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Abstract Based on Maxwell's equations, this paper deduces the finite element wave equation of
Ground Penetrating Radar (GPR). It also describes the principle of the transmitting boundary
condition and the Sarma boundary condition, deduces the theoretical formula of these two
boundary conditions. By adding a transitional layer into the damping region, the adding method
of the Sarma boundary condition is optimized, suppressing the artificial reflection at the interface
between the medium zone and the damping region. Considering the different theoretical
mechanisms of the transmitting boundary condition and the Sarma boundary condition, it
proposes a mixed boundary condition combining the transmitting boundary condition and the
Sarma boundary condition, which enables the remained energy of GPR wave to be transmitted
through the transmitting boundary condition after it is attenuated and absorbed by Sarma

boundary condition, integrating the advantages of the two conditions. In addition, it takes the
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center pulse excitation source in two-dimensional homogeneous model as an example, compares

the processing effects based on the cases with or without boundary conditions, or with different

boundary conditions, in a visualized way of snapshots for the full GPR wave field, through the

realization of Matlab procedure. The result indicates that the effect of using the mixed boundary

condition is superior than using a single boundary condition. In the end, a numerical simulation

for two typical GPR earth-electricity models is carried out with the finite element method based

on the mixed boundary condition, providing the guidance for GPR data processing and

engineering practice.

Keywords

Ground penetrating radar, Finite element method, Mixed boundary condition, Sarma

boundary condition, Forward simulation
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(a)Sarma boundary condition; (b)Improved Sarma boundary condition; (¢)Sarma boundary condition of optimized transitional layer.

[C]= a [M]+a [K], (46)
Hrr,

_ Za)ia); (Siwj _iji>
0o — 2 2 ’

K w, Flw, 53 BN A BRRES § A § A 1A 1 18 45
R, & e RXt R A BLE L.
Caughey™ i H T — 58 Ry 3% 38 119 BHL e 4 B 3

[C]= [M]Ya, (IMT' (KDY, (D)

A AE B U)X ZEUD KX B B m =2, (&
BT 5 R R ) R AL A O X R 4
HAE ARG oo i AT

[(C)=a"[ M ]+a”[K“]. (48)
XFF B Caughey G HBEI AN REL a0 Flar 5
BLIEH e ELEE M FIMLR

_a | aw

Horp w R RS R G b BB Sl H 0. 05 << 6 <<
0. 30. ¥ —Br Caughey P JE 5 5] AF| GPR W1k
5 )AL B A5 B WO BN R A BR T T R
ME + (K'+ C)E + KE = S;. (50)
TEREWZ NI L0 R AL @ A1 @y 7] 120 (49) 15
B X Fh L BARWIAT AH R I8 T T X 2 A
TE& W W) 1k 22 57 X R 22 S 0 SR 2 70 52 Bt 1 Ak
FEHE NI SO BT X Sarma it A& R AE 22 L T
A=A N R R, A S AT AR T — Rk ik
J5 ¥ A Sb R« RUTE 3 0802 s in— A~ i I
VAT LB R B ) A @) BB K E] a, A
ay s FEIJZI— 2P PR o R 2y R
AWK HZ Mk i Sarma 31 B AE 3 B A Y
A AL B AR 25 5 W A DS /N i A R

 2(&w; — Ew,)
a, — —— 5
w; — w;

AR — B — P () R 2o 3 A 2k I BR T
S I BN NS = N 7/ S I 1 R A AP O N A =< )
Sarma B H &4 ANE 5c .

[ 1
a, = —ay, a; = —a,. GD
m m

Forb 3R N SECH BN SO
mem << n,a, Ml a, (0<i<<m) NLPTH NS4
8 BE 91 2R 0 LU ) A% 80D 5 5 T ) 8 90U 30 %% U7 1)
SRR SR XM i 22 1 58 A AL B W)
PES RO AL T80/ 32 5 T Ak 7 A 9 KA R 5 i
REdE, U0 R A @) F o) B R B] ap Fl @y AR FFIE E
PLAG £ GPR AR 002 N BEAS 2 58 70 I BE RE A
A2 5 Ak 1) B S A5 3 R R B AR, SCRE LR S AL
GPR i A 1t ¢ 78 73 W
4.3 RERUBLFEH

38 35 0) 7 4 i A& A R Sarma i1 5 5% R B TR
NG AR T — R S5 S TR AR IIR A R
ZAFCINE 6 iR, H E S EAUZR A A Sarma i1 #
AT 30 3K 0 B DX H T D6 R R VR ) B R S
5T g U RE Y OE S P REL i GPR I & it
Sarma i1 5455 1 14 56 U80S 8 Ao 3 A i S 2R A
PR AR RE BB I 2 R T A AL A BRI ik
SETE T XA o — Wi 2 TRk Y Sarma i
I GPR P RE f R WSl 55 » SR S A e A
B T AR U A K (48) g i BHLE L
&, Al LASEILYH 1T Sarma i1 5t 19 W WSCAE F  DATiT R
S5 10 SRR AR B M S 3K B e A O RICR.

5 AR BA RTINS LS4

i Fil Matlab i il ) 47 B G GPR 4L I 3
10.0 mX5. 0 m¥ 4] 8 B gk 47 T AL, A R A



114 TR A TR A L A A IR T GPROIEE B 3781

b IRUR T

X

J1

®
P UK

Bl 6 WAERNFMEHEIRE

Fig. 6 Sketch map of mixed boundary condition
W e=3. 0, K 5=0.001 S m . MEHILK
/N 0.1 m B IE 5K GPR ik o ah U5 69 0% T =X
K f() = tPe “sinwts HH w, RS R L 0
RN 100 MHz ., B B i Jik v 10 2 D 3o 3 o F 28
as WAL EL «=0. 93w,. 13 5 T 25 W 7 Fi R AR
B % 1 ) B B R T wiggle Bl BRI ILLALB
Ry e AT T 0 R C R R R R L DLVE R
ZE R AR R A PN 1 28 5 ik ik 2 O R
BT 03 S A S S 5 R AR R X ) [X 5 g 7 L 3 B
7K T i A A BRI AE LT
5.1 EFBREGFOKHPBBIRERGE

Y G b U Y AS ] R S0 A SR A RN T
WP SRR S 8 TR 9.0 mX 9.0 m
RN IE J5 T 38 ST AR I 40 ik v 38t 5 T S AU
DX IE G SRR R E R 0.5 ns, B S4S
TCH AR BT — B 0 B OAS 8] s 20 0 3

x/m
0 1.0 20 30 40 50 60 7.0 80 9.0 10.0
10

o ::;ll:l':::;;EEiEE'Ii::::::||||IT|||||i|||||||||||||||l||||l||||||l||||

I '"IT}[MEII&»»’?

401 ’ "‘
b ’fwlﬁ»é »[
—

TR R R B SR wiggle
Fig. 7 Wiggle diagram for homogeneous

(=]

-
=

i
»»Wm
} E

it

t/ns

)

‘

=
==

vl

—

model without boundary conditions

l—»xﬁiﬁﬂ
3

HLRE Rk Ph 5

Bl 8 YRR R &
Fig. 8 Sketch map of homogeneous model

PR BEEL S UL A [) 320 5 2% A7 0 N T8 BT 300 5 1 % i
FOR. B 9Cas by o) 43 5l AN 1 A4 20,30 ns,
35 nsif P IR [ ] DLTE 30 ns B %) GPR R
Uy 12 3 X 33 2 o N Ry AT 00 5 IS ST 0 T B T s B
35 ns PRI E AT DLE H . N O 8 W i S i
GPR i fig 5 AR o, ™ 5 5% ) 2 % B 4w X80 B 5T
() A 50 1Y 0T 30 L 1 A B Al AL B 1Y

10 Cas by o) 43 5l 155 780 303 5 Ak in #8325 5 i1 S
(1) 30,3540 ns i AR, & H AT I, 7E 30 ns 5,
(1) BE 2t W] 1) 44 1 21 34 5L X 38k, 78 35 ns B AT LLE H
FL G 1 R 43 1Y) g it N s AL 3 g 2 oA D
BB 43 B e 1 ST 1k L X6 EE B 9 AH [R] B 20 4 8% 87 i
FEAb i R RE R BEE T B O il A AR AR T
S ERUR . H 2 F M E 10c H 40 ns Y 3 3 b IR
FIATE SR BT L) 30 8 06 30 53 1) B 33 [ 38 33 3 S
FEORATA A T et
5.2 B HY Sarma 3B 5 5% 4 w0 Bk R B RD R A BY

HE

ATH LA b {5 A5 7 AR O, 2 80 ) 5 43 | LA Sarma
T LA it A Sarma i BRI AL T A P A
() Sarma 1 55508 X BT R HEAT T AL [ 11a
A NG P Y Sarma 17 S5 F ) 30 ns 5
PRI b T8O N 20 A TR A B XA )Z 2
(] f L 10 7 A T B 0 B S RN AR R BRI 11b Dy
Uit Sarma 1 B E Y 30 ns PR BRI B T
BT IV L E A KRN M R R 2 T ) B R
PEIZ WA (1 B S A58 T A B ) 25 5 B AR T
A0 5T DX R0 300 R Wi )2 22 T A T A I S 0 R AL BLAT
i A BT A B DR R DR R A M 2 e g 1 Y RS
W ARAE 2 T 1 DU A R L A A A 2 e Y
O AN /N B SR T I BRI R R s A N A 2 =X



3782 i Bk 4 P %% 3R (Chinese J. Geophys. ) 55 &
9 9 %1077
8 8 40
7 7
6 6 30
g g g
= = =
5 5 5 »
A4 Q4 =
3 3 10
2 2 0
1 1
0 0 -10
01 2 3 45 6 7 8 9 01 2 3 45 6 7 89 01 2 3 45 6 738 9
x/m x/m x/m

[SIN U EPE L RN 78 i

Fig. 9 Wave field snapshots without boundary conditions

(a) 20 ns snapshots; (b) 30 ns snapshots; (¢) 35 ns snapshots.
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Fig. 10 Wave field snapshots with the transmitting boundary condition

(a) 30 ns snapshot; (b) 35 ns snapshot; (¢) 40 ns snapshot.
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Fig. 11 Snapshots at different times with Sarma boundary condition and improved boundary condition

(a)25 ns snapshot with Sarma boundary conditions; (b)25 ns snapshot with improved Sarma boundary conditions;

(¢)25 ns snapshot based on Sarma boundary condition with optimized transitional layer.
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Fig. 12 Boundary reflection snapshots with different absorbing boundary conditions

(a) 35 ns snapshot with transmission boundary condition added; (b) 35 ns snapshot based on Sarma

boundary condition with transitional layer added; (c¢)35 ns snapshot with mixed zone added.
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