of models with and without tunnel S0
(turn off time 100 ps, Tx4 loop) L yon
3.3 fAKkRZT=R 102 L s >
FRKCR 2 X SR - I 728 R 1 1 R X 52 i 18] #/s
Z— WIS e g AR X T e R SEBR TAE A i) B R B 10 ARIH 6 fREH U-1 2k (9=90°)
BHEHAREREE L, BRIRE MK 9 iR, 7EH S5 R Fig. 10 U=t curves of various 6(¢=90°)
0.01 S/m( HLFH 100 Q - m) Y FE P A — % SRt LR E AT
40.002 5 S/m( HLBHZR 400 Q - m) J& 10 m A5 FH ot
2 AERZ A — BN 50 mx50 mx10 m K/ A
Bk Rz K, Hi ®RAE 4 Sm (M @nu . ﬂ’;”
H0.25 Q- m), BAEEEKIN KL K S i i
3.2 75 o B — B, % 9 oL 38 2 P S T, 5% I 5 1 ; a
100 s, REHILE Tx B9rhoL R FE 0, 8 5K M LA
Rz KZEMIET P 0" HIELR 52 SR 2 71, 00 iy K L AR (9=90°)
Fig. 11 Sketch map of horizontal section(¢=90°)

JER r, ARSCH r=25 m, A EE A IR R BUKCR 251X
B 2s T A MORCE /2 . IR R s &
SR BB 7 OB S Bt T AP B0 B TR, 51 AR
AEAREIFBES (0, @) VAT I 3 il A 2 B [l 2% 3 1)
wa WEE, B9, o, 0,0 AR EE B2
FBUKCR 2 XL T3 (0, 0) R IMIZAR M 5] AR
BRASAR I FBE SR

Surrounding rock

=001 S/m
I
/)' ______ 7 ey I S
7y
L g rE o7
s 4 %
z =" Watery goaf
i Coal seam 07=4 S/m
z 0,=0.002 5 S/m

9 BUKRZ XHERE
Fig. 9  Sketch map of watery goaf
B 10 2k o=90°Bf AN[F 1 B 0 (n" 48 ) 727K V- 1
AR O 2 SR KSR W 1L BTR) Ut
M2t kb, o th S B /R TR SE kWi 2 5 1Y
20 ANETE]TT, VAR UL H R T 0=0° ~90° By £k,
6=-90° ~0° Fy A i 1] pH A Y A XEFRPEAR 2], AR LR

K12 25 o= 0B AR f B 0 (FRZ 3 B #
1, B e FE RS I ARk B 13) 1 U il
LRNT EE , R RE L T AR A X PR T R R T 6=
0° ~90°fHhLk ., 5 o=90° M, /N v HAH LU IE %
WEZA AT &, H @ = 0BT, i 1A% P 5 5
R FFASE n" 5 A BUK R 2 X 0 (0=0°) B, T 2
£ n" TR TURAR (6=90°) B,

1051
e §=90°
~ 10°F \\\ — =60
=30°
E 1071 g=o°
m 10
ﬁ—glo L
ST
10712 ! iy
10+ 10° 102

A IH] /s
B 12 RIE 0 fMAEM U-t thZ(e=0°)
Fig. 12 U-t curves of various 6(9=0°)
XX PR R H S, A SCLL 500 ps B n'
FEMBUKR S X H D (9=0°,0=0°) AR (¢ =



www.chinacaj.net

SRS A I I R R T B IR O A PR T = 4 I3 2367

TARCT 17

T P32 A T 1E i 77

JERAR 77 17
K13 2 EAHARE(e=0°)
Fig. 13 Sketch map of vertical section(¢=0°)

200
150

100 o

=

£ 0 =

N =~

fusd

=50 ‘ng

~100 &
-150
-200

~200 -150 -100 =50 0 50 100 150 200
Y/m
(a) ¢=0°,0=0°, x=0

200
150

100 .

g

50 ;

=

S ]

y l

0 e

-100 &
-150
-200

-200 -150 =100 -50 0 50 100 150 200
Y/m

(b) ¢=0°,6=90; x=0
14500 s /RN 33 1L 25 L 3 A
Fig. 14 Distribution of induced eddy current density at 500 s
0°,0=90°) I JEN b3 it 43 A1 B EAT e . m' HE W)
SRS X HR O TR AR =0 S 18T 4 308 32 2% 13 40 A
14 J7R o A DL o U A R AR S A P (T
HRELEALRAER 7% ) | L A I 28 v 2 ) 7 = 2 B e T S
AN TR, T n" 8 1) TR AR I S A P £ s
R IL R TR )R 23 XU I P n" 45 18] TR AR
IR AR AR IEL S W 07 B i, i B Rt T AR E T A

B S [ A R A P R ] LB A — R BT
T ARG RIZ I LAMER 07 2 B B R, PR,
PRBRIE AR —E 9 52 W 1A, HPAT T S Il A g UK
Xt 7 L V) V7 ) 52 M0 BTG AR 0 AR SC I A 7 5%
B AR TURAR I, 538 A7 T A S 0] 2k i LA
BEOR, SR T T U B 7 A R A T, DAL ARG B S 8 i)
JO7 B 58

4 & it

(1) T B )3k 22 s 0 =65 5 B AR it A3 BT R
SR JE 10 S RV HE T T R A R I 25 R
SEA FEUGH AT T A B 55 O R, SR X
ARCUSE FH 1 14— B D T AR 2K it BT % 559 T =X
PEAT T BATCAT , FFAE BTG AT A e [ 26 WA A 224
PG T IR T U5 AR 7 S, s 10 O SR ELAT By
KEHE AR B K0 1) 5 25 0 T AT, S B T R
b SRR (43 - I A R R T A D R N T, 39
42 ARSI 8 A7 B e 50 {1 Ao AF 0T T A A ik 1 349 5 AR
XFIRZEN 0. 84% , 22 A SCH & B8 H B A #8 =
KL

(2) ST 2> o B 17 FEL R T v, 6 W7 s ] A [
i, e S W TV 114 532 Wi R 4 B0C 8 , C W IO AH
T s, SIS TR A | S BRI F4) 55 M s 1 g 90 2

(3) A5 T8 2 509 %) a7 P S i/ ), LT g 300 1)
B AR IS | BRI 2 i S B AN 1 DG T e ] )
T PR 5 i AR AT L 2286

(4) RFET 5 K T MR FRK SR 23 X B 1E 38 45 S 5%
W, BRUK R 25 DX 2 ol a7 AL R T, 8 7K T3 T L e
588 P LR LS 7 HE B AE & B [l 2 4 [ SR 25 X oy
N (ER RN T TR Y 8 M ES S A i
b, SR ERGE A SCIR A B 45 T — LR R
BT T HEA TSR ARG, DASE 78 SR 2 U I HILEE

S % 3Lk ( References) :

(1] ek, A 4 ik T4 1A 9% 728 VR B2 2% D00 L 2 5 AR AT 5
[D]. g E GRS, 2008.
JIANG Zhihai. Study on the mechanism and technology of ad-
vanced detection with transient electromagnetic method for road-
way drivage face[ D]. Xuzhou: China University of Mining and Tech-
nology,2008.

(2] RARHI. BEE BT POK 4225 18] B8 R GBI K N TS [ D]
JRHS : PR SEE K ,2000.
TAN Daiming. Research on theory and application for advanced pre-
diction of water by whole space transient electromagnetism [ D J.
Chengdu ; Southwest Jiaotong University ,2009.

(3] oh3CH, RER. 228 B2 R TE = 2 AR5 g i 50
WFFELT]. R 2016 ,42(5) :42-47.



2368 # 2

www.chinacaj.net

1’ 2019 4F45 44 3%

[10]

[11]

ZHAN Wenfeng, WU Yuliang. Study on 3d forward modeling and
field test of full-space transient electromagnetic method [ J]. China
Coal ,2016,42(5) :42-47.
W AR . SR 2 X 42 23 ] R A2 H R ) NP iE 55 10 A8 [ D). b
A MBRRLEERT T B, 2017.
CHENG Jiangiang. Study on response characteristics and applica-
tions of whole-space transient electromagnetic method in goafs[ D].
Bcijing~China Coal Research Institute,2017.

XUEH. I BRAR L RES o A LR S5 B WFFE [ D ).
Bl R2#,2007.

LIU Zhixin. Study on the distribution and application of mine transi-

PRI I

ent electromagnetic field [ D ]. Xuzhou; China University of Mining
and Technology ,2007.

e At W1 BT R AT = Ak A R 22 2 U
B[] BRI BER 2007 ,22(6) :1904-1909.

YUE Jianhua, YANG Haiyan, HU Bo. 3D finite difference time do-
main numerical simulation for TEM in-mine [ J]. Progress in Geo-
physics 2007 ,22(6) :1904-1909.

W, i BN AR T I B R BT [T ]
R E L K227 ,2008,37(2) 152-156.

YUE Jianhua, YANG Haiyan. Research on response of transient elec-
tromagnetic field in underground mine with boundary condition of
laneway|[ J]. Journal of China University of Mining & Technology,
2008,37(2) :152-156.

ity ate, e, IR R R rh O I HRL I A e 1 TS AR
BEWFIEL )] BRI H 2 E R 2008 ,23(6) :1947-1952.

YANG Haiyan, YUE Jianhua. Research on response calculation
and correction technique of turn-off current in the transient electro-
magnetic method[ J]. Progress in Geophysics,2008,23(6) :1947 -
1952.

it ate. B 22 /)N [0 26 U5 A2 v R 3 (B 40 5 A AL R O
FELD ] AR P E G, 2009.

YANG Haiyan. Study on numerical simulation and distribution regu-
larity of transient electromagnetic field with mine-used multi small
loop[ D ]. Xuzhou: China University of Mining and Technology,
2009.

FRAR HALH AL A B A K A ] B R R IE R =
AEECEBIURE S [ )], HER B4R, 2015,43 (1) :104-108,
112.

YU Jincun, CHANG Jianghao, SU Benyu, et al. Study on whole
space transient electromagnetic method prospect three dimension-
al numerical modeling of gob water[ J]. Coal Science and Technolo-
2y,2015,43(1) :104-108,112.

CHANG Jianghao, YU Jincun, LIU Zhixin. Three-dimensional nu-

merical modeling of full-space transient electromagnetic responses

[12]

[13]

[16]

[17]

[18]

[19]

[20]

of water in goaf[ J]. Applied Geophysics,2016,13(3):119-132,
161-162.
TR B AR T, AT 42 (8] R AR HL R 352 R 1 0 ST
U] b B R4, 2013 42(5) :774-781.
HU Bo, YUE Jianhua, YU Runqiao. Numerical simulation of the
roadway effect on whole-space transient electromagnetic fields by
boundary element method[ J]. Journal of China University of Min-
ing & Technology,2013,42(5) :774-781.

V%, TR AR BRAE MR i A s ) = e PR i L[ 7] Hu Bk
P 2EFE R 2016,31(1) :268-273.
LIU Xiao, TAN Handong. 3D pseudo-spectral method for
TEM modeling in whole-space[ J]. Progress in Geophysics,2016,
31(1):268-273.
BRI, B A, ERTH]. 97 )F 45
HRHUERIBITE )], HhERY LA 41E,2018,61(10) :300-311.
CHEN Ding,CHENG Jiulong, WANG Aming. Numerical simulation

Vi3], I A o e 1 AR

of drill hole transient electromagnetic response in mine roadway

whole space using integral equation method [ J]. Chinese Journal

of Geophysics,2018,61(10) :300-311.

AT, B KRR, S TS
JoE R HURE S I AR RERIF AR [ J] . M0

293.

CHENG Jiulong, HUANG Shaohua,

sponse characteristics of three-dimensional axial anisotropic media

[ =2 = b 4% T S A
24,2019 ,44 (1) :285-

WEN Laifu, et al. Re-

for transient electromagnetic method in underground whole-space
[J]. Journal of China Coal Society,2019,44(1) :285-293.
R R TR A FREATT I A M e R R vk = R
B[ D]. Kb R=,2011.
LI Jianhui. 3D numerical simulation for transient electromagnetic
field excited by large source loop based on vector finite ele-
ment method[ D]. Changsha; Central South University,2011.
JIN Jianming. The finite element method in electromagnetics ( Third
edition) [ M]. New Jersey : Wiley,2014.
ANSARI S,FARQUHARSON C G. 3D finite-element forward mod-
eling of electromagnetic data using vector and scalar potentials and
unstructured grids[ J]. Geophysics,2014,79(4) :E149-E165.
A WIS Mo, 5. Z OB A LRk R I K
AT LT]. Al Ry P £,2017 ,52(6) 113241332,
LI Jianhui, HU Xiangyun, CHEN Bin, et al. 3D electromagnet-
ic modeling with vector finite element for a complex-shaped loop
source[ J ]. Oil Geophysical Prospecting, 2017,52 (6) ;1324 -
1332.

JOHN H M, KURTIS K F. Numerical methods using MAT-

LAB( Fourth edition) [ M]. New Jersey: Prentice Hall,2004.





