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Abstract

The leakage detection of dam is of great significance for the safe operation. Because the magnetic
gradient measurement has the advantages of no need to contact the ground, it is easy to operate,
and it is less affected by the ground magnetic field when observing. This technology can be well
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applied in the leak detection. In order to study the relationship between the magnetic gradient
and the leakage, this article derives the control equation from the frequency domain Maxwell equa-
tion, uses the finite element to achieve the 3D frequency domain magnetic field forward, and tests
the correctness of the algorithm through the theoretical model. High-order compact difference
scheme is used to achieve the high-precision calculation of magnetic gradient tensor. Then this ar-
ticle analyzes the relationship between the gradient tensor and the leakage channel of different
model parameters. It shows that Byz and Bzz can reflect the position of the leakage channel. The
solution to the magnetic gradient avoids the error caused by the theoretical calculation of the
magnetic place, and improves abnormal resolution. Through the research of this article, the theo-
retical guidance can be provided for parameter design in actual work.
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Figure 1. Sketch of model
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Figure 2. Comparison of numerical solution and analytical solution of inductive magnetic field vector. (a)

Amplitude, (b) relative error
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Figure 3. Comparison of magnetic gradient calculated by high-order compact difference and magnetic gra-
dient calculated by cubic spline difference. (a) By,; (b) Byy; (¢) B; (d) Byy; (€) Byy; () By (2) B.y; (h) B.y; (i) B..
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Figure 4. Sketch of 3D model. (a) Cross section; (b) plane view
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Figure 5. Distribution of inductive magnetic field vector. (a) B,; (b) B,; (c) B.
5. RNHARENHE. () B, E; b)B,TE; ()B.7TE

5500

5000

4500

4000

DOI: 10.12677/ag.2023.133027 287 HOBRBL 2RI


https://doi.org/10.12677/ag.2023.133027

FAME

pT/m (c) pT/m

170
2
E E 140 o E
>
-2
-4

pT/m

€ 140%

1"
-15 -9

-3 3
x(m)

9 15

Figure 6. Distribution of inductive magnetic gradient tensor. (a) By; (b) Byy; (¢) By.; (d) By, (e) Byy; (f)
B,:; (2) Bz (h) B.y; (1) B

Bl 6. BENHBERENTE. (a) B.7E; (b) B, TE; (c)B.7E; (d) B, HE; (¢) B, NE;
N B.5E; (B.TE; WB,NE; )B.DE

4.3. & 2

FEREAL 2 AT AR HE AR SE ) 0.05, MRFFHMSEGHEA | A%, SR HER
AU W O S B P SR B IR o WEBERE A |3l 7, PPl AR HY B, Al B, X 7 0 4 ) S R SR A7
£, EAEL TR 1 HIE(E IR By, 7 RAKIE W LU HR/IMEAFAE, IRIEA P, B, A1 By X7 H
WRIHARMESR T AR AN B o By K5 W AR SIS, B AT B, X 57 H AR ) S AR TH AN EEAR

4.4. HE 3

FERLRY 3 TP AT =AW AR A 15, TIORFFHAMS EUSGBM 1 A, BF 7057 5 AR R
T 9% S b PEE TR A 52

Bt S RO SRER I N, RARBE > S Bl T O (E 8). i, B, SEHRN, SRR R R
REJIUES, B.. v EAEHE MIHRN y MRS B EARIRYIE, SEBMEAR] 1 pT/m. B £ 575
& ETT A BARIRGER WHAFAE, B, M B CTCIE MR H RN B . LWIRELREE 7 & B s HER (1
SENBR FEE 53 BT S Y S WA 2 55

4.5. =8 4

FERERS 4 AR BATL KA N 64 Hz, TORFFHADSEL SRR 1 AR o 0 TSR A SR I 0 56 15 K
U P9 s, RREESKE I E A A A S 1 8, AR XIER  LTIR, W
Oy BRGNS, BT UASE B AT DLz 35 A DA/ B i ] o

DOI: 10.12677/ag.2023.133027 288 HOBRBL 2RI


https://doi.org/10.12677/ag.2023.133027

BN

pT/m
170

pT/m
170

155
E 140 E
>

125

110

pT/m

170
140
125 )
110

pT/m

AL © N >

170

155
£ 140
>

(©

pT/m

pT/m

i

N

o

N

(&)

125 /‘—\

(&)}

170 40 18
15 155 16
E E
\;140 >"140 14
12 125 12
110 110

Flgure 7. Distribution of inductive magnetic gradient tensor. (a) B,; (b) B,,; (¢) B.; (d) Byy; (€)
Byy; (0 By (g) Boys (h) Bry: (1) B

E 7. BRI EREDTHE. ) B, FE; (b) B, 7E; (c) B.7E; (d)
ﬁ%; O B."E; (9B.72; WB,7E; ()B.NE

pT/m pT/m
170
-30
155 155
-35
E E B
E140 140 40 £ 140
125 45 125
-50
110 110 110
-15 -9 -3 -15 -9 -3 -1 9 3 3 9 15
x(m x(m x(m)

B, E; (¢) B,

pT/m pT/m
170
4
2 155
E40 E 140 0 E 140
45 > >
2
125
-4
pT/m pT/m
6
E 140 E140 7
>
-8
125
9
110
pT/m pT/m i
170 9)
155
E 140 E 140
>
125
110
15 -9 -3
x(m) x(m

Figure 8. Distribution of inductive magnetic gradient tensor. (a) By; (b) Byy; (€) By:; (d) B,y
(e)B yya (D) B,z; (8) Bz (h) By; (1) B
B 8. RRNFEHEEIKRENTE. (2) B E; (b) B, BE; (o) B TE; (d)

B, 5E; (e) B,
ﬁ%; O B."E; (9B.72; WB,7E; ()B.NE

DOI: 10.12677/ag.2023.133027 289 HOBRBL 2RI


https://doi.org/10.12677/ag.2023.133027

FAME

a pT/m pT/m pT/m
170 @)
155 50 2
E 140 E 140 E 140 0
> 45
125 -2
4
pT/m pT/m ) pT/m
20
> 18
16
E 140 E 140 E 140 @
14
125 /’_\ 12
pT/m i pT/m
1
0.5
E E10 o
0.5

Figure 9. Distribution of inductive magnetic gradient tensor. (a) By; (b) B,,; (¢) B,; (d) B,; (€) By,
() B,»; () B.; (h) B,y; (i) B..

3] 9 E‘Zr“ﬁm%r“%ksﬁ#ﬁl (@B, 77E; 0) B, TE; (0)B.TE; (d)B,7TE; () B, TE;
(O B.7E; (9 B.7E; (0B, 7E; ()B-TE

5. &

ARSI YN THIAR SR A PR e A0 B SR 22 0 S s B 1 o 2 o B ) e R 2 I3 #AHTTW%
HOFBIRIEE S WAL KR B R R DUERF &bl R CSEM J7 s UIEH MMR #id7, 3R15 =k
Wiy, RMEBEDFETAUIARE, @0 7 BRI MR kR 2, JF Him 17 xhelk
HIE PR B oG AR Maxwell J7 R4 R RAFIRE] 5 RS, RN RIS AR R A BR T /A
SCIL T R RS R 5, O S — HERR PR LRIRAIE 1 IR . ARE SR =R S 2 0 R A Y
RN IR T WA A R MR, Heoh b BB A Bk IR MR e VE IR T = IR s 2 00 B
BB S T ZAAFESHCR R E AR, G i SR o SR SRS R B0 L S AN R 2 8 (]
KE, KUY B, M B, 7y X5 (B oR 2R T HAt > &, (H B A ERUEEVD . INEEER . e
PUARBOR A0 S BT 2 o PIT L, AEBFANIN I i IR i U i B, 7 RGBTl IE i A, 3%
TRIEIERGIRIN, ] DU K AR SRS B S R B, 3RAS RISk F) 5 3

HI T2 BRI, 3 A 17 6 75 200 S AN soin s AP ks L, A2 — B Ber %
%E?ﬁﬁﬁﬁwwﬁ@mﬁﬁﬁﬁ,ﬂ%ﬁﬁﬁ%ﬁ%ﬁﬁ%ﬁﬁﬁﬁﬁo%%,$iﬁ&%€&%
IS P B R BREAE T T L T B KON, R 53 P WL N0 S48 A0 5 9 LR IS B BE it A& R — B Bl
H R ITIA

SE 3K
[1] b ARSEAERFIR. A ERRIR B ARMI. b5 o BRI i, 2017

DOI: 10.12677/ag.2023.133027 290 HOBRBL 2RI


https://doi.org/10.12677/ag.2023.133027

BN

(2]

(8]
(9]
[10]
(1]

[26]
[27]
(28]

FEHTE BRI =2 i3 0 A i LB IR 2 BT FU[D]: [ 22 i g, EPG HERSSE K, 2019.
FoHr . SIS SR S AR S B SR [D): [ A AR50, st KA, 2006.

Boléve, A., Janod, F., Revil, A., ef al. (2011) Localization and Quantification of Leakages in Dams Using Time-Lapse
Self-Potential Measurements Associated with Salt Tracer Injection. Journal of Hydrology, 403, 242-252.
https://doi.org/10.1016/j.jhydrol.2011.04.008

Sjodahl, P., Dahlin, T. and Johansson, S. (2010) Using the Resistivity Method for Leakage Detection in a Blind Test at
the Rossvatn Embankment Dam Test Facility in Norway. Bulletin of Engineering Geology and the Environment, 69,
643-658. https://doi.org/10.1007/s10064-010-0314-y

Andersson, P., Linder, B. and Nilsson, N. (1991) A Radar System for Mapping Internal Erosion in Embankment Dams.
International Water Power & Dam Construction, 43, 11-16.

AN, B, UK, S5 BEAS R REVE A TR IS TR BRI R B AR R R[], ORI 5 A T, 2001,
25(5): 21-24.

AR, SRINERBIRID A A K N A D]: (2200830, Kb R, 2009.

8 R fE e BRI R FR M), Jbat: R AL, 1984,

ASSE R, HEHE IEVE BT 7T [D]: [ Ane ). b5t P E M K2 dER), 2005.

Butler, S. and Zhang, Z. (2016) Forward Modeling of Geophysical Electromagnetic Methods Using Comsol. Comput-
ers and Geosciences, 87, 1-10. https://doi.org/10.1016/j.cage0.2015.11.004

Yang, Y., Weng, A., Li, S., et al. (2018) Surface MMR Enhanced 3D Inversion Using Model Reconstruction Strategy.
Journal of Applied Geophysics, 159, 193-203. https://doi.org/10.1016/j.jappgeo.2018.08.015

Coggon, J.H. (1971) Electromagnetic and Electrical Modeling by the Finite Element Method. Geophysics, 36, 132-155.
https://doi.org/10.1190/1.1440151

PRttt HERP B A BR BLICIE M. bt B R, 1994

Christoph, S. and Ralph-uwe, K.S. (2011) Three-Dimensional Adaptive Higher Order Finite Element Simulation for
Geo-Electromagnetics—A Marine CSEM Example. Geophysical Journal International, 187, 63-74.
https://doi.org/10.1111/j.1365-246X.2011.05127.x

MEF, B, R, % T Lancos- 1 [ Fr SA I — RS I0R] P2 FL R BRI IS (D). MO ERW B4R,
2022, 65(6): 2326-2339.

XN, REIE 15K B SEMBETT, RZE T KoK T BAsERIID]: [L%#A08 3], K& HKE, 2012
FRIENE, KRR, RFE NI TR SRR ES TiE [T RFEHCE, 2011, 27(1): 59-64.

U, JURh RS B B 80 i U i 5 R [D]: [ 4008 5] 2200 PRI K2, 2015.
Xk, S SRR R BRI R B D): [t 228 5T, KFF: FAAKE, 2008,

Chen, J., Haber, E. and Oldenburg, D. (2010) Three-Dimensional Numerical Modelling and Inversion of Magnetome-
tric Resistivity Data. Geophysical Journal International, 149, 679-697.
https://doi.org/10.1046/.1365-246X.2002.01688.x

AR M T P Bk = R ek SO AT ST [D]: [ A i . KA FARORS, 2017,

BIEH, 4k, PRI U HE R R LR A M. Kevb: WP R K25 R, 2005.

S FREh. BEEAHE RO HEIM]. i PE2 B RHOR S A, 1998.

Tedkde, AT, i, S 4 R AT UR FRET A TR O AR T BRI PO IEVH [T]. HhERPEE AR, 2020, 63(9):
3520-3533.

fedkBe, X, Dl & YRR R G = 4E B R AT[T]. HERYIEE AR, 2021, 64(4): 1419-1434.
bk, BT RIC- TR TR & 1 CSAMT =4 IE RIEBF A [D]: [ L&At 3], Kib: R, 2017.

Pan, K., Zhang, Z., Hu, S., ef al. (2021) Three-Dimensional Forward Modeling of Gravity Field Vector and Its Gra-
dient Tensor Using the Compact Difference Schemes. Geophysical Journal International, 224, 1272-1286.
https://doi.org/10.1093/gji/ggaas511

DOI: 10.12677/ag.2023.133027 291 HOBRBL2ERT


https://doi.org/10.12677/ag.2023.133027
https://doi.org/10.1016/j.jhydrol.2011.04.008
https://doi.org/10.1007/s10064-010-0314-y
https://doi.org/10.1016/j.cageo.2015.11.004
https://doi.org/10.1016/j.jappgeo.2018.08.015
https://doi.org/10.1190/1.1440151
https://doi.org/10.1111/j.1365-246X.2011.05127.x
https://doi.org/10.1046/j.1365-246X.2002.01688.x
https://doi.org/10.1093/gji/ggaa511

	堤坝渗漏感应磁梯度检测可行性研究
	摘  要
	关键词
	Dam Leakage Sensing Magnetic Gradient Detection Feasibility Study
	Abstract
	Keywords
	1. 引言
	2. CSEM有限元方法
	2.1. CSEM有限元方程
	2.2. 有限元分析
	2.3. 总体合成

	3. 高阶紧致差分算法
	4. 正演模拟
	4.1. 正演程序验证
	4.2. 模型1
	4.3. 模型2
	4.4. 模型3
	4.5. 模型4

	5. 结论
	参考文献

