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Study on formation of kink folds through boundary

element method
Liang, Yu-Sheng

ABSTRACT

The features of kink folds are sharp hinges and straight asymmetric limbs; a
shorter limb, which is called kink band, connects two longer limbs. Strongly
foliated rocks like slates, schists, phyllites, and thin-bedded sedimentary rocks,
commonly display kink folds. The properties of kink folds resemble flexural slip
folds, but the slip between the layers is highly localized within shorter limbs,
also known as kink bands. | use boundary element method to develop multilayer
models, consisting of interface-slip in an elastic medium with possibly different
parameters on interfaces of adjacent layers. The results show that the properties
of interfaces (i.e., cohesion and friction) and initial differential stress play
important roles in finite forms of folds. | find out that a multilayer with
stand-alone friction on its interfaces cannot produce kink folds; and the lower
limit of stand-alone cohesion divided by Young’s modulus ranges from 0.004 to
0.005. Friction can produce kink folds if the ratio of the vertical initial remote
stress to horizontal initial remote stress (initial differential stress) is larger than
0.2, under the condition that the compression parallel to the interface, and equals
to 0.75 when compression incline to the interface at 1° without cohesion by

friction angle from 13° to 38°. Considering the relation of three parameters,
lower friction and cohesion can produce kink folds if the ratio of the initial
differential stress is larger by friction angle is less than 35°; kink folds replace
the parts of original complex folds if the ratio of the initial differential stress is

larger by friction angle is greater than 35°.



The results of this study are attain from models under the shortening of

35.9% with an incremental far-field strain of 0.02 for multilayer models of 16
interfaces.

Key words: kink fold, kink band, coulomb friction criterion, folding, cohesive

strength, frictional strength, boundary element method.
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Bigerf sk o skl ITeins > fE 5 &394 (kinkband) 0 4§ # & #
3 P At 2 AR i SR 3T oo > 4o & 3245 A (joint-drag,
Flinn 1952 )~ « & #7 #.( chevron fold, De Sitter 1956 )~knick-zone (Kleinsmiede,
1960; Zandvliet, 1960)fr & 4747 # (kink fold, Turner and Weiss 1963 ) - d p*
Favo B N EITATE L AL > B2 I o BT F S
37 H & A ITAT BT 2 S 34T B - Dewey (1965)F Fr - 47 82 & 3TAT I
TETTRABRINEITH ~ 5 5 EITWHE AP TEE B 139757 o

Fle o g BRERT] - éljlﬁfﬁr”/éﬁbmv PP EITF ARG i R R

FEHEITHEZHES R SITFrEITB OB RE  FHF oA
WHlEE o XD E TR FehM L o KESITES P F Tty it
B B PeEE T E A5 2 8 4] eI 35 45 34 (Ghosh, 1968; Honea and Johnson, 1976;
Paterson and Weiss, 1966) » & (7 £ 474 H B LA T M @ { © 2 F FEL &
LYo AERAL ST IREE FH%EE EFFRNBEGTH A {rKE

Bt - = 304 Gt e
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BRA 2w d T EFEG e e HALITATE -
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Srom 0 B b gde (screws) dR AR K R EEE 0 RAFE B AP e A A2
FH Rl R R AT K BB 0 F) A AR EERT 0 d STIp 1ol (poisson's
effect) > @ 48 & ] o W& > RIw %24 7 0k AF R B R 0k > 77 7 35 S A
R o B 26(A) 5 A B E G OB R PHEI AR SRS B APET R
Rl 2 & Rk ehip AT B 2.6(B) 5 e fra = S - SR
o B G A 5 REORT S BB A BT AT o B
26(A)(B)? A F AR TG RREFEFHCHRLE @+ LR DR
FIECE A FHBEE 2 FERA e R R RS 0 @A) i
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Ghosh (1968) 1| * &k 4 &2 i $k 5 + B/ & cnif {x 3a fp & chif & > 1 M4F
BagrBR7 - 2 nA7 Fadlbd B v IE R RSB L S % F] -
F % % % & o & Honea and Johnson (1976):h@ Sk 4p e > 47478 ¢ 4
B EFL Y o B RANT TR EET SRR M A B

22 EFITAWBESF N4
Anderson (1964) ~ & $ I bR Il enEdTH P 2R R T 5 /D
I+

N —m\k\

o WA 2 EITRBE £ N B g > X |+ F (dextral shearing

N

N‘m‘;

mAGR L H B EITHE F 2 AR A AT B X3 2
(sinistral shearing) > 4@ 2.7 - B ® m & =5 28R ALK > L R 4
7 H AR o SRS - A A AT (drag fold) #72)= eh shAp E o @
% Reches and Johnson (1976) 7§ %% © » ¥ Sz Anderson 774 8L o

Paterson and Weiss (1966) *£ 1 1% + tc g5 vt S e oh > B N & 4T
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AE O XTERB ST ERMRERF D AERE LS TP A X AR
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Verbeek (1978) #-=v A ¥ E 347 E A4 0 o R R IR T A 50 s R
YA A 5 T 8 4w B 603 (Migration model )~ g g 3¢ #5034 ( Rotation
model ) ~ & 32 3 % -7 (Joint drag model ) ~ & % % #-7] ( Simple shear zone
model ) fv/& % ¥ #-2] (Strain band model ) - B 2.9 #777 » & B % ¥ #4 &
EGE PHEANLE S LB e 0 o 2BE TP RR Y LT
B E - AECAIAI S > om T B oS fA A BORR L EAR S
A4 o

B 3 #7) (Migration model ) #g 12> Paterson and Weiss (1966) =14

23] BATATEARA - B - G Bdee 3 RIFRE 0 o B &R T
FRT EFTR PRI R > doB 29(1) 0 A AE B R ERT a2 f
- B RIFERE

* 4% 3% #-73] ( Rotation model, Clifford 1968; Donath 1968a,b ) 4] 2.9(2) -
Bk %444 )TM}%‘ - HETEREERRDETF 0 4 ﬁ*‘uiﬁ“ &I
%‘?-El’ﬁ - HEfRe 0 FREITH ¢ O S AR\ e S PR
PR L EBREITFPN AR DN L 6 LI BRAEAEY BB D
90° » @ AFTH P PMEA > FlE A AT L MR K e ol 0 3 e mR
AR ST B MR FIORER S0 B D] S E 007 0 A (8 B € iR pHRT
o IR AL FltanbrR b > R B RAERRL Lo E3 L WM
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FRRE R EITF o R EFSEA P IS FRRE XXy WF T
MR R A EAR o

g 12 45 » 27 (Joint drag model, Flinn 1952; Knill 1952; Dewey 1965 )

BRETFYEF ALTREELR » F P WA B 4 RBEEREEA G T

Pl oo SRR A3T0 B AITH N PR K G LRy fE 0 2P BT

70 E R R A 4 (F12.9.3)) 0 B HEAIE 3 a2 2Bk
P AIVAL AN LA IR e 2 AR T H R E

A I LR

H 9 ¥ #3] (Simple shear zone model ) ¥4 Deway 3% 1 e 48 B &

LV
—I
k=1
|~

A RS SRR e ST E R R 4 AN o

BE B FE o LWL ) PR SO E S kG

BT P AR G IR R R 0 2 T gt ANk o SR
At AR < S F T ARG ATH G BITR

&% % #273) (Strain band model) 7= d Deway # 21e d 3 i B IR AT
RS RIEIY B LR e gl (3% ) RS AR
FEECFFTRIDETAL > BRERLIAITFI M AL P THETF P
TERE o oh e BREC) DR EREE T B S 0 Tt S KT M ARRST
SUNRIE A I SR 2T U A L i

Stewart and Alvarez (1991) ~ #-% 3747 H 9 B R A7 F > s
ME AR PRI 0 - £ A e AR Rl (K475 ) 5
HE AT HE o A2 ETHETE G BT AR RIR > 4B 210 217 0 &
L i ¥ # el £4715 % (Mobile-hinge kinking ) ~ ¥ # % % & TBATHEH T

( Mobile-hinge chervon folding ) ~ & #f% 2 & 471 * (Fixed-hinge kinking )
e H Tiwe X TEATHE (T (Fixed-hinge chervon folding ) » = ® - #§ % »

i BT AL FFRBRE BT L S E A IATRA S 2



4 ok 218 ¢ 7 # 4Rk £ 3715 % (Mobile-hinge kinking # 2.10(a) )
g2 orde ) enB #8103 (Migration model - B 2.9(1)) 4pk 0 B fRle 2
BEnpEg $r34e 0 a2 - B RAFEARE o TR iR X TEATE T
( Mobile-hinge chervon folding > B8] 2.10(b) ) A& % & £ &£47% 4p:8 2 2 &
PF o R B e ) X TRATE > b #03) 41t Paterson and Weiss (1966) © #
TR 4718 % (Fixed-hinge kinking > B 2.10(c) ) B2 Verbeek =73 e
;' #3] (Rotation model > B 2.9(2)) 4p e > ¥ $#3 HTehfrle > %4
B (o) EITFPHBEHET a2 B F o~ f hALH 4
SRR AR X € BB D o B TR X TEAT 1T * (Fixed-hinge chervon folding -
Bl 2.10(d)) @Awm g T @AY A AR 0 BBE F Fl iR 0 R iR
BORIE K ARG Y Bk R R AR 0 R AR ITTRED
FRERTET H A Tig g -

Twiss and Moores (1992) A 3@ Jt 846 4430 £ 3747 H) = foif 1 i 42 4%
MEnBiE o AeB 211577 o B A AR L F gt (TEITFF
BEEBRE) s B 211A)B)E4Te 57w hat i L3 A4
FER - £F N E kG B E (RARYT ) B 211A)Y £37F T
W Nk s AR B ARIE G 2 Bk El B 211B)R k&
o8 AR K G 2B %k B AR T &394 BR e £ o ] 2.11(C)
D) EFFETRLEEITG 2 2 B EAD T L H 0 B 2.11(C)
BTk G SRGEERY  PEFT RS w e as EidTe o X THERE
FHAPZAFTERR S 0 BB IRS S B 211D) R #-EITF N hE K 4
B Sl ARG i A R E G I § S T RIS chT
FIPFE L, ZH NV €23 ERME - AEITH TR F LD
ToBEERGEH A B
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- sq\

R A R IRERET Y Z RS el 6 R S K
#a 3t o Kirschner and Teixell (1996)z% % 3 2] 5% ¢ cn& 347 S o I 72 4 T 6
Ay » 22T o BB AR TR NETHEZ 2
B0 0 bom 212

FHHFLITH 0 L& P OL RRRRIDEITTER S o p 20
I EEF 2T T RIS T 2R o rEFE R F AT T
B TR S ERL S THRE (B R A ¥ THEEFEE )

Flut B B o4t ol R 2 Sl B R AL T
OB REITATBOT R BT 28 TR TRIBERT L4712 7 &
s ﬁaé‘» 4 %‘f/}*fr—% PEIRIPE e 75 H B M o

Camerlo and Benson (2006) ## % & & # #*/% Kk % Perdido #7#.F -3k
AE 4 (2010)4-7 B R A2 T FRACER - BRRI G HfEFe
- R AALERR G R A R ERETR k2 o st AT S4T0 R
o TR EITATBE R AR %Tﬁr‘é P et Frig i > w525 1§
BE® o B ET b TG ER > U B R B b o~ ST
ﬁﬁﬁﬁ@%%%ﬁﬁﬁ%ﬁ%@%ﬁ%&%%%*%°

23 HE#HI LS Foir

RSB AR AR AHE A S hE kA AguE
B4 RS FE 4 § 445 - Pfaff and Johnson (1989)4c A 7% 4)

S g TR PR W E o | AN N E RN g
ﬁﬁi*?ﬁ%$ﬁ4§9ﬁ’ﬁﬁ%@ﬁ%$@+¢\ﬁig‘ﬁ@@
DA 2 0 A SIS R DR o HOR B R AT 0 S AR £
FIRGEF PG DT > FHEEZFSFHBEFET A ST
o ﬁ‘%%"dﬁ/é] sk 14 (resistance of slip) — & pF > Bl g A @f v + 1%
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i RATHE G FEBREF I b (RFEF - ) B g EE e 2
A EITAR S TR E AL -

4 EHANA 2T 36 0 I AL RRAMRPFETRE Fwo §
m‘%‘? (Frehner and Schmalholz, 2006; Pimenta et al., 2009; Vogler and
Kyriakides, 2001; Wadee and Edmunds, 2005; Wadee et al., 2011) 1/ i& 3§ %2 4
i A#AFEIAE FEE A7 0 4 B oira R TR ey
o E@Ee X4 A el A LB RATHA R 24 F
WAl BEE o N T S R R BBl s R A 2 B
(stiffness )~ BRI et 4 e a2 B2 & BT HA 2 B 88 2 Sk
R enfd il o

PEATY T - SR A R 0 RR R DR o S
% #c (Young’s modulus ) ~ ¥ # fic#ic (Shear modulus) % ## 4 & S#ic - 7]
MAFTEMNAFHS FAR FR AR RETTE - F I 4 F
APTFEHEITITRAS R RZIFAT RS > T URP A A2 4 i iE 2k

-

o

o

S
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% 21 EITAEA B4 5 ~ %54 - (Stewart and Alvarez, 1991)

Folding

mechanism
Deformation Maobile-hinge Mobile-hinge Fixed-hinge Fixed-hinge
Feature kinking chevron folding kinking chevron folding
Sheared incompetent Present only Present on both Present only Present on both
layers inside kink band fold limbs inside kind band fold limbs
Volume change Possible* Possible* Yest No
inside kink band
Structures inside kink Yesi Yest No No
band produced by

fold-hinge migration

*Mobile-hinge kinks may contain evidence of dilation within the kink band if the hinge zones were dilated during
hinge migration.

tVolume change may disappear in final stage of kinking.

i Development of structures depends on the amount of strain in the migrating hinge zones (see text for a discussion of
the types of structures).
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| | /

B 21 % aT&HEskEdTS 7 B - (Anderson, 1964)

Bl 22 A3 ERSCREFfcl A w4 FE47F ) ¢h2 B - g #ic? BF
BgehhR > F7ER aff2 bR FAI* 2 & ST BT
RO EFEG BRRL ook Ao B AR EE WA i

Lk BE AITH L Rl WA 2 B end & o (Anderson,

1964)
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B 2.3 A3TAEA A pE T 5 BRI G i A, 2 eh % 4 o (Anderson, 1964)

Bl 24 BURZ ELGH 2RES 2 & 4§ 4
drEal o e R 12% AFF EE 2R o (D)EF AR e RanE o 5

ERI3% 0 A hAITF LR o () BHMERLS SRS 2 %

210 F > o 2 E R EITH ‘ﬂ‘”ﬁ”f’.f&f 19% - (Paterson and Weiss,
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SCrews

plexiglass box platen

/\/
E |- Outside
> 4 frame

N |2 multilayer

SCrews

J/l Ci//aps/é/e [_
meta/ bar

B 2.5 Honeaand Johnson (1976)* (*9 % 2. F % B+ 7 = B °

&
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B 2.6 Honeaand Johnson(1976) =5 sk % B = Bl  (A)& & & 3 EF R HB A - (B)Ed BBz 45k -
(Honea and Johnson, 1976)
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. .

Bl 27 HEALHFRELT R TAR B Ee i3 e Lird A

w4p K o (Davis et al., 2011)
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h A
Partial rotation and incipient
dilation of intrakink laminae

A
ﬁ Nucleation of kink band (a=83)

g "

B
. X ) Maximum dilation at
Outward migration of kink band B=90°
| boundaries (a=f3)

Cc

. . . c
Continued expansion of kink Dilation decreases to O at

band by lengthening of a=4. Laminae in contact;

kinked limb (a=83) structure “locked"

1. Migration model 2. Rotation model

A
\ Laminae broken and
displaced along kink
band boundary.

.
.
1
.
'
| )
.
Ll
'
.
'
|
.
|
|
.
'
.
[ ]
.

N ' \{//\\\ \
B i —\_\//L \
Rotation of kinked limb * A >

accompanied by slip : e
on laminae within . 8
kink band. ' \\
'
.
i \
; \
.
.
' 0
.
'
§ 1
L]
. |
'
[ }
'
.

5 Rotation of kinked fimb effected by
X continuous simple shear parallel to
— S'T B kink band boundaries. W constant;
A L varies and is minimum at 8=90°.
o N No slip on laminae; laminae serve
N S only as strain markers during
A deformation.

!
\
\

D

3. Jointdrag model

4. Simple shear zone model
B 2.9 Verbeek(1978)#+#& 1@ I L4734 B3 B HA] o (12 = p Verbeek,
1978)
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stiff
layer

weak
layer

kinked early

'.E unkinked —
A
o

fiducial marks offset Hinked lter kinked early and

by slip inside kink band rekinked later

_J@—

no volume change
inside kink band

(a) (b)
Mob_ile-hinge Mobile-hinge
kinking chervon folding
volume increase inter-layer slip equal
in early stages
extra (/olumelost
in later stages
(©) (d)
Fixe_d-hinge Fixed-hinge
kinking chervon folding

Bl 2.10 Stewartand Alvarez (1991)*7 & 32 1 474 %2 BHA] - (12
¢z p Stewart and Alvarez, 1991; & % £ > 2010)
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\ﬂ — X
1
\ gy e W
BT w |
X
X —ti
e O
\
3 4
\\
[ \ —
\\
v \
\3
\ \ \ \
c % A% D N 3
\ \ & 5 \
\ \ \ \
AN X

Bl 2.11 Twiss and Moores (1992) #1324 & 374 %2038 18 7] o
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coaxial, plane strain

coaxial, non-plane strain

Bl 212 EH3T4TH

PTG R RGP R EITEAET -

_—

e L RICEER SRR S Y X T

(Kirschner and Teixell,
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¥=2F FLrEEZRRE

Ay R A E BcE i 2 (boundary element numerical method )
B & 4TATH 0 #ri * afe 2 ek p § 2 I 21 0eag 4 (2010) 4 ET A 2 ¢ A
BT AR RO U R B PR AR E A AR
P pRFoFAER AR ETHAE G A 2 1 (discretized) # g TR
FiE P BRA AT A D .

i\fzﬂ*{%gsl >z 4R (full space) e A ~ & #:3] ¢ $r G R
Wiz 4 FA5 A (multilayer) > B EITAEL M T 4 AT ) 2 5 2 Rl
BliA R A KA 2 AR iE2ony) e 2 &7 Wl 4 F (medium)
Toew g N g W BAT R R A R R B g o

Ghosh (1968) 7 Sk ek 3K 282 AP B2 K TAp o — 3B FTHE A 3

Pd G Ak Sk Am o AFY ME %]mm'jﬁr}“‘%?ﬁ% Wi E R
AEY a7 (dlscontmumes) R ST Pl o P

FREZGYG 2L 3B A A oV FAok e~ FEG 2 FE
R AL AN SO T SR Rl LA \é*ﬂ\ﬁi@%‘ﬂﬂ%ﬁ o
Bt EATE 2 AP P () B 272 F £ a2y

°&&ﬂ*ﬁW%ﬁﬁﬁ*%ﬁ%%&%é?ﬁﬁﬁﬂ@ﬂ’Mﬁ$%
ARG - A AT § ITABFARBDTF] S o 7 M FAEE X 4R
MR A AT AR R A B ;ﬁﬂ@ B2 3% ] (Coulomb friction criterion ) »
4o 320 m|t|<po,+Co FENP TE T R4 (shearstress) o pu s B
s (coefficient of friction) » oy, & & v 5+ (B2 &) 2 C 3 R4
(cohesion) » % |t =po, +C> Y FETri 4% & o + ehd 4 33 & (shear

strength ) o
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R EALY o FMOEE A TREL - T ARG 2 e R SER Y
B2 E (increment) > ® ko 3 - A4k )0 £ B o X
514 (sheartraction) Az 115 4 s R pF > Ko ApS FA A & > 4]
22) SRR %\5?&%@%}%@&14 o F o 5ok I FART TR

Ao Bt ERT o BT RIS TER K G oo

- /
IR &

hAEY ’%ﬁ“ﬁ BR A F 2 A EREMEEH (linear elastic theory ) »
Bk beAg kot E b B g R ﬁ)@é?é (far-field compressive strain) = #1i%
] )0 RIF A S SRR T N U S 87 o A R
WHEARY 0 F RS DR FEEREH ey s 002 8 (] 2002 %
i%ﬁﬁﬁﬂ%??@%:i%%o*w%Aﬂ B S HAIE

RS EEH E TR R X AR (BTN T R
K2 £3 o 2@l 1 002 e ® &0 et~ > 2 %0
sty > HERRRER FELf2 o £ 4% Crouch and Starfield
(1983)#73¢ B eri= 45 2 s % (displacement discontinuity method ) #-%& & »
= fv (discretized ) » %‘gﬁbéﬁ/é; mgsd ¥ ELagE~L% (element) #
RO AL ZHRESFRPEFERNBA ST, PERTGE A F A
B2l 24 &1 vEETTKTFLCZ S o Bl d 3
AFRIER BFLFEEBAFaS 4 ke R
omma%aﬁmﬁ%g,gm@ajéﬁ FHETE G AP B R

2A2n T RIBFHE -

\\ N
F_L
=

=
—h
—

s

3.2 B2 %Ry

TR e ST ACAE X L ok
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A WS EEAEY 0 B T2 PN G E 5 10GPa frip >

03 025> iEd BHF ST §BFLITWRDT S > Jedof B 4 4]
Pl de BB R R R R T A T TR R4
FRE A EEEF AR ES ol BT AR RS EITNE O &
P PR Sl R AR AR R S AP Y AR Y
R Rl R DR e Fe kR I KR ) oL b R S CR A SRS

TP LB 5 002 kT RGERe, > P RREAN N HFEE
o BEETRY O~ BART AR L TR ERDLT > R
B2 kT dEEE f 35.9% 0 3 G2 B HOR T RAEER L 1S % o
He 1% 280 (1= (e2)ster) X 100% =528 » Nggp 5 536 N 0 B Hk T

R 5 = e

*ﬂﬂ

321 4+ BigRaREFiskL L1

PR ERERER LR AR SR LR LR R R 4o
B 3.2(A)2(B) - tehd 1% T o FAZES BAFA R T2 od RIE TV 4P
Hipd o BREA S 4 ¢ ik e AT (flexural folding) #g 02 -
iy doihishk BRARFZEAa =28 ROk RZEFE - B
32(A)(B)Y » VP AT dzk 2 2 A F 2 BAWEIRIGFADT R 4 F
% (B 3.2(B)) v idm 15 E 47 8 B £ cnig B o vt 48R3k (] 3.2(A))
PP RERF S o gt b o BRI 32(B)2 4 FAFR K L A4 (Fpd fd )
AR S CEE R Py TP g

322 k& ¥k (n)

AEAARZRGENKTIELZANLSEP CHEERPRFZA G
WSE A FHERERTRZ Aok E A REEERAFF
BOBCE D 0 K G B S A pdo] 0 REERES P NRETR R
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AR S RSN ELEREN L G k) ET 6 AR
WA o AT IR RA G Bl R - FAT AR dei TR G o,
5160 )4 BAgk plats = 15 & - B 3.2(B)22(C)*r7 » fd @ Siif 2
Ik cfmT > Wk oz 5% > T 53k & 5 16 (H3.2(B))
Hixgirtgi 8 &k v~ (B 32(C)) 52824 -

TRAEFAEIR LR LR (B33) B4 Bk L5 R FT M
PR R BB R Ko gAS S o RIE R B RAR O BY BT ATEAR G
"R B A Rk o d B 34(A)Y FHERAK G Ben | 15 R
RIGERIH 0 F ke Hn s 150 B TiodRigidiedadrtgn5 B 0 & 5 Bk
BFH A RIFRARE kAT P FAE kN < S 216K
RBS I e 4 AT 2 E R A e )2 R 0 0.02 B 5K
EE - ZHERERBT L FRE G ALSfehid A n @TFARES
eI G R SRR TR LR SR AR E R
SRR I

o W BAA)TE T N T e sE R PR 6 BT AT IR IE R
EhogoBon 116 K L A% e E L 10%Fr 20%H AP IR TR A B L 4
.v‘:fé. % 35.9% (rE 4 5 @ATHiRtgHE 0

:"sﬂ

YR 1.25 B e 2 B > @ 45
Baﬁ‘ggﬁ/ Z‘Wﬁr]/ﬂ—V%IL ’ rﬂll’l" ﬂ\ﬁﬁi F’ —T@ J\_j:éf E.E‘f‘-:l-

35.9% -

3.2.3 A#% A (frictional strength)

Honea and Johnson (1976) 1% & R 5 & B § & IR AF K 7 e d S
VAR B R € BRSO R e 2 BB AR RS
PP SR e g2 - o Ao 2 BERGRE Y M BRE Gy B R
bR EToBEGHEUT IS NES < FEES fant @ 7mFf = uN>
M BEELQP AT D frh A FREI L4 RREEB I N k> ¥ B
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il B S R Al 7 Ttang = u——’ﬁr@ 35974 T o A
FrP o Bt Btk i s @ o 2 BEEBAE - &a 3 BEGik
AL W BERE A5 5 g Bt s edR BT ARSRFY > H E < 3t 1 gt iR
FAEEA LR Lo
Byerlee (1978) fass 5 1A s 2 6 ch¥ jov 20 L B R 7

(intactrock) T4 52 R 272 FRIER (v B4 ) TeF k% » #&H (7
B2 > 4B 3.6 fc® 3.7 71 o &t w4 #| (0,7 > 50b(® - bars) -
Bl 3.6)cfiiw? »F o KEE TP BRERELST R L 127033102 F >
HRFFF g F AL R 2 e ek (roughness) R % o d
ST B et R o G AR H R T L B A Y <
B bl s B¢ (0,500 1kb> B 3.7) chiFind > 2 o
PR R RS S DREERE PR 0 BEREKSL TR D
ABF A > X T - w2 21 =0850,0 ks KI5t P
#BI1kb (F7) B (R38) EwiFsmalyy »r®i > @ 4855
T=054+060,> 7 ;$F? chFHIFA AL L L ALK R (cohesive
strength ) (T 2> FELXAN I FRRT - Hiw bt 2T 4 2
M (54 %R ) %0, <2kbpf: 21=0.850,; % 2kb < g, < 20kbP* -
H2aVP51=05+0.60, > d Byerlee #1{8 F|eno V22 B g g pld 5

TR ARAEFREELT PORIRERT > HBEERGEuS FRAN L06
1085 2 4 BB E Q30 5] 407« AP 2 £ AT
MR G F RO EY A de F R e g 0 &R KR A
PSR s ip BRI L DR AR TR E A

Kulhawy (1975)% G4 ¥ 2 A A F i 4 R REFFE > BT 4 R 4P

o

H

Mgl (Bt @B ) B2 F 2N (£31) w4y diEn
AR R B (0 1507 476° 1 B A A R B R 42 753
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RS (BERA) SWEARIM G 4Bl 3.9 977 © g 5
N ¢ 16 % 2igeR & 35.9%: T o d WAL P2 L8 Harait
jd G I S R R RS G P BTG AT o B B
AR B A (TIRT DR G ) PR ERAR] > LTS T R
&@%i&@+ﬁﬁﬁi’ﬁéﬁﬁﬂﬁﬁﬁﬁﬁﬁ@JQEEiﬁ@’

B

3.24 &% B (cohesive strength)

§ b -l W A BERGlou b0 et N2EoA RS fant @
LA N o 12Nl L) On B RS Tt B lf)]'}{qr-r G 'Egj\.ﬁ'/,,gl‘"ﬁ
R R ATIR o

FH4 % e BAEG Lo o oyt A PR A
PICEL SRR £ R L o SVAML R =R R ER BT
s sR A @ ¥ RS H mhagrt (pascals: Pa=N/m?) &2 = (bars
b) kz &z »10°ta2r+ 301 o A AR I Y > BES kP Ba

B4R ok 2 B endE T 4% (electrostatic bonds) - £ 7 & R A fjf‘uﬁr}’ﬁ

A&
=R
e
An
gt
e
&
14
N
N %

% :%%@ﬁ%gaw%’ﬁgaﬁwﬂ%%ﬁﬁéﬁ
BEANTEER O BRREL G EFRNE R L E L FERG B £ F KT

AiEr A K e - A BERAPESTIEE
PR IGEERAR o FEREES L5 A8 (KPa) #FEEA RIE
g ta (MPa) ¥4 5+ - Lundborg (1966)#;1 - R BEREETEEA 510
#1100 MPa > @ Johnson (1970)45 & 2 £ 2. 1§ = fidkeg 5 10GPa > & fx
& (C/IE) ¥% 0001 7/ 0012 ¥ - 2775 ¢ 4k TRES RERAE) =

B R R A B R et B3R T R 58 R & F]=t £ (Dimensionless



quantity) > 12 T 2335 % 2 CIE % 71 5 85 & 0=+ | o Kulhawy (1975)~ 4-%F
%ﬁ%%ﬁﬁ4ﬁ&ﬁﬁﬁﬂ%ﬂ%%ﬁiﬁKJ&ﬁ*ﬁ%’%@’%
23197 @ R AN R B L EERG PR T L 2 THRE
4 Ch Bl i d57MPa X a¥cE »~ %5 470GPa> #i & (C/E) %

> 0.01-

WAl R o Ko vl S R REERN D T Spop, +C 0 d
SRV Rk T4 RR rhz A IEE L BEGEy (Bip) 1R
4 anﬂfr}}i%‘c‘ C-RBl3107 Al » ko kifr 575 B (BEL:
el b gt R 4 q*ﬁiﬁ“/é] Tk

AR RS X BRI R A A SRR T EA R o & R
AR RGBT A S R RAPIT 0 A A BATHA e o #-0.02 g -

o
¥
E\.?\f\_
el
-
;;f
(‘H}
_@
/\ -

KT R RRH R 1% 07 = ef—p® & x ES 100 N/m2feo 5 0.25
EHEEIRS & B % 952133 x 108 N/m2(Pa=N/m’) > it %%
KT miE kT e AT RS 'L’»ﬁﬁf%)%;& CER B I e A S
SORT G LA 45T B kS T4 93 L5KD o s st R Y BT 1KD
(100MPa)» + oLk % § 3% € = (R4 #4) < il & (CIE))
A 00LPF - K G S TR AP AR R AT
B 4§00 i PRGURS ]

325 A4p4 2 (RY)

A 2V T AT Gk G st (o) BAvhedE o k4
(o57)2 B et @ hhFr g ¢ MRS FL2 @ ot B e 05| 12 /F
o2 oA dpEE b Bl B0 R 5 R BN T F Y 0 R AT
L3 o B R T
T - e RATE B X QHIFERRE 0 A LATHT B
AR o b ¥ - LB SRR R

i“?%
=i
F_&
—
4
#
?@
Ly
g
Y
/d}
hn
&
Ny
oy
b
X
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5

i A v T TR BB A G ke E 4 0 RS b AT

/

{5’,\"

TS S ST 4 B BRI o hE
TR ERRA R R FURRA R A T e B 6
et BH R P

Fads et 2 [ 1 (RI<1) > W31l %7 » R FA»T &7

LR AR TS %) R G I B O SR I N (- S IR 2T

Bomoendi 4 RpE s S gMERT R4 2 e o FRIZBITLIA XA
g% o AR Lenn il g PR H Ak FFRme
dOERSD AT B AR EER O Aok

5
B ke dndd 4 bR A R KT BT kG s
%@*1$i9§’*éwﬁ’ﬁ%&i%jﬁw4g%¢o@&:%
}é’:?ﬁfr’iﬁfjj—ﬁf@ij\géc(bbfﬁf )F&,ml__é] Lk
S 2 T o S L S b B SRR 1S R
Bl 312 Bl 244 M4 2w (RY) 7 2 £ 8 > R B 3.10 2 47847
g2 AFH FR AR > L aodpin o RH RFECG oo B 312 7 B

FROASA 0 S EF LD e A o A RT R R R
E AR AR B 2T RRAL R A RSB EAS ] RATRT
357

R &I e d 0T BRI AL E e et AP R AT

%
£ 5107 &3 FeRYP AR RNV RP A o d B LB e TG
H
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% 31

LREF SRR~ B d B S ik o i 22 p Kulhawy (1975) -

A¥= 4 ¢ (Degrees) #E A4 C(MPa) 1 ~ 2 #c E (GPa)
yK A
Bt E | B e | FHE | B E | R E | THE | ASE | A E | THE
e R 56.0 | 23.8 | 456 |176.0| 16,5 | 56.1 | 994 7.8 56.6
a2 476 | 150 | 273 | 70.3 | 148 | 45.7 | 81.7 5.9 47.0
2t 1d 4k
! fﬂ'}# 60.0 | 25.3 | 36.6 | 70.6 0.0 229 | 88.4 | 359 | 59.6
REF
SR
‘i”;;%’ 55.5 1.5 29.2 | 73.1 0.0 31.7 | 39.2 5.0 19.3
P 61.0 7.0 35.9 | 96.0 0.0 26.3 | 90.0 4.6 47.0
LEE
s T 32.0 34.5 43.4
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0.6Lq

0.4Lq

0.2Lqg

0_ 1 1 1 J
0.8Lo 0.6Lo 0.4Lo 0.2Lo 0.2Lo 0.4Lo 0.6Lo 0.8Lo

0
A. % B 1% %.‘: n.=16

0.6Lo

0.4Lqr

0.2Lo

0.8Lo 0.6Lo 0.4Lo 0.2Lo 0  0.2Lo 0.4Lo 0.6Lo 0.8Lo
B.hE&#AE(EMRI) n=16

0.4Lq

1

0.2Lq

0.8Lo 0.6Lo 0.4Lo 0.2Lo 0 0.2Lo 0.4Lo 0.6Lo 0.8Lo
C.HE#HRR(&MRH) n=8

® 3.2 é] ﬁinl ¥4 %‘ﬂ; é] "%Z'ﬁtf"ﬂ;wu _;,F, R T B e "ﬁ—"fé_
=35.9% c mrEfLih A B o b BEG#S0o
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0.4La

0.2La

1 1 1

0.8Lo

0.6Lq

0.4Lqg

0.2Lqr

ot

0.6Lo 0.4Lo 0.2Lo 0 0.2Lo 0.4Lo 0.6Lo

A.Ni=2

1 1 1 1 1

0.8Lo

0.8Lo

0.6Lo 0.4Lo 0.2Lo 0 0.2Lo 0.4Lo 0.6Lo

C. ni=8

B 3.3 {EARA A G BN 3 EARET RS

0.8Lo
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0.6Lqg

0.4Lqa —_—
W
0.2Lq
W
0_ 1 1 1 J
0.8Lo 0.6Lo 0.4Lo 0.2Lo 0  0.2Lo 0.4Lo 0.6Lo 0.8Lo
B. n.i=4
0.6Lq-
0.4Lq W
0- 1 1 1 1 1 J
0.8Lo 0.6Lo 0.4Lo 0.2Lo 0  0.2Lo 0.4Lo 0.6Lo 0.8Lo
D. ni=16
2. 2% E 1 B °§Fﬁfflle_=35.9%°
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MAXIMUM  FRICTION

60~  EXPLANATION
SYMBOL REFERENGE ROGK TYPE
. i Igneous , Melamorphic a
- - 14 Gronite , Gabbro °
+ 20 Quariz Monzonite jeints
- [ Sedimentary
50
410
7]
o
=
z
[
w 30
(78]
L
o
—
(¥ ]
o
=T
Ll
T
v 20
10
0 1 I 1 | 1 1 1 | 1 I
0 10 20 30 40 50
NORMAL STRESS . o, (BARS)
B 3.6 w &4 ] 3*50bars (=5MPa) s w4 B R4 2 M GE o H P

I+
Bk TAFEF OAZEISNEERR > BV N SENER

Ao 2 fekE R 7 - #73k - (Byerlee, 1978)
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., T (BARS)
2

SHEAR STRESS

™
(=)
=]

MAXIMUM  FRICTION

1000~ EXPLANATION
 SYMBOL REFERENCE ROCK TYPE

* 3 Limestene , Gabbro g
900~ 0 6F Weber Sondstone , Toulred :
' 65 Weber Sandstone , saw cul
- . 1 Greywacke | Sandstone , Quartsite | Granite L
: I Granite , Gobbro Lo &%
goo— 16 Plaster in joint of Quarlz Monzonite L AN
' 20 Quartz Honzorite joinds ' 2y
= s 26 Granile
0 g Gromodiorite *

00 (H Gneiss ond Mylonie 0 . .

s
L=
L=J

.
=
=

200

100

ﬁllllllllll_!_|L|||llrJ_
0 100 200 300 400 500 600 700 800 200 i000

NORMAL STRESS , o, (BARS)

w &3 -] >t 1kbars (=100MPa) e w 4 B 3 R4 2 B TAB] o F

I
B i 5 A AR S - (Byerlee, 1978)
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MAXIMUM FRICTION

EXPLANATION
SYMBOL REFERENGE ROGK TYPE
s eF Gronite , froctured
- 26 Gronite |, ground surface
v 3 Limestone , Gabbro , Dunite
“roo. 5 Gronife, ground surface
i 6F Weber Sandstone , fouled
. 65 Weber Sendsione , sow cul 64
" 9 Granodiorie )
o 13 Greiss and Mylonite
u 1] Ploster in joinl of Quartz Monzonile
‘ 20 Quartz Monzonite joints
v 25 Weslerdly Gronlte, Ghlorile , Serpentinile,
ite, Kaolinile , Holloysile |
ol Monimorilonite, Vermiculite
* 26 Granite
e ° 27 Koolinite , Halloysie, INite, ;

Menimorillonite , Vermiculite

SHEAR STRESS, T (BARS x 10%)
T

4 W NS NN N NN U N NN A NN N S NN SN N NN NN NN R |
0 | 4 3 L] 5 6 T 3 g w n @ I 14 15 & IT |’ 19

NORMAL STRESS , o, (BARS x 10°)

B 38 I %+ | >20Kbars (F2000MPa)inl & s+ &9 s+ 2 M 4 F) o
H

S
HH ML A BRMEITH o (Byerlee, 1978)
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0.6La 0.6Lqg

0.4Lo 0.4La

W
e
W

0.2Ld W 0.2Lq % ——
——————————
\/\/

0' J 0 1 1 1 J
0.8Lo 0.6Lo 0.4Lo 0.2Lo 0 0.2LLo 0.4Lo 0.6Lo 0.8Lo 0.8Lo 0.6Lo 0.4Lo 0.2Lo 0 0.2Lo 0.4Lo 0.6Lo 0.8Lo
A. p=0° B. p=10°

0.6Lor 0.6Lo
0.4Lao — L L — 0.4Lo
e = — —— —_———————————————————
N — —— — —_———— —————————————
0.2Lg — — — = 0.2Lg e ———————
(0] I\ ./ 1 \. [ | Okt -1\ il 1 o~ [ J
0.8Lo 0.6Lo 0.4Lo 0.2Lo 0 0.2Lo 0.4Lo 0.6Lo 0.8Lo 0.8Lo 0.6Lo 0.4Lo 0.2Lo 0 0.2Lo 0.4Lo 0.6Lo 0.8Lo
G, (p=200 D. (0=30°

Bl 39 Bfd ot wHARE L% E T F o 55 EE=35.9%:
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0.6Lq

T

0.6Lq
0.4Lo W 0.4La
———————————— ==
Ee—————— =——
0.2Ld W 0.2Lq % é % /%\
—— v
ol W | 7l _T-'\\———,/_,\, /_I |
0.8Lo 0.6Lo 0.4Lo 0.2Lo 0 0.2Lo 0.4Lo 0.6Lo 0.8Lo 0.8Lo 0.6Lo 0.4Lo 0.2Lo 0  0.2Lo 0.4Lo 0.6Lo 0.8Lo
A. ¢=0° C/E=0.0001 B. ¢=0° C/E=0.001
0.6Lq 0.6Lq-
0.4Lq 0.4Lq
e e — e — — —
= ——— ~—— ~———
~ — ~\= - ~ — ~— =
0.2Ld § % % % N — ~— —
. q N — ~- — 0.2La % H f
NS = N = = e =
— -~ —~ - - N o — =
—~ — — = = = =
0' 1 — [ 1 \ - L J 0“ l\\ j 1 { jf' )
0.8Lo 0.6Lo 0.4Lo 0.2Lo 0O 0.2Lo 0.4Lo 0.6Lo 0.8Lo 0.8Lo 0.6Lo 0.4Lo 0.2Lo 0 0.2Lo 0.4Lo 0.6Lo 0.8Lo
C. ¢=0° C/E=0.01 D. ¢=0° C/E=0.1

B 310 RS HWWHEARLCLEEE TR o H5EE=35.9% -
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0.6La 0.6La
0.4La 0.4La
—_—————————— —_————__——
—_————————————— = ———— =
W —
0.2Ld¢ % — ; 0.2Ld ,’&\ % § /ﬁ\
=—————— =
0.8Lo 0.6Lo 0.4Lo 0.2Lo 0 0.2Lo 0.4Lo 0.6Lo 0.8Lo 0.8Lo 0.6Lo 0.4Lo 0.2Lo 0 0.2Lo 0.4Lo 0.6Lo 0.8Lo
A.9=10° R’=0 B.¢=10° R)=0.25
0.6La 0.6Lg
0.4LO_ -——\ A /— 0.4LO' —\ m /—
—— e —— — — S —— —
= ~—————————
N ————— = = NS —_
0.2Lg — — — == 0.2Lg %"\ e N ﬁ
ok Tl W —— —_— ; ok i il W ——————— il .
0.8Lo 0.6Lo 0.4Lo 0.2Lo 0 0.2Lo 0.4Lo 0.6Lo 0.8Lo 0.8Lo 0.6Lo 0.4Lo 0.2Lo 0 0.2Lo 0.4Lo 0.6Lo 0.8Lo
C. ¢=10° R, =0.5 D. ¢=10° R’=1
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Fri HREE

AR RS R A S A NS BB A B L H AR A & T
B Hd WEFARAERDEL > AX PR STEE 0 FlL kR

EFRAFERGES TkTa 5 AR FAOKT RIS K EITATE
%’Efﬁ‘{ﬁf@=‘ Fé"i”ﬁ%** 25°2. 2 AP HALEITAH 5 AR <A
PH A B AR R TR R
HIFBEG 7 Fd c AVRETEPORLEFE o NEBE AR

[)F3 %
AL 5 A gt A = i (Paterson and Weiss, 1966) ©

41 % $p 537478 (conjugate kink folds)

AT R PG RE RS A Bk L §EB AR
ALK REGRS T ER KR YA BRUREF e BEKT R AR
SECRE R RS 2 Rt BRSO AL R
@4%¢’§@*@{<’%R?UﬁJ>£%ﬁm1% = fi & T
Yol AT SLHAL DR 0 )8 E e &I doBl 41 2 Bt ) BT e
AR R o T fREESE (BEE)BERRE (BREA) o4k

(RY) B ul$* Pl maed — 2B P e bt &> 50 81 jR
SRR T 2 B A ATATET) A 4 P B 45 7R A AT g
o @ 5eniirl ite § % Bl A1 5 RUrEE& 30 R
AT > RIARK ¥ BER b L AR BY OWEAAY 2T RV RESR

P AP REEITAEITRAT, o A RT A AAE R LG F BEd
<3202 RQA 05 PpF - HAEA s £4747 - @ B 4.2 BB fvis
b2 AR ALAp0 o § RS B REEER S HATEA D A7)
R EITAH Ao x FIRCE <~ 001 28> EF37% 3 W% it 4R 4.3
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'frvki%ﬁiﬁ"&%ﬁ. aBlH 4 2 £39F (B A 4T 2 8) TARS -
VR 41 {cB 4.2 P BLERIIAEA) ae o (e ik d P pE 2

AR Tl s CHS T EEE IE

o AR AT T - 23 A A AT SRR R PR

L ¥ EAATATER S 4 B 4477y ¢ (Stewart and Alvarez, 1991; Twiss and

B

< \4\

Moores, 1992; Verbeek, 1978) » 7 23§ - Ak 2 = X TR 7 1)+ &
FTATEPE > BRI Ko fpd S kA o %ﬁ%iﬁﬁmaﬁﬁ Wk
FARCFHBELRRVAEITI P 2HE BB a2 B L doR 44 977 o
TR RS R 2 RS LB 4eRl 45 @ﬂﬁg@%&?§3W’UE

A u % 001400001 #5753 2 f 4 B BT 4 7 45EE 5 0%5) 35.9%: =
LA TR SE WS R SWHEA R (RI45A) A K% 5 %wﬁﬁ
& AT 0 T ARG &R LS ER (K 458) R

S B IR Y T 0P B 2y CIE 3 0.01 4+ 0.001 7 K & ﬁ“ﬁvﬁ’-ﬂjﬁﬂgﬂ’

BA KGR B AL E o w RIS LT LG bR 2

\\\?{y -

BTt S HCR T2 PR R AT S AT R Ry o - R E T DRR A B Y
< hEkz v (CIE) “;K)]'}/\”‘OOO]. 30012 -CE % 001 %75 $asin
ARRE  BFHSER (BA45B +B) o f#HE ERVAEINREER T
2R3 BEAAE KT G b Adhe BRI TS SEH HeINe Y a
FHE L EAcR B 44 FV M2t iR * 5 E4TA4TH-C/E 5 0.001
BEE 3 EATATE L > W B RY BT e Bt Ak g B
TG FBE 0 X F B EITHEAR G SRR e gAY
A+ (transition) "o d AT O E G 2R EALHER AR - L5
A R R R G P gl FRATHE () g TR 0 R
A AATHA) T R AT 0 LA LA e il AR 0 g8 5 TR N R

o B ERS - R RE S TR A LT G ATRROAL S AP R

3
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FEELa'f T R REDkG o A Ka
2 FE e Flt o U B FHE BRI AR R (BEE ) ARRAE (K
FoA ) fra~de e 4 20 (Ry) $icip 5 2 Bt & 47
W46 5 R rEELZFHERZ R 7 rﬁﬂﬁ% 3 Y
072 30" HFHE W e | Fd ¥ T F RIS AR D B~ LB
Bh LA RS ERL G ABA L E R B RRRAZMGAP
¥ E G AFRREUTEA R AR g ¢ RH AR L AR ReAT " (complex folds ) -
% CIE 2 0008 B 2 0230 FBERTHETFHEEY LB TR
R T2 BRAERT G b APe BERE TS A
EBEEFE B L A EITTESE SRR R 46 2 LS E
Bl? e d BB L2 T 4RX L RES B AR FHER - &
By CIERFES 000244 B EES 572 (THH ¥ 10 C/ER §E 5 0.001
FrBf s BEEL 257 T mifithm B AR R R o BEEE 2 B %7 R (R
AT)E B FH I FEE ] W~ FHE2 0058 2 F377H)
BRTEA A K 0 A B 5 2 B & 3747 (conjugate kink folds ) ~ i B
(transition) 74 32478 (complex folds) - B 4.7 % 7 Bk é % < pF > 7 5
AR PO FRT A R e AT R RERE A 35T AHARA
ok L AFReATEL o p b > AR A G 4072 45°F > H CIE Z A W)+ * 0.016
#0022 3 VAR 4E3FH ) R H CIE@e 30— sl 72 & o
B¥F R ae st 2t (RY) foledid 2 b4 BRIy 4oB) 4.8
oW 49 0% WY BT AL £ 0" RHRIL P HEBER T AR
Flo b BELEN0 AR P2 T4 5 Re B s A R &

o RES F M A de st 20t (RY) Bk G 2Bkt 4 &

g\ﬁ(

i
‘m\

FHER AR o R AR EA A2 R L AT E" (sinusoidal
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folds) o fyt » RO & 1 0.25 #a— =t ficdg » & 2 0,125 5 (7 miRztzh - 3 )
RO Atz M hr LB (R 49) B¥d |20 13" BHRYIZ L& 00 %
P EREFRBZFBER o BELL20RIE L FBEREAE LA
FTATE > B IS BT B R R e > RORIR S > A R EARAR
oo %’3\?’%” AL S DR R AT F R ] g et

R e L L S Ea D SRRt

=

FARR] G A SeAT R B 4T {cB 4.9 1 R F il R4 frRgE 0
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s
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e
i

| el A B 3TAT R o

BRFRE 202 B A BN S A3 ET PH G d 2 CE
0.008 P » g h [ 2+ 35° 5 F & & 4747 Tt 343 C/E /] »* 0.008 fo
L3 BEdfoi-dod® B4 i J1* CIE G Sk e BEd LR &4k

P

L e RO [ > A w5 0.25( B 4.10)-05( B 4.11) 41 (Bl 4.12) iv@
CEIH L EEE S R AR o T = Sl MR E (T A B 4B 4.13 4
T A FE R FEEITEATT OFER RS LT L BT BT RES

B & ATAT 2 qaamzmp;@% 2w (RY) Hi4em %% > ¥R F 247 AT
2 RPN R R g AEE 3508 Pm« el A R
P oIRGB ES B ARELY Dk BEed 4035
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AT EP-A N2 o L ¥t 5 45°F C/E ) > 0.008 pF &R L P o

4.2 H & &4 8 (monoclinal kink folds or kink bands )

B AH EATATEP > LA FRE Y Lend 7 Bl A

AT A EEFLEITRR . NV d AT %Y @B E &

T —

Paterson and Weiss (1966) 11 * B i+ tc £ chf %@ » BF fe B hERL G & 3
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