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Seok-Hyeon Do and Byung-Dal So, 2019, Finite element modeling for 2D viscoelastic buckling formation with
mechanical strength of mantle and lithosphere. Journal of the Geological Society of Korea. v. 55, no. 3,
p. 315-332

ABSTRACT: The lithosphere of the Earth is sandwich structures with crust and mantle with various mechanical
strength of viscosity and elastic modulus, and a general stress regime of lithosphere is tectonic compression. A
compression stress acting on the sandwich structure with mechanically strong layers embedded in the weak matrix
layer can induce buckling instability, which means that the buckling structure is frequent geodynamic features
in the lithosphere. The orientation, wavelength, and amplitudes of the buckling structures found on the Earth has
been recognized as important indicator for tectonic environments (e.g., magnitude and orientation of tectonic stress)
and lithospheric strength at the moment of buckling formation. In present study, we developed 2D viscoelastic
numerical model based on the Lagrangian approach using a commercial finite element software, the COMSOL
Multiphysics, to reproduce buckling structure and compare with previous studies. Previous conventional works
applied small spatial scale (~100 m”) and low mechanical strength (viscosity < 10% Pa-s, Young's modulus < 10°
Pa) for simple calculation. However, our study adopted a spatial scale of ~500 km?, viscosity = 10” Pas, and
Young's modulus = 10" Pa to reflect realistic geodynamics situations. This means that our model can suitably
simulate the large-scale buckling structures such as lithospheric buckling before subduction initiation. In the case
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with a single strong layer, the increase of viscoelastic contrast and thickness of the layer lead to the increase of
amplitude and wavelength of buckling structure. When the viscoelastic contrast is small (50) and large (400), the
growth rate of buckling structure abruptly increases right after ~ 9% and ~ 3% bulk strain, respectively. These results
are consistent with previous theoretical and numerical researches on the buckling. Furthermore, our models with
two strong layers successfully handle the complicated buckling structures that requires more severe element
deformation. We confirmed that the patterns of stress interaction strongly depend on the distance between the two
layers. We expect that our numerical model can be applied to the buckling structure of the lithosphere and mantle
in a wide range of vertical and horizontal scales with realistic mechanical strength.

Key words: buckling, finite element method, Maxwell viscoelasticity, geodynamics, COMSOL Multiphysics

(Seok-Hyeon Do and Byung-Dal So, Department of Geophysics, Kangwon National University, Chuncheon 24341,

Republic of Korea)
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1. M

Azt gpuge] EASHE HE FaE g
ZalAl kel sl 20 wiare] Asl7h wAyehe
FAH 3o B B 7R 2] B A
o 7|44 B, A ZASHE Aol olEe
B9z S 27]oh wre sel 4 oleke
ol Fagh NP2 ANHT Qlok 2 P2
gt Ao n R A2 W AES A
S e, 22 AolA AT H2 728 53
BA} 719 olge] LB W BE P
kel Asts oz Seje) 27)9} e
2 ARt (Gerbault ef al., 1999; Gerbault, 2000,
Schmalholz et al., 2002). °o]& ¥l&FOo = X1 §
K] eixtol nlehg 4 2 slek. 718 A 24
AT(o], Guest et al., 2007; Thielmann and Kaus,
2012)0f| 4= thEFHATOA AT s X2+
HZ FREHE R F=R S (tectonic stress)T} X
Zhat @B 9| 7148 BEE FAstol, HEFURT
A AlZH(subduction initiation)2] Fe|= A4
sfahe 7]ahe Asiaie). 1 Sl Ao
Aol 22 729t 4 1 7ka so|=go]= 2
£ Ajole] kAol thal A44<) A7} e
o} rt}(Shipley et al., 1979; Curi, 1993; Bordenave
and Hegre, 2005; Crutchley et al., 2018).

712 A 7Eelo AL FolA T dhe) 3
2 722 WARG Y Ao s Letolrt g
291 oflo]tCloetingh and Burov, 2010). 21=%Fe]
HE oA vk gARS Ff S Azl =t
2 ~200 km, FZ ~1.5 kme] = F-2(Geller et al.,
1983; Stephenson and Cloetingh, 1991; Beekman

et al.,, 1996) 5, s|Letofol| A= 5 ik B8 =
SHIA T ~250 km, A= ~10 kme] H= 1=
(Caporali, 2000; Shin et al., 2009; Shin et al., 2015)
& AT Ao AL H2E PA7 S
A7) sk}, Safol] 1A hE R A 2
~ 70 km, 2= ~0.2 km®] FH= +2(Kim, G.-B. et al.,
2018)F, olH|Zjo} =9 th= XZtof|A 2 ~60 km
9] = F+2(Cloetingh et al., 2002) 5 &3} T}
2 A2 71AH A=, A= L B A
T)7F 73t K| Fo] oFgt B Atolo Fof S ),
o XS FaPg WFo = A5Yo| 28
4 127 A== @42 Yufgith(Donath and
Parker, 1964). AA|] At of| A oA HL 229} o
of slEels =S 217 tEo), Zolo] et FHA-
AA Ho|d)(brittle-ductile transition zone)7} &
stel, 5318 $4 722 B elckGleason and
Tullis, 1995; Burov, 2011). $3-A4 Ho|d& 7
A= 71AA 749 Zlojo whE W3} o] vk
=7) W&ol HA-A4 Aol A7 7P =2 A
S A3 glek. QeHH 0.2 sloF A B9 1
A, 1% QraA) 29 20 o)) 44 Aol
g7t JiMcAdoo and Sandwell, 1985; Burov
and Diament, 1995; Lu et al., 2011). 2Z}F 22 %]
Zhe ) okgh BEI} e o] yiEdom
2728 ol20] 4ol gl MESA 725 B
oh oiREe] gl Eele] 28(e, Bot
and Kusznir, 1984; Moorkamp et al., 2019)3tc}=
e TS o) A e ApolA W
S WAl 4 dol gl B Baolk, Tme
ohiet, Thol A2 TANA WS HRolN B2 7

22 YT 4 Yok LA Qd(Ribe of al,
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2007; Lee and King, 2011) o|= 7|A& F=7t %
3 i) ArjHo 2 oFgt BES IS A W
Ajel ol ofg Bebg o2 aj4jer 4 9l
Xzt gpaile] 2 ol dhald A 24 @
7} o]Z(Biot, 1961; Smith, 1975; Hudleston and Lan,
1993; Schmalholz and Podladchikov, 2001), AFA}
¥ (Biot et al., 1961; Hudleston, 1973; Martinod
and Davy, 1994; Marques and Mandal, 2016), <=
2] BAF AEH(Dieterich, 1970; Zhang et al., 1996;
Mancktelow, 1999; Hobbs et al., 2008)7} &1t3]
R oighct. tlRio] 7|= Aol X H2E 72
ZZ3} gprgo] Hokah Jof 23R 73t 3 Akl
A= dhule} 743t 9 FAO) FFS W=t
A B o] A= w5 A E4of| TaiA
2 29 g XFo] HAT tiu|et gt F
o] T YEdte BAS HAFH 2 FHTH AT
BAE =&AL, Bl A Fed 4] gt
Z1Z30} wpto]| oigt WP Ak =ES1A] Z51iTHBiot,
1961). EZE, o] 222l A1 B9 27 5y &
A, 19 =4, 47T HIFE 5 HdAAHA 7MY
o] I @ 35}7] wf ol AA| ZA] tfdstroll= A
7} ek A ti4lol A2 E HE (putty) ot 2 F
= AREShE A 239 A9 AP s AA
A1 AR #Z 2 E AE st o (Hudleston,
1973; Sherkati et al., 2006; Noble and Dixon, 2011).
TR GA 2 79, A 240 B 24E0] o
Ha, AA Ade] Hlsf w22 A=t oY
279 0] 88 4= glon, AFS HWol & & gloke
o] AUt ool H]g =] BAb= AF Slaof A
gro] glo] 2ol Tt =213 A &7lel &0l
skar, B0y AA 245 ARl Aol gle 5
o] o] Jlo] B2 &z Aol ==t
7|1& A BAL A9 A= o] 29 93 =3
H #H=o EAS Aoz AL o= A
BAL 750l F=2 Aol lof AER =S 9
otk Zeu RS 23] BAF A BE
2 qpto] vlsf v W 7AA o) A2 F3t
TEE ez AL s, i 4 239
B4 20E &4 A =YsiA Adstadt A
Al A7} A Ee e EA= A= 7] o
2o, Fzoll W3t A BAM] HeHdS WHEA] a1
slojohdt gitHGoetze and Evans, 1979; Schmalholz
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and Podladchikov, 1999; Farrington et al., 2014).

H AFo M= g s ATEe] F£ 1
E] 7] 2] A(COMSOL Multiphysics)S vlgo 2 o
29 Hed(Maxwell viscoelastic) B4 13t
P2 EA 22 224 a3A] 9 Lagrangian)
22 23] RRE el Selo] 21 mRL
788 0@ 4wt 4 Fo] SR makel 158 4
Aol Gk A90) A2 AY BAE BHow ¢
oF 2] D] ek S ISk Flad 71 A
(Zhang et al., 1996) 2] 2] B3-S HIx|wt2 319 1L,
A E4S 7= &2 204 Ueite= §
I Ay F3zof s Attt =& Aol A Azt
1A A S 2 A RS WPt A=
g 71AA Z=E 7H v S(multilayer)S
2= FES FESIG 712 ] 2AF A7HSchmid
and Podladchikov, 2006) 9} AFAF & A-(Currie
et al,, 1962)0| A Ueht= o3 Fa +29 XS
B Ae) x mYS uigo 2 A7 Y M@
o o5 HIg o8, 927} ARt TS 2] 1
L FaA 27e) 22 weo] tfafA] =efskaa)
3.

HEEH

2. &l dY

o

2.1 =X BEo| M

H AFoM = 23 HH HEPE(plane strain)
7Hgstoll Mg 2 txol gt 71& A =AY
AF(ol, Zhang et al., 1996; Mancktelow, 1999)=
vl o 2 135(single layer)¥} th&(multilayer) &}
= o) B R BYPE Adste] WEL sl
HAE 29 =2 7AA =S, A= B4
AP E =AsIR: FZoll BIE 2] ZAF A o
Ho| 2 TEAEH F7H > 100 km?) FRET; 257
129] 57](~100 m) S 7H %) BEBS ARSI,
7t 2o #4548 YA X, 212H10° Pas}
107 Pa's A= At o2 e ghe Ag3hrt
(Zhang et al., 1996; Mancktelow, 1999). 121} 9]
3 B4 2 WE 9 A9 girEd FE
T} A= ~5 x 10" Pazt ~10™ Pa-s (van Wijk and
Cloetingh, 2002; Calais et al., 2010; Crameri ef al.,
2012; Thielmann and Kaus, 2012)¢]] &4 & 0]X]
= groleh. & 91e] 47 BAE 4 9 ko] Yol
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Fig. 1. Maxwell viscoelastic model set-up for mechanically strong layer embedded in weak matrix. The blue and
red colored regions represent weak matrix and strong layer, respectively. Es, Ns, Em, and Nm respectively, indicate
the Young’s modulus and viscosity of the strong layer and weak matrix. R = Ns/Mm = Es/Em is viscoelastic con-
trast (see Table 1). The boundary condition for the top and bottom of domain is slip condition. The side walls of

domain are subjected to lateral compression at strain rate of 1076 s, and are free in vertical movement except

the strong layer. Sinusoidal perturbations with small amplitude (i.e., 0-01 - cos (ZHTH x ) , n=number of initial wave-
forms) are applied to the strong layer for initiating buckling. (b) Finite element grid (mostly rectangles) for model
domain. The finer meshes are defined the area around the strong layer (see purple box). Note that Fig. 1¢ is a magnified
figure for the purple box. (c) Part of the finite element grid. The red region (i.e., the strong layer) shows structured
mesh grids. The rest is weak matrix that is divided by unstructured meshing techniques.
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oire] 7|5 Y=

Holl= S¥(slip) AAZTS 28313t & Sl
0.1 mm/yre] 44 &= A 27 (constant velocity
boundary condition) .2 A7l AAL 7S
Zaloick. Ak B7be] 53 2ol B Tejeid o] &
T ~10" "9 MEE &% (strain-rate) o] S5}t
A Astx o2 §hFglt HE xo|thk(Beekman et
al., 1996; Gerbault et al., 1999; Guest et al., 2007;
Burg and Schmalholz, 2008). &4 2] y= w39
SEL R A Aol AT, 7 S92 2
BUke 002 P43} ol 2ol o8 veh
£ A 27 wge] HE A B9 d% 2
2 Qs wAshs vl ZelH) AL olRlst) et
Zo|tH(Zhang et al., 1996).

712 A74Biot, 1961; Zhang et al., 1996; Mancktelow,
1999; Schmid and Podladchikov, 2006)o| A &=
222 §Esk] eI 22 ARl Sk W]

At F715 2= 27 45 (initial perturbation)&

3t ol Hlsiint B AFdME 27] AF 2
7 Al ol gl B 125 Ul B o
TFolNE 27] A% THgg 001-cos(Fx) 02 w7
E}OM AR - Pel RhEslon, xi: £
W RS, 0012 27] 45 AZ (km)S vy
W, Le 919 0 SA) mRel 4 AelchE
km). n& 27] 4% B3] B4 55 AYeirs
itk ol g Sol, n = 30] wpake] g 37jo]

u], 332, L/3) 13.2 kmol .

% bl 2 A7olA AL 7|2 el

& RolzT}, waky AAHe T HAR 2
9] A= #2315y AA}(structured mesh) ¥4]
2QFo] F9-E= H|E=R AR} (unstructured mesh)
A8 olgaix A4S ASAT 19 1ok 2
B 105] B Y28 Spsf Aolch BT 89
RS 23 AAE ARE A% 32 UEh
o, AALo] wjgo] 7121 AQl §4E Helrk ¥hd &
o] vlFtz A= EFAlsh, ARt SollA o
A4 0.02 kmof|A] 0.35 km7}R] AZ}2] 27|71 A
Zth. o]= WFo] F AL R AAE= A9 Z=2
ARE, "o &2 ALz iEE A H92
A ARESHE WAt W F o] A2 Ao EHOH
A EZ g ALkE S48k, Hyo] 2 Ao tigh
AR A= A g 4= Qlrke A5 o] Ak (Burg
and Podladchikov, 1999).
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22 X|H{EHAA] of oHAQl MEHM S HEE 2|

¥ WFE(plane strain) LEE 7T 22+

H=9 AsS A BAE] Y8l 25 BRE Y

(A 1) Aoz =Ystgleh(¢l, Toth
and Gunis, 1998).
doxx , 00yx _

o Tay =0 (1-1)
aoxy arryy _

ax o dy 0 (1-2)

x 9}y 747 3} 5 HES oujaty, 0y

IFA &Y ‘?ﬂ/ﬂ (Cauchy’s stress tensor)o]™, i
I £ Wl J P02 A 5He o4 o))
Bt} Oy = Oy 2kT PRI 2A) 29 WA W
F & WA (7)) 4 (P)& o]-gsteo] E@ZT}
(4129} 1 212

Oxx = Txx — P, Oyy = Tyy — P, Oxy = Txy (2-1)

Ogx + 0y + 0
P=- w where 0,, =A(gy + € (2-2)

yy)

ox | oy ow
Toy , Ty P_ (3-2)
ox oy &y
A telA= o83t fEa iR, At
‘3“3% A&EH o2 AAH ASAR 7Sk, AL G

o Yo] H#K(displacement field)¢! (v, v)E 73}
L Ao] Bur} ugt v zkzb x, yulako] Wol=
oujsle= 7|Eh 4] (1-1) T (1-2) 5 84 HE o4t
35t & A 94 Aoz 2YHst] AA A

2 (global stiffness matrix)& A|Z}st, HAZA
< A8l A 7 e AT F gakstd ¥
e EEah A (1) (1-2)E S8 WA 48
of gt Hu| RO & HHLo] QloeBg Tij, p u,v
Apo|o] TA A o] T @t wlebA ugt vel HEE
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Table 1. Parameter descriptions and values.
Descriptions Symbols Values
Height H 13.4 [km]
Width w 39.6 [km]
Poisson’s ratio v 0.25
Viscoelastic contrast R =E;/En = Ng/Nm 50-400
Young’s modulus of strong layer Eg 7.5 x 1010 [Pa]
Viscosity of strong layer Ns 1.0 X 1023 [Pa-s]
Young’s modulus of weak matrix E, Es/R
Viscosity of weak matrix NMm = Ns/R
Lamé parameter A=E/v
Thickness of strong layer 0.16-0.4 [km]
Number of initial perturbation 2-18
Length of initial perturbation L 39.6 [km]
Bulk strain-rate 10" [s'l]
von Mises stress

o, = J3/2 . (T,%x + 13, + ZTfy)
Horizontal stress Oxx
(strain) 3 HMPE &= (strain rate) 2] AAE M e = &j— §5115ij where & = &4y + £y ()

A TN BARSRE 24 A (constitutive rela-
tion) & ESJ8liof FTHA] 2 22). 2 AFolAlE A
2 A 2F T AEEFEA) S-E(2H9)
Ad A4 2 2@H H2g(Maxwell) FeHd2 o8
soich. Al7bo] ¢ o o 2A] 8 WA oy() = B
=1t F3 2 E(Boltzmann superposition integral,
A )2 FHHCH( 9|, Yuen and Peltier, 1982)

) de;; t dey
0y (©) = 1y (©) — P08 = [ 23— ) Gt +.; [ e -pGhas
where J(t) = Gexp (— I%G),}[(t) = Kexp (— /gLK)

6= 3297 del(Kronecker delta)2 = Jjz}H
6ij = Lozt 1 Q)= 6y = Oojt}. 39t H=22hA
o g Al4>(shear modulus) @} A4 € Al4=(bulk
modulus)e]| tjgt &3} EHdE(relaxation modulus)
o} G K& A e Al A g Al pe B~
Z¥7} n/Gek n/K olv] M= Aotk Cis |
HYE, fuL A2 MFPE(volumetric strain-rate)

TH(4) 5).

O % rr

—

Lo

&j £ HPE WA Z 4] ()7 2t
= (G o = (5) o =3(E45) @

e 14| 9 -2 ATt oEA 0| 2= ATk 9]
Astste] n+ 13 n WA AZRE 242 O ) o
ok 3} A|Zk 7+ (time-step)& At = " —¢”
olth A (42 At 7ij(tar )T} 7;5(t,) Ao 9] H
Spag a2 QA 7). 2L HAE Pl6ns)
3} P(t) Aol ] H3HAE 73 2 9T §).

At

7ij(tne1) = €Xp <_ ﬁ_) 7ij(tn) + By % [1 e (_ [%ﬂ @)

A 4 A
P(tynn) = —exp (~ 5) Pt~ deu -1 = o0 (- 52) | (8)
g &g o]2ellA 05 -dry;/deyo}f —dP/dey =7}

Z} Acka} 412 4 Al4=th(Turcotte and Schubert,
2002). o] 72 A (7)2 (8)°ll 21851 AT tn OlA
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PAH ) 7] o] 22 A W S
B0l4 o 2 S 2Haly) YRolth 7t &
9] 31A(hinge) F-E3} Y7 (limb) F-ELS W3R
S uj, 31X FE(~7 GPa)o| &7l FE(~2 GPa)2r} ¢
£ 28 352 Hlt} o= oA HA7Schmalholzand
Mancktelow, 2016)°]|A 733t Z9] 31X} 7l &
ol £ R Arsl AR AFS Bt 17
245 39 2c9) ALA A2 Shefslel, 41 &
(0xx = horizontal stress)_J B E HoZoh £33 &
2lo] Rl Q)T YA elulat
o} qA)e) U BB o5 BEg uwslu,
5 REe SR () S, 93 RS W)
S gt} o]= oA HA7Dieterich and Carter, 1969;
Liu et al., 2016)9| A YEeld 312|Q] = S8 B
o gttt

a9 3a9]-3b—‘=R =400,h=04km, n=3% =
7] E-S Brlst 222) B 42 Wk 2 20% o‘;
-?1:—8]-951—— o] £=Z] M E(vertical strain)I}
W& E(horizontal strain)®] Exo|t}. HYEL] H

13.4 km

31.68 km

h = 0.4 km, R =400, bulk strain = 20%

13.4 km
(5]
Ov(GPa)

w

! 31.68 km

3.2 km
Rectangular mesh
Unstructured  Structured

8 km

3.2 km
extension
o » ©
Oxx (GPa)

A

\/
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&
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Fig. 2. (a) Deformed mesh of the domain after 20% shortening for the case of h = 0.4 km, R =400, and n = 3. Severely
deformed (aspect ratio of 1:0.4 in green box) and intact (aspect ratio of 1:1 in yellow box) meshes are emerged depend-
ing on distance from the buckling structure. The blue box inside the green one provides the magnified view. (b)
Part of the deformed finite element grid. The red colored region is divided by structured meshes with smaller size.
(c) Distribution of von Mises stress (0v) for the case of h = 0.4 km, R =400, n = 3, and bulk strain = 20%. (d) Distribution
of horizontal stress (0xx ). The sign of 0xx indicates extension (positive) and compression (negative) along the inside

and outside of hinge, respectively.
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h = 0.4 km, R = 400, bulk strain = 20%
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Fig. 3. Distribution of (a) vertical and (b) horizontal
strain (%) for the case of h = 0.4 km, R =400, and n =
3 at bulk strain 0of 20%. The black arrows show direction
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I3t A% A (Andersen et al., 2008)o| A= 3
Zo]9] Z-o] Hojx 1.5 GPadl o]t 75}
3 Qlek 1k oy g, SoF G AR T A e
2 71AA Zr=7t ot Aoz 4 tiE g4 E
ol A Wk A Zlo] 75 kmel AR Q] &8 73
(stress drop)& S| EH > 300 MPa o] (Prieto
etal., 2017) ol= ¥ L4119 32 o] GPa &Y
= AAE 7|E AT A0S ST EHE 8 3
2ukg Lefal Aol oheh, & el o] $
WA BE JRS weie E ulga ST o] §
o 22 729 S 2ot ol o e
ofuli,

) Agoks A7E S0 W A7l
22 AQIXE Azt et AT =
(Otofuji et al., 1985), &=} Q1A o] vPAE 7= 3
t}H(Uyeda and Kanamori, 1979). F=of &3l 4=%]
RFo= mot 73t Fof| A8t o Wt ¥
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o2 A HrE 1P Yttt &,
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etal, 2013). &, A|7-9 FHF 2= 8 = 9
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Sigo] Z sl

=S T A2 wWeh] o] e o] Y
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© 2 Q% EAH(Kim et al., 2016), AT A471<] A
=3} oprJolt Ato] FE(Park et al., 2006)1} A
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