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Soojung An and Byung-Dal So, 2021, Applicability of finite difference and finite element methods as a
post-processing tool for strain analysis of fold-and-thrust belt model developed with the discrete element
method. Journal of the Geological Society of Korea. v. 57, no. 6, p. 809-826

ABSTRACT: We develop a fold-and-thrust belts model with extensive brittle-plastic deformations using the
discrete element method (DEM), widely adopted for simulating discontinuous granular materials. We confirm that
our models are consistent with previous numerical and analog studies in terms of the surface angle, the spacing
between two near-thrusts, and the number of thrusts. Furthermore, we build the Python post-processing code for
analyzing the strain evolution within the model based on continuum mechanics, i.e., the finite difference method
(FDM) and finite element method (FEM). Physical and quantitative analysis such as kinematic sense of fault, the
amount of deformation, volumetric strain, and distortion is successfully performed by adopting the finite strain
for large geological deformations. The strain calculated based on the FDM is inaccurate at the boundaries but shows
a uniform distribution throughout the model, and the FEM shows high accuracy which is comparable with the
analytic solution along the boundaries. This suggests that the FEM provides a more efficient tool for analyzing
strain fields in geological domains with irregular boundaries such as fold-and-thrust belts. The strain calculation
method applied in this study is optimized for the physical analysis of geological structures that have undergone
large deviatoric deformations. Moreover, since the DEM inherently includes the frictional granular behaviors of
the sediment (e.g., fracture, rotation, disturbance, cementation, and consolidation), our strain analysis method
guarantees high feasibility in various cases, such as the observation of the sediments behavior in the surface, the
strain analysis of discontinuous structures, and the volume change of sediment layers over time (e.g., settlement
and expansion).

Key words: fold-and-thrust belt, discrete element method, finite difference method, finite strain tensor, finite ele-
ment method
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LMEZ

SI-5A4TSEY (fold-and-thrust  belts)= &4+
fj(Metcalf et al., 2009; Forte et al., 2013; Vaseghi
et al., 2016; Roy et al., 2020)} A Yol (Dahlen, 1984;
Park et al., 2002; Borderie et al., 2019; Dominguez
et al., 2000)9} 22 =AY A A Lot dHE
ZQl AE HA g FLxo|ch(Buiter et al., 2016).
ZAtjexd= A (foreland) oA 4] (hinterland)
2 FI4E, AddolA = siolA WSz
T2 F FARZo] F718ka(Davis ef al., 1983; Park
et al., 2002) A|Zto] FAYA FH-SH4ESHY +
7}87] (accretionary wedge) 725 o|2tHIH 1;
Ruh et al., 2018; Dominguez et al., 2000). 53-%
S Jstof| putE = B 7= EEA7H &
HulE E3ls o I 2ol H7AH He A4t
72 |2 A (Dalhen ef al., 1984; Ruh et
al,, 2013). Azl T 7] T2 WHE s
2 ddgdl= YA AE o] E(critical taper theory)
oAl 8] 7o) g rbE o FRH o
PP ks GAI5H] 913 Alztel mE Y 2
Azt sk whet At ol gl o + B mazE
(Dahlen, 1984). 53-S9 H7157] 5 &)
7] FHIE Aslsh= 2o gk o] & E AY =Y
< 4A A ol Eell 25 1t 7]&(Coulomb fail-
ure criterion)2 = (Chapple, 1978)3}] &7]

Foreland

o) 0|2 A} b4 ek ohzt B3] A
HEP7IR] BARSFETH Lohrmann ef al., 2003; McClay
et al., 2004). Bonini (2007)&= AMA 2EF 7| HS £
8 - AT HONA oS T2 v
2 FHE52 EE DS (décollement) o] HIEH S
U SAFS(thrust), G9&F AT (back thrust),
=Z(pop-up), §71(uplift), 55=H(fold), H]Z(ramp),
T2 2 (duplex) & TR AP S AREE
AH o2 WS SISk

frEett Ao 52 & =Y TEdl
o] &4 My o] FFA LR FAH Ao A
ti(ductile shear zone)o|™, T3 S| &
ore] FurpEg W] vl RO 2 T
FHAd Al (brittle shear zone)of| &3HcHRoy et al.,
2020). FE2 F-gEof| Aot Mehgro 2 Zet
7l S22 A|(Liu, 2005), E2E AYAH] A9y 2=
doqitt G FAL ©Fs Tl I FH
g ZZ3Kstrain localization) A oF7|3ic}
o)A Srgo] AbA o 2 whAsht AL P a7}
HoJUA] = AoflA] 2= A 8- et 22, F
Aol ©go] F= A1 S=(Stipp et al.,
2013; Yamada et al., 2014)7} = o] & Zg-0] o]
1} wkzrfe] 77} x| L Hori and Sakaguchi,
2011), ¥1g HF oA AT S5H(Regenauer-
Lieb and Yuen, 1998; Jo and So, 2020) & u}z
¢F5HGoldsby and Tullis, 2011; So and Capitanio,
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Fig. 1. Schematic diagram of critical taper theory regarding the evolution of an orogenic wedge. The critical taper
angle (a + [3) for sustaining wedge stability is defined by the summation of the surface angle a and dip angle (3.
As compressional stress is applied to the foreland from the hinterland, faults splay out from the décollement, and
a tectonic wedge appears in the foreland. The critical taper angle is conserved during the deformation.
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O|tteAHE 0|Set S5-SUHBN 2Yo| HYE &

2020)7} Ak 4= Qlok. 58] Y7 A AT} SRR
kol A AJ2HE Bl @3 (splay fault) 258
AR T71A] o]0l F-3ATTH = o2 22
2 ZEtA glom REgdS A Aot AR WE
3} A2} Alo] EHHED ZI9A) 5 o B2 of
5 AZ7F "@t(Moore ef al., 1990; Branquet et al.,
1999). Br=at A detoll o 2ok A7t =l 4
FAZto® WA Ay 2 W &89 A=
FL-S4DESH WRoIA S8 49 2 441
o4 4582 o, AT oR TR 288
= FaTASYE A2AA HZAHAE X119
HrAlAQlo] H7] &= slch(Sibson, 2020; Dorsey et al.,
2021). olaigt e, $2-24EET) WEE
EE AARE &5 WY 2 &5 AL Ko
o} o Uo7} s3] 2] 21 9 7|48 kst 7]
2g Zesi a7} Het,

A4/ AFENY ARE B9 HIBL AL
Sk e 27 th o ofel 37 AFA] GPS
(Global Positioning System) &3} HF EFUAH
o2 vl 242 AHY 59 AR ukEE
FI-SAGSH t2e UEHH o R A Fo] of
A km 2 Wdstth(Glasmacher et al.,
2004; Kendall et al., 2020). A GPS =2 53
AA| 2o et 248 3o Wk, £ =, HPES A
A¥sl 4= Qlth(Forte ef al., 2013; McCaffrey et al.,
2016). WFH A 2| =7 AollA T 7Hse &
2 A RO, WEE b Ei vk Ape] 9]
ojo] Aee 7o) SeUREAE I Lisle,
1985; De Paor, 1990). 2+ =% Aro] HF et YA S
ol 3 HEES AT Aol #AIRSE o =g
U= A3 E BXE A4 Ad 12E 388 5= 3
tH(Ramsay ef al., 1983; Burmeister ef al., 2009). &
A F e RE A (Y9 @A) AAeHE Wy
EAHE & 5 doy A AIFE AE 72 A
sto} 1o W2 WP E W3} o] FH5| oY
31, Y5 7hs e T AR Y o] AL Qo &
49) 234 7] 919 Az Bite] Btk

27 Qe /et A, AAsh BB 19 A2,
97 W AR 5 A/ 2 DA% 14 AF
o 716E SUE S0l BB FATEYE
EHeF of 2] A FE s WAk mAjo] AEE T 9]
th(Reuber and Simons, 2020). &3-ZAtck2T) 9]

7%, o vlE ~ oW A2n|E ] I 1ot
A d ~ gk d 9] A7k F3l ZI3ksh(Cosgrove
and Ameen, 2000) Z|HR7g A (o], A4,
SEEREYA L], oA BERGA])S 0] &3 3]
A2 o5 FAlo tF7] o A 7steh(Buiter et
al., 2016; van Zelst et al., 2021). o]of u}2} ALA|
ks 7o 2 3t {RtA R fite Ao &
k5] AR Qlek. 22L} Byerlee ¥ 2] (Byerlee,
1978)2 w2 ok B0 48 A9, (1) A
X 5] 5 AT 54 AN B Ak
< (Li and Gosh, 2006; Ma and Elbanna, 2019),
) 24 ZAHY wge| wet dAYsH= =gt 4
A} % (Espinosa et al., 1998; Kaus et al., 2010), (3)
2 o) ALA 7ol Sl e EE AL A
AL &HA|(Gurnis et al., 2000; Lee and So, 2020)7} &
oz dAFEoth S olfE, R EHL
Fra a2 27HA Q1 71 glo] b E4o) A
AsS ke ARAZH(ZH] 15 km o|W) 9] HFZ
TS o AlgEE o tHFeng et al., 2015; Zhao and
Gao, 2014).

Z|Z o]Akg A (discrete element method)& =
U3t S-S ETH oA BA A7 2Es] Y
%-o|tk(Buiter et al., 2006, 2016; Hardy and Finch,
2005; Egholm et al., 2007; Dean et al., 2013; Morgan,
2015; Meng and Hodgetts, 2019; Li et al., 2021).
olitR AL FI-FATTHE 5= EH=E
As sl At SR BAPH 24, 5 W4
(78 AR AF 2ol wet 4R A=
282 ALzt A4E A2 obd S9E AR
AR 7 ALt Q4x017] o]l Bt Rt ohajet
njAIFQl X F ¥ 5 HAdE HES s
ARG 4= Qi) T8y 3t aiolu fRtA kR
= AR FF-SAAESH 2F@ ol HlEl, ojikaas
He &8 Aol HEE At 718 &
A7 a7-Eeh 2 Rke] MPES F517] fsiAl
= HEFuljelA] (deformation gradient tensor) 7|
Ao] Ay|olof gk, METuEA L Yzte] W)
£ B30l A Woliato] Qolick. Wi}
Q434 79 A o nlRo] THsalA)
o ot smgol 29 wel $ush QA of
7 Bedslel BEg sheld 47 314 7|%o]
23t} oitasugo) MEE AL 918 ke
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PO A%A otk BT AT S A7)
3k O'Sullivan (2011)°] W29, A<4H HAS W
£7) Slaiile BAL A Mgl glele] A%
7o 2 HAHmapping)shs THgo] dasict {3
84N otk Ao ARH AR F AR A
N FAHE A= olo] BHE A4AE 848 74
H AAE ARSRbT whEbA ARRe] mefo] AA| ¥
FE dA HAE I vk W2 53
AR = ot 2R g o] A} ol # LT 3
Aoz olFolzl Mol ANUE HHL7| ulEe]
AAL| meFo] M H AR} Eazof TSt F 1
Yoz 248 Zx U Aol We) AR g lel
of HPE AMS A nlES 35kt ol
A ol F2 djoht Uf 35 FHY A
gy U 487 34 Z¥(Hong et al., 2021) 5
AEEl/ Y7 S T B2 E8EH S
o 22y el A oF7iA] olitaavls B8
SE-SADTH A3 3 2y A W HIE
HE A2 B3| o]ofA|A] ghjitt.

oo Wzt & AFoME ot o8t
SE-SADS A3t BYS ARk, a5A 9t
718k A AL Fehe s B FHE S AR
sto] 24 9 MFES Uehle RAHIE
gl A|(finite strain tensor; Zienkiewicz and Taylor,
2000)5 Tt wtold T2 A& °&
sto] WFE s Z=8 AAsilen, A4 4
2 Al s EAshe 2 2A1E AAn =
St WX ukas AE HIPE S ol =
EE 5ol 23 A9 fAHFENME A4
2 ARt & s Aot Blashs A o2 3 E
o AP E At T AR} A Aol bk R
o] (AR, fretaal) o2 tiro] 7
Atk o] % Blg/go] ERlE MBE AN Z=E
SE-SAETH olt8 A Y| B YFE
of W& &FsH % 7|skets Fx 11gkel HIPE
HEE S0 A

N

Ol_11—.I.I:IH:H

od

2.1 OlAI-OAI:H

[t = |
ApEe] AFQ o Rk LS ghH | deta A%
& B 2J3t 2] | 0. 24 197199 Cundall

HiC}H
o=

o oJ3) %-8-0.2 Aotz 9IrHCundall, 1971). B
= B2 J8(Jerier et al., 2011), EX} 58K Depta
et al., 2018), 71 A| &-8H(Fleissner et al., 2007), A&
&7 (Mishra, 2003) 5 574 4= 3 e
2 3 A Fopoll thFsHA 8= Qirt ojitka
A O] AL 92 A&E AR} ofd AR 51
H FER Yd=F Aol A A 7kl 9
A=2 7 A, T8, T= )2 HF (el &
4, 3 BHIE) Q] 3o wet FAPEH o=
A9 3H 5 st} oAl Anyg ol 24 4y ¢
A= o2 YRR AEE o] AU FHEol] = of
Ut A5 HE o A9gshe 7P a9
ot Boll= AeF-A28 A7} ot o= A
7Hx JAReE 7ol BojH g Aol HERE
HAAE A2 E 7HAH, g5 Fof| 9Ja g A o]
o] So] ARl Aol mbi| AFZ AWH O R
A7 of| Agtsitt. AXH O] 22 T2 YAt
£ FA8te = 5dgo] A gnlshH ol= ARk
7He] HEY ) viggith. Yo R oj4kte S
83 ARG A= ATt T2 AP
] AIE Tty st 19 29 Zo| AL
Z] AAo $571E HEE AET 2y -
A3-957] AAE AHEBIIL 2lekSeyferth and
Henk, 2004; Chiu et al., 2015; Furuichi et al., 2018).
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22 gasEd

g0 ML 27 AgNgT sdugon |
ek, Fabae) BAoR 32 Bgshs nauyE
& mka ©9je] AYEFTE DU AT
A TE F I Lol thitE WP HE 22
o] Wy Aol AeEB BT opiz} 34
714 ARSI GEE T EE Agd). Bkt
B GEEF B2 AR 27] YA V)%
BUHTAR AT olo] wet A3kl 1, ARl
WY A HE X, WY T BE o o Aeg
u(X, D xX(x, )2 Aot FTABEL W
A Bto] s WF T HEE 1] wet o)
B WA (F) RN fEch 249 3
oA QIRke] 27 1x]0k Alzkel TEk F4eel Wl
LA FX, )2 RHE o2 dA RO
2 Ui 4] ()3 Zon i, ji 37 Uake B4
sh MRlo A 18 S, 2

wox



alfip=g
9x;  9xy
Cox  |ox, x| ..
Fij =ox, = |ox x| b € {1,2} (1)
oX, 9%,

o] Z=Y|# @eK(Kronecker delta)$l 4,2} ¥

A u2 YehyE 2 (2)9F 2tk
Fij = 6;; +§—Z )

SIFA QL B P ENA = 2
FA) ¢t Eﬂf% £ 4(Green-Lagrange strain tensor)
=29

X (3)2 2
- 5ij) L€ @)
ol2 elshel 4 ()7} f=gc,

E

—
>~
~

v~ 2\ax; " ax,

1 /0u; au,
0X; 0X

ouy auk>

FE-SADSET W HFES =24 S

SRR EE NP R EERERTS
A2 HEFE(volumetric strain)a} 2=+ (distortion)
£ 747} Akt (Morgan, 2015). g A Hul S
v, 93 5 207} ol o) AHERE = Ameie

©2 2 (5)2 2.

v
= 5, = det(F) ()

H2}-3-3HH 3 E(deviatoric finite strain, E')2 &
AP ENA H4 HP E(hydrostatic strain, )
[e]
=

W Lo 2 A AR Yo RE A (6)7 2.

Ejj = Ej _%5ijEkk ij €{1,2} (6)
ARG E2] oA (p) S HT=E 9

njats 4] (7)of whet AlakEch
llgr = det (E'). ?)
23 REAIEY U FHRAUS 0188 HHE A
£ AFoAE gol =2 e ¢lolE 0835t
o 8 Zlo}ﬂl Bz E olita 4wy uf RS2 W
Fl et o

A BEE AR Y A- o AARRE F, X
—E-‘E—T@O]'oq ‘rr?l’bﬂdé%(E)e ]’W H—t E“;:Z}

O
e

Contact

Spring

Restoring force

Damper
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Fig. 2. Mass-spring-damper system with the contact point between particles. Particles with individual masses are
in contact; the red circle indicates the contact point. Each contact point comprises a pair consisting of spring and
damper, representing restoring (green arrow) and damping forces (blue arrow), respectively. Particles attract each
other by the restoring force of spring. In contrast, the damping force works in the opposite direction to buffer the
effect of restoring force and stabilize the numerical system.
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AR, g TPl e A4A) X Ao
FE7FSHS Tk 918, £ AN AgT
WSS A2 A WAl ket SR £
3tQ Ao 2 Y

AL ST AN olitasn
Bo| BFU Y2 7L A4z £t 247
L 2to] GolshES AR o= A2E B
S8 7HE(1Y d). YA B f2rAY
BolE 27| YAZ V|2HTAR A TR
of, % A AEY) A gt Ag o et
o] gl WASHE Ut gk B gk Abole] ©
2 Bol7] 13l 4% F3ue gtk o
A BT 20 Y32 Aol w457 A
H W91 Pl WaRho 24 Ao ke 9t
Q42 1 W9 o 27 e SheHaE 3a)
w919) A7} HelEl go)o) o AP 4 B
Ao s FUAtEste] WY TEAE 7t
fick. olo] Ake SRS U Beld SjHL 9
3 A SEAARYE, 9= FU 2
o olgh A7 7] Yate] 9xE Evfz 4
HEIG) TR B Aol £l GES IYE =
SRR ERRTEEE BEEEEECRRENE
ek T £ AT A2 T2 | WY E RE
Aot BHoz a2, Ad e dA2 ol 7
Apphs e B9 MRE 2 Alo] WEE % )

Bt Al ghe =Sk

Node #1

Node #2

(a) Rectangular grid for FDM

. _Jtt!:il:l—

o=

FEaaS o8 WP E A= &
Y] 4Z+8(Delaunay  triangulation method)E
3 AXE FEATHH 3b). o= AT PR 7
STHAZ AR o]o] A7 848 5= A4
Moz 2o 21 7|skE BEstA vERd 5= 3
7] g2l 27t FEE 7 22 Ate] vt
Al AREETHWu and Lee, 1997; Fedorko et al., 2014).
QAN AR} WF=T w2 AE3] A
Aok SRR} T, kasolat At
228 vjeby AYE Az 24 Yol 4 42l A
A SR Polo] ok ) WAE 44 @
g ek o] A7 k] FARE atel
Sk ao] WA ARG Holshe A
a4 A0l 2H Het W 2AE S 4 AR
ol ¥ A YA YA E wEh BAdE 8ol
EHY 5 RPN HMFE FEE LV OB £
Aol k. webA 249d oS 8 1
HIE AAHBE HF=E 7t o 84 W
370 Aol A7 ste] W F - ARl YER T

3. 21 Y E9

Particles

(b) Triangulated grid for FEM

Fig. 3. Mesh grids over particles in the discrete element method (DEM) used to obtain spatial differentials of the
displacement field. Open and pink circles indicate DEM particles and nodes. At each node, strains are calculated.
(a) In the finite difference method (FDM), particle displacements are mapped to the nodes of the uniform rectangular
grid. According to the inverse distance weighting method, particle displacements around a node (e.g., a, b, ¢, and
d) are interpolated regarding their distances from the node (r1, 12, 3, and r4). (b) In the finite element method (FEM),
the centers of particles are overlapped with nodes. Three nodes connect to form a triangle-shaped element.



e BES o) 83 EET Gt SAlS 2kel vl HIAWBL EQ) uiZAE Bt Enls AR 2O
RS B9 AU AFSE WAL Gasith 1 o Aehgae] U S-S UehAcHY o). 19 4d
A 43S o) ue BRdetol VY 9 dets oAt AAAYB I Aol
Aol 74 A PHOR UFES ANSE  SINEW(TY 4f ~ 4) D FARAU(TY 4k -
e fqu Slt. webd B ATE SElst 4 40)S ARl AAREE MR B AukEel BEs

OlA

22+ v WY 2E EAIE A st 73 S| Aal|et Y|t E3 A a2t =259 HAE
—9—5\—‘:\5 9 {3 =S AMSSE] 13 HEE H| w3 HH En, En®] 790 ~ 20 Ato] Ex, En®] 7
O] A E ALt vlwstGleh 2y FAS 2 -4~ 4 ALo], Jo] 940 ~ 40 Ao, Tlg+=-100 ~
7] e XS Y52 W70, 1|22 ZAH 0 Atololl FYsHA SAETt 12| vz A o 3
< olFm 27 FHE7H (X, V)Y o ¥ ¥ FE (x, Il FE F HIEC] =2XodAe F Y

y)= 4 (8)oll wet A=t E4o we} sfas|et k2 FAFS Bk BS
AREShE AR S Bl En(3E 4f), Ex(3¥
x = +2 cos(nY) sin(r¥) +sin(m(n(X + 1))2) 4g), llp (19 4))E AT AS$- 13 A FAdollA vt

®) A gsle R B 99 BUT
#9] GRHALWS AAET ATHLY 4k, 4, 40)B

o Bt =9ick. o] wie) B7h2 SHA ek WA
RUAEY R FALEUS g 28 TA g agmg el saeanen ANEES 4
ol FRHABEAN, AHNARE, HH=S AL o et o129 Wy BL TR e AT )4
shAsiet Bl Wt HTHLY 4). FEAFEDMA o 5 2z 0] Folst Byl Rolx] 3o = W)

=21 T

y = =2 cos(nX) sin(nX) +sin(r(In(Y + 1))?)

23R Endt En2 22 XU YFA MBE  gapzol ystw= wrtsly] 93 sl diat <=
Sjujstny ofof figt shA ol A= 2 St F3y &l 9] AlEFH FAFZ2XHRoot Mean Square er-
PR dHT WYES B TH da, 4b). 1o o]51 RMS 23S T 10 AASIAT 15-E A

&) mlo

v I Diagonal parts of E Off-diagonal parts of E Physical interpretations
X E, E,, E,=E, J (volumetric strain) Il,.(distortion)
20 200 20 200| 20 40 20 40 0
a. — b. (3 d. e. ‘ -
15 15 15 15 15
150 50 20 »
- 10 o o f DL
Exact solutions |°* e %8 r o9 | o 0s ‘ F J
N 50 50 o0 20 20
05 osf 0s - s 8
i 5 00 05 10 1

FDM solutions |°
0

1. 00 05
s0 g
s 05 (- %0
00 0o - s 40 | 4 -40 100
20 §%5 5 4o o5 b 15 20 % 35
20 00 w© 0 o
m. n.
1s 1s
5.0 150 20 20 gl
10 10
0
i 0s 100 of os 00 | os o
FEM solutions :
. i 0
00
) 20 )
5 os] 05 L 05 20
oo — 4. -40 —

El Bl El o | Bl 100
10 05 0 05 10 15 20 40 05 00 05 10 15 20 0 05 0 05 10 15 20 -0 05 00 05 10 15 2 410 05 00 05 10 15 20

Fig. 4. Exact and numerical solutions of the finite strain tensor (E), volumetric strain (, and distortion (Ilz). The
diagonal parts of E are E|; and Ex. As E is symmetrical, the off-diagonal parts (Ei» and Es;) are identical. Volumetric
strain and distortion are calculated for physical interpretations such as volume change and deviatoric deformation;
(a) ~ (e) show exact solutions. (f) ~ (j) and (k) ~ (o) exhibit the corresponding FDM and FEM results, respectively.
The black dashed curves in the FDM solutions refer to the region with large error compared to the exact and FEM
solutions.
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93t BE RMS @30 2} 10°2 9 whe o
of &P ot FIHER ] B RMS 227} {3t
Sauchof 4 o &SIt 29 SelAe fEta
AW, GIIXEH O 2 AXKSHE;, By, Mgl gt RMS
oAE MY A o YEaL I E2E A6
o vl wate] AT RS A RS o
37) A Eo] 3 RMS o3} Bxo] FEHL F&

Z3AIN A Hoh= At (1™ 5d, Se, 5f). ©]
€ ARt o ARl A 71 upRut 3/ dof &
o AL FIRES sl AT Lo
A A9 gro= dilsh] qiez FgHn.
o FRtaaRe AA 0 FAdde dAE EH
Z Aot O = A4ttt olof wet En(2¥ Sh),
Exn(Z29 5i)0f thet frteame] o X Y EL 7t

Table 1. Root mean square errors (RMSEs) of numerically calculated strains relative to exact solutions.

E 11 E 12 E22 J HE' Average

FDM RMSE 0.00594 0.00169 0.00614 0.00976 0.04028 0.01276

FEM RMSE 0.00172 0.00055 0.00171 0.00357 0.00990 0.00349
Exact solution FDM RMSE FEM RMSE
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Fig. 5. Root-mean-square error (RMSE) distributions of E;;, E»,, and I calculated using the FDM and FEM and
compared to exact solutions. Panels (a) ~ (c) show exact solutions of strains, whereas (d) ~ (f) and (g) ~ (i) show
RMSE for the FDM and FEM, respectively. Most errors of FDM results are on the boundary which showed high
strains in the exact solutions. On the other hand, RMSEs of FEM results are concentrated on regions where the gra-
dients of strain in the exact solution are large. The overall RMSEs of FDM results are about four times higher than

those of FEM results in averages.
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Table 2. Discrete element model of fold-and-thrust belts model parameters.
Value .
Parameter - Unit
Wall Layer Microbeads
Density 1500 1540 kg/m’
Particle Damping ratio 0.4 0.4 0.4
Radius 3-10% ~ 610" 4-10*~4.5-10" m
Friction angle 10 34.1 10 Degree
Young’s modulus 0.3 0.2 0.1 MPa
Tensile strength 0 100 70 Pa
Contact Cohesion 0 100 70 Pa
Normal stiffness (contact) 0.3 0.2 0.1 MPa
Shear stiffness (contact) 0.6 0.4 0.2 MPa
Contact gap 3107 3107 1.510° m

Fixed wall

m

The number of particles : 17154
Lol The number of contacts : 36205
=== Contact bonds

Mobile wall

0.05 m<m 1.07 X 10° m/step

Fig. 6. Model setup for materials and boundary conditions of a two-dimensional (2D) sandbox for simulating
fold-and-thrust belts evolutions using the DEM, which has conditions similar to the analog model developed by
Schreurs et al. (2006). The dip angle is 0°, and the initial surface angle of the upper sand pile is 10°. The microbeads
layer, which is embedded between layers of quartz sand, represents décollement which promotes significant de-
formation due to its distinct properties (e.g., density, frlctlonal angle, and Young's modulus). The compressional
rate applied on the right sidewall is 1.07 x 10” x m-time- -step ', which is sufficiently slow for maintaining a quasi-static
state. The black box shows the distributions of contact bonds (see red bars) between adjacent particles.
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Fig. 7. Results of shortening experiment conducted using DEM. (a) ~ (e) Time evolution steps of the fold-and-thrust
belts model, with increasing total displacement from 2 cm to 10 cm. A pop-up structure is shown in (a); (b) ~ (e)
after 4 cm convergence, the successive forward thrusts develop in sequence, forming an imbricate thrust system.
(f) ~ (j) States of the contact map at time steps equivalent to (a) ~ (e). The red and blue regions denote the areas
where particles are in contact and separated, respectively. The area pervasive with separated particles represents
faults, backthrusts comprising paired pop-up structures with forward thrusts clearly appear.
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Fig. 8. Analysis of the DEM results compared to previous analog (Schreurs ef al., 2006) and numerical (Buiter et
al., 2006) studies. Geometric results (i.e., surface angle, spacing between two near-thrusts, and the number of thrusts)
are measured at the time-steps with the same displacements from 2 to 10 cm (red circles). (a) Blue and purple bands
denote the surface angles for the analog and numerical models, respectively. The top inset schematically describes
the measurement of a surface slope. (b) Light green and green bands indicate the spacing between two near-thrusts
in the analog and numerical models, respectively. The center inset represents the determination of the space. (c)
The numbers of thrusts for the analog and numerical experiments are shown in the yellow and red bands, respectively.
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Fig. 9. Comparison between the strain distribution calculated using the FDM and FEM. Diagonal parts of the finite
strain tensor are shown in (a) ~ (d). Panels (a) and (c) show the FDM results, whereas (b) and (d) show the FEM
results. Panels (e) and (f) indicate the non-diagonal parts attained from the FDM and FEM, respectively. (g) represents
volumetric strain of the FDM and (h) display that of the FEM. The amount of distortion, the second invariants of
the deviatoric finite strain tensor, was also calculated by the FDM and FEM, which are displayed in (i) and (j),

respectively.
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