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Numerical modeling of seismic wavefield with the SEM based on Triangles
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W OE ks {—}T H IR k0 R B il ik e 5 30 Abstract The spectral element method (SEM) combines the
& geometrical flexibility of a finite element method with the
Stk @ ACE B AL RSty — A ﬁﬁéﬁ%f"&% % exponential convergence rate associated with spectral method,
AR T k. gL R R A WA (@A) M %, #) A — which has being become an important method of seismic
- wavefiled modeling owing to its high efficiency and high
#¢ Gauss-Legendre-Lobatto(GLL) #2549 1k & #2472 2§ /4 49 accuracy in recent years. The classical SEM (i. e the SEM
B, AR KL S A AR 2R O (&) AT based on quadrilateral/hexahedral elements in 2-D/3-D) obtains
. e ) ) L a diagonal mass matrix by using the co-location of the
R EWZ B AL IATRER G T R &, A, EiETE P interpolation and integration points, and tensor-product of 1-D
AAZ AT (@) MARE (=42 + 5B, RAF GLL integration, which can decrease computational amount
- - dramatically. It is necessary to introduce triangular
ZuyiE Uik, A ML TR EEE N GLL Ry ek & (tetrahedron) elements into the SEM (TSEM) in 2-D (3-D) as
" the quadrilateral (hexahedral) elements can not represent the
R AT MR 693k 0 RIS e B A complex models with curved surfaces flexibly. Unlike the
BB AT A = A M A& G Tk, i iE {8 A Koornwinder- classical SEM, the tensor-product of 1-D GLL can not be used
. ~ oo s . - in unstructured meshes, which makes the SEM based on
Dubiner (KD) £ 5 5 X, 5 £ ZALE & KD 5 7 KA A& unstructured meshes become troublesome and difficult. In
KR AR EA WA S f R SRR A W R4 present, a popular TSEM can also obtain a diagonal mass
ks - . matrix based upon the characteristic of the co-location of the
B s € P AL 89 R B A ALY B AR Fekete &, HiX s 4R interpolant points and integration points. The cardinal
S ERLWAY MK AEA Ak FwdH, = 4 RAEEL functions of the SEM are constructed by the orthogonal
) e ) | Koornwinder-Dubiner (KD ) polynomials located at Fekete
AL R AR A A e R AL A 3 AR AR A AR A AR KR points. The optimal points set, Fekete points, enable a
3 5 = pah 2 2 . : 38 it conforming matching between triangles and quadrilaterals while
U AR CAIN S A AR I8 LR (PMIL) S R e, S0 keeping the important properties of the classical SEM. The
HALRIEH = A MAE LR S 2 6938 0 ik AT 3 A 2. #E] TSEM also has a high ability of representing complex
geometries (especially for models with irregular topography)
Hﬁﬂ" 2 Y0930k, 2 A MARIE L R B B B ARy i A compared with the SEM. In this paper, we introduce the
BT TH A, A THBHEAAEN K, Z AR 7}&1%7[,;};- efficient perfectly matched layer (PML) boundary condition
) into the TSEM to suppress the spurious reflected waves from
FEEAN RO IR KN EZI A 11 AR L R0 Z2R artificial boundaries. The compressed storage row (CSR)
BT ERE AR S LT EN SR AL ST AREHWY format is adopted to store the stiffness of the SEM and TSEM
o to save computer memory. The CSR format can also improve
5.5 4. the efficiency of the SEM and TSEM as only the nonzeros of the
EaE = MR RS G484 (CSR) 4 X PML 9k stiffness matrix are involved in the computation of time
" " ’ . B ’ ) updating. The Newmark time integration also applied in the
AR & 45 Newmark B ;3 2 X A R U ik ; Koornwinder- time discretization of wave equation to improve the accuracy. A
Dubiner % 3 X ; Fekete & comparative study between the classical SEM and TSEM also
Sl been made in terms of computational accuracy, computational
efficiency and computer memory occupation. The numerical
tests demonstrate that a prominent disadvantage of TSEM over
the classical SEM is its lower accuracy. In order to model the
surface waves accurately, for the SEM with the polynomials of
degree 7, the TSEM needs at least 11 sampling points in per
minimal wavelength of the surface wave, while the classical
SEM only need 4. Besides, the computer memories occupation
of the TSEM is 5. 5 times larger than that of the classical SEM.
Then numerical tests also verify the effectiveness of the PML in
Wi B 2013-09-09; {EEIBHS 2013-12-12. #¥EMHUE  http//www. progeophys. cn

E&TE ERAAESTH(41104059,41274070,41174075,41074033) ¥E 1.
TR XA, 35,1987 4£4 WL BFTE A D507 Wl R B A BN CIRR MR I, (E-mail: ysliu@mail. iggeas. ac. cn)
*BIEE S0, 1934 428 WSS B A B RRE B B 1 WFSET7 1 o LR By 5 ek 2y U 2. (Ermail: jwteng@mail. iggeas. ac. cn)



1716 HUER Y5

www. progeophys. cn

2014,29(4)

hES#ES P315
XHRFRIRAE A
doi: 10. 6038/pg20140430

the TSEM. The PML can give a favorable performance with 2
spectral elements.

Keywords the SEM based on triangles (TSEM); compressive
store row (CSR) format; PML absorbing boundary condition;
Newmark algorithm;  explicit finite element method;
Koornwinder-Dubiner (KD) polynomials; Fekete points
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R BB RV R R AR R AR T B 1
T b IR A R 28 1 R 52 o8 B0 1 40 1 5 A By T X R 4B
HEMVER]. BAT. BRI T 24 A BR 22 43 1 (Alford
etal. , 1974; Kelly et al. , 1976; Graves, 1996; ZifEim4E,
20115 XUARAE, 2013)  Phil ik (Fornberg, 1988; Carcione
and Wang, 1993; Tessmer and Kosloff, 1994) . 4 R Jc ik
(Kuo et al., 1982; Padovani et al. , 1994; Komatitsch et
al., 1996; Richter, 1996; Zhang et al., 2002). §%J0 &
(Komatitsch and Vilotte, 1998; Komatitsch and Tromp,
1999, 2002 a, b; Chaljub et al. , 2007; FFHIEE, 2007;
Tromp et al. . 2008; E#AE4E. 2008; £, 2012) F
FRAARFR%: (Dormy and Tarantola, 1995)%. 5 FR 25407k B A
SR R B THRERICR B SR A (HR BB O™ B HoE LA
HRAR M FE A B B3 A 4 F (Virieux, 1984, 1986; Lan et
al., 2011; Lan and Zhang, 2012). {1 ¥ (Carcione and
Wang., 1993) & —F4 a9 )5 vk  BA THOR BE & FIEUE A
BN R (HRAE TR AR B SN B0 A 25 R R
SEMIBLG B A PR 2250k —HF B e LA R AR 22 Fn
HHEAAFMZA R, S BRITE IR T RER 431X sk ik
A (Smith, 1975, 1980; Marfurt, 1984), ] 3& W THE &= H 4%
Y UATAEAY  REAS F AR I A2 B H 2 R AR G R 22 51 )
D ABATIARKY B Bl B TR RN o AR R S
B %61 (Komatitsch and Vilotte, 1998) 54 BRIcZEM .
8 15 % Gauss-Lobatto-Legendre( GLL) 43 DA 15 21 %} £ 7Y
Jo R AR PR R s B AT IROTIE I B A B 10
SRS L EI R RN AR & TR EOR.

H I B T PUITE MAE 3 T s (R4 50T, B
B4 TARKY A BROTIE 1) RS MRS 7 ik i 8 Bl sk
UL RO s B S O R A MR 2 T AR B T
v i (Komatitsch and Tromp, 2002 a, b). 1% J0 1518 13 5K fif
ey FEr I, RRAEIE IV RS IR ) R ORFF VP 1 A S 28
PE.JF H BB 9% RS 00 b W6 2 A b 1 B 2% 1 (Seriani e al.
1992; Priolo et al. , 1994; Faccioli et al. , 1997; Paolucci et
al. » 1999). 7RG L GLLARE T S S5 HES,
A1, 1] B ik E A2 2 0U7E GLL & E A i B R
B, A W T — 4k GLL AR5 19 7K 4t AR (Komatitsch and
Vilotte, 1998). FIR #5149 1E 58 22 390 2RI (B 19 A5 1) B 4%
ORI BT AR O S TR AR, B AR
= 0= € R O T A . T = R = A T
BRI i g 7 g B H) B ol P 500 22 B ) % s 1 BT 0K
PR TRI B /IS CRE LG T S 1B AR D o 5 S50 B[R] 2545
2 10 (Carcione and Wang, 1993; de Basabe and Sen,
2010; Mazzieri and Rapetti, 2012). iy F U1 JE W #& A GE

FE b 2 1 52 A 1) T LARTRSE AR A T BB A SO At b 221 i e K
2, DN T A 3 2 R AT 02 PR 33X E — 5 i A R 1 2R A
A TN T 20 (A5 BT 1 S B () 25 B RS .

R Y SENR I IE P kS S BE A 2 1% 21 i 4L e JUART B Y 1Y
B V2R T RE R AR, 7 AT ok bl = 4
T (PUTH 4 B2 5T (Horn and Johnson, 1985; Dubiner, 1993;
Sherwin and Karniadakis, 1995; Chen and Babuska, 1995,
1996; Wingate and Boyd, 1996; Taylor and Wingate, 1998;
Hesthaven et al. s 1998; Karniadakis and Sherwin, 1999;
Hesthaven and Teng, 2000; Bos et al., 2001; Taylor et
al. , 2007; Briani et al. s 2012). 251 T PUH TE & . = ®
MG ICIE TR R (E 2 X G (T AR =4
TR = A R ST I L — 1, T R) b A7 BR 48 %5 ) 1
Koornwinder-Dubiner(KD) 1F 32 2 Tl &, ( Dubiner, 1993), 3k
A N =(N+D(N+2)/24 KD Z5, K N BB . A
] T2 i% T N, AR BREE 4 (8 2 =006 R 531
ik F| N By (Komatitsch ez al. , 2001) AU & 5 B 80k 3] N.
TR KD 287 — 1, 1K E E A EAg BT, /725
A ¥} 35 (Karniadakis and Sherwin, 1999; Pasquetti and
Rapetti, 2004) AR5 (collapsed coordinate transform) , ¥
Z:2% Z B AN S 25 UL B3 R AE AR 5 19 2 25 Y
TG b SE . SR X Al bR 4 2 S BUREL Y 2 m) =
TEI—A TR AR o T HLAZ T A A (B 2 T A A 7

H BT, B 5 F 2h Fekete i (Taylor and Wingate,
1998; Bos et al. . 2001; Taylor et al. , 2007; Briani et al. ,
2012) , /N —3F 15 (Chen and Babuska, 1995, 1996) Flfx /]
HEH WL #1 7S A 7% (Hesthaven, 1998; Hesthaven and Teng,
2000). Horn 1 Bos Z3iF B (Horn and Johnson, 1985; Bos ez
al. » 2001) JEZMIE I =43 b Fekete siBI GLL g1, 3
H. Fekete U EA SR A A3 (58 1 BE 95 5 10 0 TEAR I o R
4 (Komatitsch ez al. , 2001). N, /> Fekete ffi{H S8 E L K
7 SCU RS2 A B VAT 52 | V| 3R AR o R AR Y A 4R
(Taylor and Wingate, 1998), it V I9TTER N v, = ¢ (2:) »
z; A N, 4~ Fekete 5. Fekete i AKHH T 2 Wi = 4 2L 1L, £
T AL TS V] 9284k 22 AU — A F 8L 71T
BN Fekete g9, I | V | kA5 Rk DL
HEFEV 27 5 (Taylor and Wingate, 1998). & {E 47 5 R E
KEEL, % PO 47 2 5 U8 77 9% 3% (Komatitsch ez al.
2001). Pasquetti Z& A\ ) #F 5% 3 ] (Pasquetti and Rapetti,
2004) » = f71 AR 1 T 15 1) 25 11 550 B 9 00 7 496 4 i R O 1 28
PR IETTIE . TR, Fekete mU UUAEARBI % OL T A BT 4
IR B 0T T S E R A 1 T i A OB R
(Taylor and Wingate, 1998; Bos et al. , 2001; Taylor er
al. s 2007; Briani et al. , 2012). A C{#i FH 1Y Fekete /53K H
Briani 4§ A /9 T. 4§ (Briani et al., 2012) Chttp://www.
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T ARG A 1K B R AR R T AR R 2 il e B
P35 L PR 6 (o) o A HAT RS B H AT B 6 () =6
SR » 30 A i R B AR I S 1 4 (L AR A Y ﬁﬁﬂ-’FﬂF?@
S T a7 i I S AR O G A N - O N 2
(Komatitsch et al. , 2001). {1548 H 12 MIEE M E0R T
8 [t , AR A G t BEAAH, 3X S BUTH A A 2 (Wingate and
Boyd, 1996). Rkt 4 8 Bl 2 i, % b T = M JB T
FIORRGALE R 0, P2 A AT 6 (1 R AL I, B i =
FA RS RS G AS AT AL

FETTE 45 T - Komatitsch 5575 {f] SUAR Y ot = [ 1%
EIT S 2 M 3% TR T X B 98 (Komatitsch et al.
2001). ZEEASHIT B SEON T, S Mg T s T
2N+ 1 IR SHERAE T =M MAR S TR A FH 2 (N+ 1D (N+
2) — 1 YT s BB AR I B TS A LA 295 N/ 2. AT L, B
BRI = A PSS TIE TSR AR . SR
ARG T DU TR P A = AT % B B4 1 R 3, R TE
TEICIE i = M8 M A% 2 B & 1) (Pasquetti and
Rapetti, 2004, 2006, 2010; Komatitsch ez al. , 2001).

AR SO = PR T TG 1% 178 R A T LR — L 4 Y [ A
TR  JE 5| A AT (CSRO AR 20 35 o0 vk i W
FESE B 3R AT 85 Wi A fif (Peter, 1989; Barrett ef al. , 1994;
Kelley, 1995; Saad, 2000) , LA/ 5 23554 I AT s XA
[ B B ok A% fiE & 9 Newmark 2 3 (Newmark, 1959;
Kane et al. , 1999; West et al. , 1999; Krysl and Endres,
2004) DA 3 HTH50ORE BE 5 6 3 &y PMIL W il Bt 2%
(Chew and Liu, 1996; Collino and Tsogka, 2001;
Komatitsch and Tromp, 2003; Martin ez al. , 2008; XA LI
&, 2012, 2013) LIAESr AT 255 B 5 1R il ) 0y 7 4 55
v RR D WS S = NG B I < s A A T
(Khun, 1985) %5 204 FROTEE UA 1A, 2013) 2L/
TUIEFN = A ORI T 1k B VTSR0 2 TSR0 N AE T
507 T HEAT ST LU 9T, IR B UE PML BRIl 3 251 Rl 1
&5, 2013 AN, e FER AR MR v gk bk = A

J5 TR = A MR RS vk 5 B U B oGk AT 1 — 25 1 X L
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1 SRrkE g it ssIE

ZYEk s Ry
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and Vilotte, 1998) K

(2)
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0 Q it

J' wedl. 3
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Jﬁow culx,0)dx = J‘ow cu, (x)dx
e 4)

Jpw v(x,00dx = pw v (x)dx

Ei&h;&ﬂ"%éﬁlﬁ*ﬁﬂ* Dini» Do 2090102 B H1 300 5 5% 1F
AL AL A B R B AN T=0 « n 3R
0s fE N T IS AAF LA SR IR AL BE LU ok BN T 52 11
FEABLSIPE (XUAT 11955 2013).

UG 1R I Sl T AR AT DB AN (5 o R

Mi +Cu+Ku=F , 5
Horp  MLCLK 35 Oy Joi B R | BEL R 4 AR 10 2 5 F oy

2 =Mk TiE

54 FROCHEE AU 1 0k 7 2R B AT 5 X8R 73 i
Na PNEARZHA RN HIT Q. 0 e Hoo EHRRE)
22 I TR AR R PR
2.1 =ML TTIERIBRE K R

N T SEBLATT B BB AR Sy 7 SR R BT Q. g
AP F - O A G S FURRIE X IR A L A T 22 LR
TEOGIE » A AR Gk 9 BB R0 1 SR 4 B DX s (T
La) e AT 300 e opls LA ) A3 = T 2 2% DX (B
1 RAEIE B AR WL 1) i T = A AR S TR
SR BURTEL — 1. LX) BIEAZHY Oy 192 BT b R
BRI i EEE 1 BB AR PR AR Ok = AR 2 7% X (18] 1h)
—HBGEIL 1,17 (e S % XA Lo,

(a) O (©

|:>.'_'

Bl 1 =AM RECE M R E B
(WYX (b) = MBS X (o WilES5% X,
Fig. 1 The relationship between the physical
element and the reference element for
the SEM based on triangular elements (TSEM)
(a) The physical domain; (b) The triangular

reference domain; (c¢) The quadrilateral domain.
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Hor (6o W =ZMIESH KPR bR Gra) HIUINIES
7 DI P A AL 5 WSS B U T8 2 25 DX A% AR
HAE R = A X3 T EL T (1, D s AR (WL 1o).
2.2 =ZAMNBETENBEESHARERSNE
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(L) 2GR A A T 3 08 1 8 B 7 B s AR TR s e () 0,4 W R 1150 m/s, Kii 5 T I A9 3 B2 R 1058 m/s; B FE R
d. (D70 FHLAEFS N T 320 54 1) 2 A S 5 8. A SR 1Y 2000 kg/m®. 52K 10 Hz 07 5 (FE 17 4L th J735D , fi
PML Wiy 5 5 AN 75 F 60 8% 43 5 43 24 AL 3 WL, AH LE T F (1000 m, —50 m)Ab. FIA% RF 2R 25 m(SEIE A = A
Komatitsch #1 Tromp (2003) #5 % ft) PML W% i i1 5 2% 14 FEER) . PML RUZEEE A 50 m(AX M 1EEAI0) , R B
(Komatitsch and Tromp, 2003) v #7E 4= Jm 4 24k, 5 T, 78 0. 001.
AR NG B A 42 T T 8 N AREs ). B 224 1.0 s B 20 30 B B8 43 1 B S R R T, e rp
3 B [l 2a Jp 2 1) Sarma 1 F 525 5, B 2b S A ST
PML M1 545 5. T 0L B 2a W78 B 8 1 s AL AR
3.1 PML iR EZFGEIIERIE J 5T B 3 (1800 m, 0 m) &b Y 7K S 1 2 B3 5 1 ML=
T B UE A SC Y PML i1 5 4% 1 i A b, 43 il A 105, W LUE B4 SO PML i1 78 2 A4 B 5 0 A WORCR
Sarma 1 B 4544 (Sarma and Mallick ez al. , 1999)F1 PML i1 1M Sarma i1 F S AR ™ B 1 0 AR R 50 . Al 3a |
FEAAE R A T B0 = A AR S T IR AT B A L B R W, Sarma 73 F- 5% 4 5 S50 I 10 B0 AR A7 AE — 7 1 BRI 2
SR 2000 m X 1000 m YIS G YA 2000 m/s, fi 0.7 sZEA).

e ————— " ——————————
P A
;R : -
§ e er - E‘
-800 S'wave -800
0 400 800 1200 1600 2000 0 400 800 1200 1600 2000
Distance/m Distance/m
Bl 2 =1.0 s B2 B2 5 00 P IR A
(a)Sarma LA FAF 5 (b) PML I FAF ;s XRRERI; =MILFRKPEL.
Fig. 2 Snapshots of the vertical component at z=1. 0 s time instant
(a), (b) are the snapshots modeled by the Sarma and PML boundary conditions, respectively;
the cross denotes the seismic source, the triangles denote the receivers.
3.2 fuigEE RS, 0X10° s BN A M 520 22 A R o

FHARL ) 5 (Khun, 1985) % = £ W #% 3% 50 3 (TSEMD PML Wt S 404 (R 1%, 2013) ;B ERAEN 0.5 ms,
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