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Analysis of deformation and fracture characteristics of
salt rock with tilted interlayer
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Abstract: In order to reveal the deformation and failure characteristics of salt rock with tilted unsalted interlayer, uniaxial and triaxial
compression experiments are carried out. With failure mechanism analysis of stratified rock mass, the variation and impact factors of
bonding stresses are investigated; and the failure characteristics and mechanisms of tilted layered salt rock are revealed. The research
indicates that tilted interlayer obviously affects the deformation and failure characteristics of rock samples. The failure patterns are
related to the position of interlayer. Cracks initiate near interface firstly and then expand to interlayer and salt rock. Trans-granular
fracture is observed and its mechanism is revealed. The overall performance of salt rock and characteristics of cracks are influenced
by the thickness of interlayer; comparing with thin interlayer salt rock, macro crack tends to appear in the middle thick interlayer
more easily. Confining pressure reduces the morphological difference of cracks in different positions of interlayer and the difference
of bonding stresses on interface. The analytical result provides an important reference for the study of the cavern construction
optimization and stability and tightness research of the salt caverns in the salt rock mineral area with stratum inclination. What’s more,
optimizing the geological section to meet the demand of stability and tightness simultaneously is recommended before cavern
construction.
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Fig.1 Typical photos of rock core samples
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Fig.2 Schematic diagram of interlayer
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Fig.3 Typical stress-strain curves of three rock samples
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Fig.6 Schematic diagrams of initiation and expansion of
fracture near interface

34 FHRERNZR
3.4.1 JEARR

A AR S A B R 2l 3R S BER A R
(HAZN 10~20 mm), H B 5T 5 ke
f0% I AR e Ny AT Ao L VA e r 1] L B UR @R



648 = +

S 2013 4

Bl 700 ARG ORI, RGBT o ER R A 5 i TR
AT SR EULT-PAT 1S S i WA R
JR RGBT R BE TS, 52 90°KESL, BRARECTH,
S E /TR

»

B7 iR

Fig.7 Trans-granular fracture

3.4.2 PLHI & X

¥ i BE S LB LT BE B R E ok 4
RGO Y- iR A, ShBEARi . 4iYes b
B AR S AP B A R
AT EAiUey o b S A i S ey e o S O TP
A AR R S IR T I SR B Y . A
(R o3 TEABE TR RT3 by 2 R L R R 30— i
AW XFAadel, SR g4 ) — R
T mRLA B (R, AT 1A A A S K AR R
BRI, — Mk, AR iR I i P A 2L s A
SR AL o A T LA T B T A 4 I B,
T R 2 it T R AT AT ot T R R — 2
Wi ENFE R 2 RE &, TR AR T RE Mt i
K. EE 7, KT EBE R LT X s, 2R
Bl o BT 7R 1) 2 i T R FE AR TR 4 A R itobr [
G R, T Sh Ve BRI 45 M A e . ik
IR, RSP TR X ) R 2R, A iE T
PR FEAXT B, e ORIk K e o 4k
FIRE R AR BRI, SR, XA TRIE %
Hiu DX i PR 2 T R P PR T AT R

4 =R M

4.1 =H1IRE phk

AR IRFE o A HE RS A R R
FF R TR, B 8 Ni% 3 Ma FEAER K
10 MPa RN Jj-W AR k. & 2R PEBUE N
AR, AR R R JE F o R 2 T B il

M 8 1 o-g LRI S0, JeJZMIAEAER S T 5
TREIBREE, (R R 2R AR g, RWHE
KA B IRIR, MatERh B, e 2R ks
R e dh s AL I 5 B 2, MR
VA2 R R (BT . BRPE R, S

BIAT—5E R o

70
60
50
40

1 71/ MPa

30 —o— R AR
20 R

A3

0

0 2 4 6 8 10 12 14 16
Al I EAZ /%
B8 10 MPa BET 3 Flva A AF S BN F7- AR 2k
Fig.8 Typical stress-strain curves of three rock samples
under confining pressure of 10 MPa

(a) R L3 (b) JJZh

e
Kz

e

(e) KJZTH
B9 EREARFAE R RGR KRR N M
Fig.9 Typical fracture models of middle thickness interlayer
in different positions and shrinkage of thin interlayer

(d) Wi HBAL

42 REBRFESHT

H e = 5 dhim 2 1] By A P REAN LI,
FEFH AL SR 2 R T RE ™ AB B R, Eha A
G BATIGAVEREL . B BRI R AOTERE, 7 AE
BB AT REVER N o AL, OGT IR AR ]
PRI AR T F AL SR R B A (K70 o
PAE =il g R W, e R s vk 5 rp Rk
JEIL R AR BAT AN IR R A MRS ek,
LUR 20 30 A3 o
4.2.1 IR ER A

A AT R IR A GRR
TSR SR A s e 2 T 5 Ve R R N K A
IRy HLA e 5 2 IR o BEATIRT A e . — Sl T 46 )i
BUREI T Y AN, 5 (AL 00 i AR TR,
Ye 52 BB A ] AL TE AR BN, P 9 (d) i,
AR Z 2BV R M, KA AR S AR
Bogsmth s, BHIRIZAR T E A 0 AT .



53 41

A AR SRR R A AT S BRI 2 649

PRI, I 2 RS A A g J 5 e AN B
B, MW BREOE R Ak, E AR
WK, SEVERCNBAE, BOR A A G PR
422 HEJZ A E A A

TR ZAEAERINE DL T, 25 A el e R0 1) A2
TR E R RN . SRR MG, T
WER A AR, MY TAER AL 2 5 T
A2 L AR A5k R R B N A, A e 2 1 R P
TEFBRR T, W2 MR 5 5t IR 8UR A
R 2R B 2 ST S ks, DRIk,
e JZFGER I AN (K85 G BRI Tk
H 152 B9 20 SR 2 AR B A, M2 1 S
T G BT 52 ) 1 A R I R B S A, AR
AR, BERSRAERE R R T . Mk, PEIE
AR IR el T Y RS e R BE BT 4R
XPLCAI BRI, BRI, X R H N ) AR TR 4
VEFI B . 5 2R R, Fhim fe ke
JERHILE ML, AT RSN E . B R
R, BT R MBS, I 9 AT, 5 Rl
ARI T LR R I, e EAN R B a0 At
WK, G5 B B, BRI,
(B 3 (0 R4 A A s /N T TR AR5 gk, S
WIS AR A B Sk 55 o IX U, R (R A A A
T KB BRI S ZE R
43 g

DL EarHT R, SRR /N, o b AR
TEL A TR, SR GE R B, (H 76 ST Ak
TR L AT REVE AR/ SR IR RERROR,
X ER A (AR TE LT RAE HTOR 4R 1 i 1k B 2
{EAE G S L B3 T o S 35 0 1 T ek Aok
Rk QOZE I s i B A 2 BT 3 s b 2 A T S A AL
Wil R, RN BEEMEERGE T, ik
b ] S A e 5 A 2 s A 85 4 R e 2 X
@ T Z MR Ak, i T AR AR 3 2
A, A THHOIZA S BB L O
TR 2 R (e, G LT e A iE
S AT REPEAT B, I 4 A3 M AR Y - AR
FIAGTEAAVRE M o AL, SRR A P i i R
Jiis B e FL— 52 ¥ R 9 IR0 AR R AR AN B3 A
O AR A H = i) AR Ay — ) 5L 48 8 i Y IR 2,
A2 A s 2 DX BRI T R s @R RSS2 AE
SRR AL T3 27 P REAS T lC 34 0 S 17 Ak 7= 25 224 B 1) X
B o JUIL X2 WA I 2 A 2 1) s TR A A
EA B AT R BURH, B P BRI X, iRk
R RAFE XN T 2Rl getE, Kk, 58
TP I 0 D7) A 5 s T3 B Al J2 56 M T % 4]

PR SR ) ST
5 BT

F BRI AR A A — B A a1k g,
FH R IR N ) R AR 5% R AT RGN AT W] REAE T
THI A d St i A= A J U, AL T A AR
Bt T A PR 0 P M RSB B R b RE L DR,
I3 ST AR AR T S A P R £ 12 P A
IR I e % 2 R CVEL b R AN [ B g 2 e
AL R G RIRE A, 25 18R W) P 5C SR st
TR AR VR R 2 A RN 1 RT3 18
BB AR o R I S B R A, FUAAH R
I M T35, R T 2% R RIS TR LA A A AT 2 1
BN )BT RMARR ZoXoYo B B}
Wik, A ARARE BR AT T+ R AR 2xy
ANOE TR ERINAE S WS UL S /1] )
Pios: xo z Jhae y Bies 0 i, y Bl e A2,

RHARKR T BRI T3 A B

oy, 0 0
o= 0 o, 0 (D
0 0 oy,
H A RERISZ, T2 T FEET LR )
o., =ioi"

o, =—kkok +(1+k,)joj" —kioci" 2
o\ =(+k)kok" —k joj" —kiici'

* _ . o7
T4 =kjioj

M BARERZ, Hha A Fh 4 QRN )k
o =ici’

o =kkok" +(1-k,)joj" +kjici"

o =(—-k)kok" +k joj" +kici' 3

L e T
T = kSlo-.l

A RNV ) &850 05 s jo k53l ok
TARFREE I AT AL, 5 ADNFPR S H R LR
W PR
— 2EAEB(,UB _/JA)
(E, +EB)2 —(E g +EBILIA)2
_ EAZ(I_IL‘BZ)_E;O_#AZ)
(E, +EB)2 —(E g +EBILIA)2
k. = EAz(,UB2 +ﬂB)_E1§(ﬂA2 +IUA)+EAEB(;UB _ﬂA)
’ (Ex+Ep)" —(Eypty + Egpy)’
_ 2E, (14 1)
_EA(1+/uB)+EB(1+/uA)
_ 2E(1+ 1)
EL (4 pag) + Eg 1+ 41,)

1

2

4

5

(4)



650 Fe) +

7 = 2013 4E

s Eav Eg 0l i)z, SR5A bR p,
YT 1T N = I ET /N5 8

WESRH S X (20, (3) MLPE AT
TR BN JRAS, o T B ARG DAL 44,
N PIRESTE SRR A TR, AT 20 . 5k
EEIS AR E MR N: Es =
20.0 MPa. Ep=9.5 MPa. u,=0.18. x,=0.33, H{
Je 2 0 =200, ] kA3 5 MRS HON k1=0.013,
k,=0.337, k3=0.231, k4=1.408, ks=0.592.

YT RERSE R, e Tl o, =10 MPa,
Bl o, =0, =00, FIHA (1D ~G) KT
JRRBARAR T [ i R S5 N ), a5 R
[8.83 -321 0
=[-321 —048 0

* *
< zA T XA 0
* *
T xzA o XA 0
*
0 0 o,

V:

o, =
0 0 -205

(5

X (5) TR AEJRHRAAAR T, X TR Z S
Kb, x y JFEESFEAS T BRERRINT), x Jr R B
TBIVINSy, DR, AR S AR A AT B S
GEE DA 3 Q0 N N N T e T o
PRS0, . y T, T oy, =
0.48 MPa<o,, =2.05 MPa ($75%J)), BRIk, R4
EOWAAT T zox “FHIHIIT YR, X155 AT
ARG RT - H, B 4(d)H AT xoz TS
[ B BBER TPAT yoz P71 . 5 LA AR
WA AL T AR 2, AEASRIG iR
JZ ERRR SR T DI, i AL R T B 1Y g
K0 WA T AA, o, BRI 0,
FRBY R ST BRI TEAR LE, SN A AL R 77
RET LT ACTISZ B 1k, ST R A B A
YT ARG N, el N ) o =15 MPa,
Hllk o, =0, =5 MPa [{15 7 . KA T s BRARKR T 5t
TTRGEAERS) s A SURE S A AR B AR

‘
&A

Oun Tz O 14.84 047 0
0. =|Txzn Oya 0 |=| 047 370 0
0 0 o, 0 0 3.5
(6)
o Trxm O 15.16 —0.47 0
Oy =|Tyzs Oxs 0 [=]-047 630 0
0 0 o, 0 0 695
7
bl (6) « (7)) WA, SRR, {EStH

Kb o0 8 5 R R 45 20 RAE TR AP AR, R AL
AR R [ BRI, R LA W ek /N T Bl R 4
1HIE, HEEN ) y 7 mSCERERER R O 12
Oyon FEIR T 40%) , IZXULHAFEIE T X y 77 10 AP
PR A2, HH HAE RS T 5 2 T i Y
JiZE5e, XA R A TG AT RS 2 9910 . BEAh,
e JRLVR B A BTN IR, RUEE BB ) 1)k
FEAE, WASIEIZ] 3 ASEEAL B Y
DZESe, B, ZRIHAE R 3 AR R 2
SRR N

N TR T VR, TR T AR
Fl o, =0, =10 MPa [{1E B, F44 ILHE S K H AR

LZNINFAR IS
Sun Tara O] (1495 016 0
o) =|Tyzn Oya 0 |=[ 016 958 0
0 0 o), 0 0 928

(8)

-0.16 1042 0
0 0

*3k * O
Oy =| Tx,z,8 9x,B =

o,8 T,xp 0 [wmam 0

0 0 oyg 10.72

9
AL, BRI, B iR N )
FREZ N, S TEA MR S gk, W]
T, A IS 28, s SRR
I ) 22 53 e R RAN R AL AR T A 1) 22 e it — 20
o IR AR R FL o B T = N PRES, H
KRN R AL 23 SN ARSI 2257 A B2 b
AR, AUIEN RS AL /N SRR ALY ) 7
Sf /NI, AR5 il % R ARE PR
il

6 ZiieMEHE

(1) BRI AL, X s R AL TR
HATRF W, RN Ly PRI
NGO ESS 2

(2) K2 I E GRS AR & A,
AR BT L K PRGN e 5 S T 2R EUH A%
Felrs R ZANTR) A (¥ 2 R 3 8 1 AN TR F A Al
BURFIE I 2257 o

(3) HlEALL, I ERER AR AL
LRI IR, B ANETE WIS, S5 TR M
ML, FEVAEIE R Al i s e e TR BL
[Fi 6 A B A A 5K

(4) PR =4 1 S A e v 22



3 |

R4 SRR 2 A AR TG SRR 2 BT 651

BOKR, FR A ROMBRAR 7Ok 2 5 #ha S st
MU g 2257 FAARATIRZ A S B 2= 57 th oK
W BEAR, BB, 28 BB 2

(5) MHEGRWRA A, M 7S HiRk
JE AR TR AR R R FHRINY S G R &5
R, SHURRZN, SR TRE AR =0 VY
TGS At AR, AL S 5 BB
TG AR 2 BLSR s W 2 AN R A (R 22 5
s BYRGUE L], SRR AR _E AT zox THIFZREL
WEHZ, i —HRG T R A

LKA IR BUAR L, BRI 20 R 2% 1 B A
Ll 8 2 AT R R W2 ANl BRI, X T
IR A5 SR DR BURE R b T R il il
B, AN ] G B R R U (K5 IR
— B TR Ak PR A A Tl R R SR 2 T T AR ) A
TERBRZRE 73 b S FCR i PP A T A P PR R
YR ) DR W s TORRC PR S 1MUY I S e 0 ik P o A
IR

Z % XX M

(1] A, BN, DRI, 4 WA 2 N X A %

Jr R T e YR A A P RIS D]. a2 LR
i, 2007, 26(12): 2430—2436.
LI Yin-ping, YANG Chun-he, LUO Chao-wen, et al.
Study of sealability of underground energy storage in
deep salt formation in Yun-Ying area, Hubei province[J].
Chinese Journal of Rock Mechanics and Engineering,
2007, 26(12): 2430—2436.

[2] HUNSCHE U. Fracture experiments on cubic rock salt
samples[C]//The First Conference on the Mechanical
Behavior of Salt. Clausthal-Zellerfeld: Trans. Tech.
Publications, 1984: 169—179.

3] R AR 3 R T 5T 5 BLe 2 # (D).
BB R B )2 T, 2002.

[4] MR, WOE, RO E WR A AN IR R LA

A TR N HIWETE[T]. a4 )28 5 TR,
2003, 22(10): 1678 —1682.
YANG Chun-he, ZENG Yi-jun, WU Wen, et al.
Constitutive relationship of deep salt rock and its
application to petroleum drilling engineering[J]. Chinese
Journal of Rock Mechanics and Engineering, 2003,
22(10): 1678 —1682.

[5]1 MM, @/, RO S IN AR R AT T S R
ST LT TREEAR R Z 4R, 2004, 23(6): 764 —
766.

(7]

(8]

(9]

[10]

(11]

YANG Chun-he, GAO Xiao-ping, WU Wen. Experiment

studies and theoretic analysis of time dependent
properties of rock salt[J]. Journal of Liaoning Technical
University, 2004 , 23(6): 764—766.

BRI, 2. H)Z A AR Cosserat /M54 R A K4
O[T, A A% 5 TR, 2005, 24(23): 4226—
4232,

YANG Chun-he, LI Yin-ping. The expanded Cosserat
medium constitutive model for laminated salt rock[J].
Chinese Journal of Rock Mechanics and Engineering,
2005, 24(23): 4226—4232.

BT, BEM. ERERE R =4k Cosserat 4/ J5id i€
AFIFEIIT). 5+ 12, 2006, 27(4): 509—513.

LI Yin-ping, YANG Chun-he. Three-dimensional
expanded Cosserat medium constitutive model for
laminated salt rock[J]. Rock and Soil Mechanics, 2006,
27(4): 509—513.

PR, XL, B Yl Je 2 #hoe AR T AN iy
LRI SEM AT [T]. A D025 TR, 2006, 25(12):
2463 —2466.

LI Yin-ping, LIU Jiang, YANG Chun-he. Influence of
mudstone interlayer on deformation and failure
characteristics of salt rock[J]. Chinese Journal of Rock
Mechanics and Engineering, 2006, 25(12): 2463 —2466.
i, WA, A ERBIAPLEIIM]. R EIK
R RRAE, 1989.

AR 3 PR R P Il A A AR B 5 0],
MR ——r [ UK 43R, 1997, 22(6): 660 —
664.

REN Wei-zhong. Research on anchoring effect of jointed
rockmass around an underground opening under
excavation by model testing[J]. Earth Science—Journal
of China University of Geosciences, 1997, 22(6): 660—
664.

MART, KB, ZWRERTT VIR 7 17 K 52 0 [
R[] AAEFS TR, 2003, 21(3): 335—339.
LIU Ka-ding, ZHANG Yu-jun. Influence factors on shear
failure orientation of layered rocks[J]. Chinese Journal
of Rock Mechanics and Engineering, 2002, 21(3): 335
—339.

LI Y P, YANG C H. On fracture saturation in layered
rocks[J]. International Journal of Rock Mechanics and
Mining Sciences, 2007, 44(6): 936—941.
WIRMZR G KR BE. SL264—2001 7KHK LT
FEEATRIHRLLS]. Abat: H EZKCRZK fL H R, 2001.



652 vl + 71 2 2013 4
[14] MCCONAUGHY D T, ENGELDER T. Joint initiation in Sinica, 1998, 19(4): 355—360.
bedded clastic rocks[J]. International Journal of [17] 2241, Eoui, BRBER, 5. SR EOCEA M &
Structural Geology, 2001, 23(2—3): 203 —221. BRI AT[T]. A T REZEH, 2004, 26(1): 120—124.
[15] COOKE M M L, SIMO J A, UNDERWOOD C A, et al. LI Yin-ping, WANG Yuan-han, CHEN Long-zhu, et al.
Mechanical stratigraphic controls on fracture patterns Experimental research on pre-existing cracks in marble
within carbonates and implications for groundwater under compression[J]. Chinese Journal of Geotechnical
flow[J]. International Journal of Sedimentary Geology, Engineering, 2004, 26(1): 120—124.
2006, 184(3 —4): 225—239. [18] WFNF, myds, JAZEAh, S A Wi SRR () 4 T
[16] K4, BREE, W%, JERRLP BN & B F]. B KK TFR2#4R, 2003, 23(4): 1—8.
) ZEHUEITETUI]. A )24 244k, 1998, 19(4): 355— XIE He-ping, GAO Feng, ZHOU Hong-wei, et al. Fractal
360. fracture and fragmentation in rocks[J]. Journal of
ZHU Wei-shen, CHEN Wei-zhong, SHEN Jin. Simulation Disaster Prevention and Mitigation Engineering, 2003,
experiment and fracture mechanism study of propagation 23(4): 1—=8.
of echelon patter cracks[J]. Acta Mechanica Solida [19] ¥F&R. Fhf 24 M]. dbat: B2 H iR, 2006.
EEE 644 T
(28] HALSY, RFIR, diEAk, 5. JEEM T 530 gas hydrate decomposition[J]. The Canadian Journal of
G I — e R AT 0 0 S EO ). 5 b LR, Chemical Engineering, 2001, 79(1): 143—147.
2009, 31(9): 1450—1455. [32] SRIVASTAVA R, YEH T C J. Analytical solutions for
WU Li-zhou, ZHANG Li-min, HUANG Run-qiu, et al. one-dimensional, transient infiltration toward the water
One-dimensional analysis and parameter study of coupled table in homogeneous and layered soils[J]. Water
deformation and seepage in unsaturated soils[J]. Chinese Resources Research, 1991, 27(5): 753 —762.
Journal of Geotechnical Engineering, 2009, 31(9): [33] YOUSIF M H, ABASS H H, SELIM M S, et al
1450—1455. Experimental ~and  theoretical  investigation  of
[29] IR, XUEH, #HA%. AEHEAH R 2R -2 mAH methane-gas-hydrate dissociation in porous media[J].
[ 35 2 PF T BT NS AT B S I AR e MR AT 0], SPE Reservoir Engineering, 1991, 6: 69—76.
+732%, 2010, 31(3): 903—910. [34] KLEINBERG R L, GRIFFIN D D. NMR measurements
LIU Jun-xin, LIU Yu-tian, HU Qi-jun. Stability of of permafrost: Unfrozen water assay, pore-scale
embankment slope subjected to rainfall infiltration distribution of ice, and hydraulic permeability of
considering both runoff-underground seepage and sediments[J]. Cold Regions Science and Technology,
fluid-solid coupling[J]. Rock and Soil Mechanics, 2010, 2005, 42(1): 63—177.
31(3): 903—910. [35] DUAN Z H, SUN R. A model to predict phase
[30] AR, SUEMH, MRatl, & %Rk rsetEm equilibrium of CH; and CO, clathrate hydrate in
TC IR AR B R A VB IR BT AR D). 5+ CREAR, 2010, aqueous[J]. American Mineralogist, 2006, 91: 1346—
32(8): 1214—1219. 1354.
ZHAN Liang-tong, JIA Guan-wei, CHEN Yun-min, et al. [36] #Iii#%, XU Wen-yue. hJEX HHS/KEVW RGN
Analytical solution for rainfall infiltration into infinite m[J]. EERF D HERRFE, 2007, 37(10): 1370—
long slopes considering properties of unsaturated soil[J]. 1381.
Chinese Journal of Geotechnical Engineering, 2010, [37] SUN X F, MOHANTY K K. Kinetic simulation of

32(8): 1214—1219.
CLARKE M, BISHNOI P R. Determination of the

activation energy and intrinsic rate constant of methane

methane hydrate formation and dissociation in porous
media[J]. Chemical Engineering Science, 2006, 61(11):
3476—3495.



