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Experimental Research on Effects of Dry and Natural States
on Brittle-Ductile Transition Property for Red-Bed Soft Rock
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(1. Department of Civil Engineering, Xi’an Jiaotong University, Xi’an 710049, China;

2. School of Architecture and Civil Engineering, Xi’an University of Science and Technology, Xi’an 710054, China)

Abstract: To understand the influence of rock water content on the brittle-ductile transition
(BDT) property, a series of tests were carried out on Humaling red-bed soft rock with special
engineering properties to explore the strength and deformation laws of dry and natural rock
samples. The triaxial tests for the dry and natural red-bed soft rock were conducted, the
brittleness index was then introduced to characterize the brittle degree of rock samples
quantitatively. Following Mohr-Coulomb strength criterion and initial yield surface model
considering structural strength, the characteristic stress was analyzed and the BDT mechanism
was explored in macroscopic and microscopic scales. Compared to the natural sample, the results
show that the peak strength of dry sample increases by 93. 39% —145. 35%, the residual strength
increases by 77.83% —133.72%, the BDT pressure increases by nearly 40 % , however, the peak
strain decreases by 24.13% —88. 92%. Furthermore, the cohesion of the samples in ductile zone

is 1. 8 times that in brittle zone, but the friction angle in ductile zone is only 50. 4% —90. 5% of
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the brittle zone. The samples in ductile zone enter the elastic-plastic deformation stage under

isotropic compression, and the BDT pressure equals to the isotropic consolidation pressure. This

approach can further enrich the engineering properties of red-bed soft rock, and provide

theoretical basis for excavation and support of red-bed soft rock in underground engineering.

Keywords: red-bed soft rock; brittle-ductile transition pressure; dry and natural state;

brittleness index; initial yield surface
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Fig. 1 Photographs of deformed samples and stress-strain

curves of samples
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Fig. 2 Relationships between elastic modulus of red-bed

soft rock and confining pressure
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Table 2 Characteristic stress values of samples under differ-

ent confining pressure

o5/ MPa qa/MPa qin/ MPa q,/MPa q./MPa
1.72° 5.21" 10. 64" 0. 00"

0. 86" 5.05" 8. 87" 0. 00"

0.93" 4.61" 8.83" 0. 00"

3.01° 9. 29" 20. 917 0. 00"

4.61° 11. 947 23. 477 0. 00"

3.79" 10. 557 20. 86" 0. 00"

3.89" 14.70" 8. 26"

3.73" 13.97" 8. 02"

3. 64" 14. 22" 6. 64"

: 2. 44" 8. 82" 27. 75" 17. 457
1.23" 8. 78" 24. 78" 12. 441

0. 89" 9.91 29. 247 14. 86"

1.38" 16. 81" 11.67"

1.58" 16.03" 9. 67"

) 1.10" 17.67" 11.21°
0. 25" 6. 30" 48. 177 29. 197

6. 73" 41. 16" 25. 90"

0.41° 4. 21° 44. 25" 24. 82"
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19. 14" 14.07"

6 1. 83f 42. 62" 28. 65"
4. 39" 48. 22" 33. 58"

2.81" 48. 547 29. 97"

18.74" 13.32"
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19. 54~ 16. 41"

5 43. 97" 27. 98"
49. 647 32.07°

50. 917 34. 98"

28. 86" 28. 86"

24. 30" 24.30"

iy 29. 35" 29. 35"

73.51° 73.51°
58. 15" 58. 15"
66. 20" 66. 20"

TE: BAbR x ARBREE: LMabs T8 THOREA.

szzmrf(l+£) 1)
l—smgo 4 2

_ o COsp _ 9. LS 2
P = 2(<lfsin¢>7 than( 1 -+ 2) (5)
KK AREFZ W RZEGP o —o ME MR
I, Ll amESECh




%Al B e 5 T R 785 X 1 2 B Y S AR 5 T 3 8 B 5 167

P 6) k3 FRML RIS AN EM K 6 iR S
2 VK Table 3 The strength parameters of dry and natural samples
¢ = Zarctan JK — % 7 in brittle and ductile zones

RE K o/MPa /() x/MPa  ¢r/(%)

ot 2T R A I A X 43 P30 (3) 4 B DL 1 T e PR Tarm
(07 S RA R T o — oo WREEINZL SR xam ' ' '

P60 R BLAF . T 3R LI X 5 A B X AEFERC 5,508 1901 009 2.0t

PUE H AR5 HUE B WA A, 3% WM 4 M P 4~ _ MEMEK 4509 44.08  0.514  46.18
DX ek R A o B R B ORIl B T ] T WEPEIX 8.465  31.76  0.291  41.78
FEZR W B PR 3G 0 A el G R o 0 % S

WEIR 5 5 B B K % R A AR Ak, 2 B B Y R b Bk 4IE P X 5 4% 7 F7 5040 e E DX 9 4 B

IR TR T R R A B R B BB RO R T RARAL . X R TR TR S A AL
RUC 2B RBUE IE ALY AR M-C JE IRAEN . SRR TR MK RIS . R ARG R
GG A RAFAF N K 5 P (H, #F— 28 i 20 6) T 4T WAL o B DDA XS8R P BORL 5] 1) JiE 45 56 4 IR
(DA KA RIEZHG R 3 A covee 5 8 TIDRE SR A AU R 1 358/ TR 5 B
cr~r FF N RUEAEL N ) SRR I s R R 1 5 P F 0 MPa, T4 48 M X 0 6 5 3K F et

B A KL R B A0 1.8 A, K2 ph T I X3 7 2k
o o 0,-2.8470++9.832, R'=0.968 0 Y AR, 2T Ik ) W o A, I R R VR B Ay
ARBAVEER _ __ 5 -1 730011421, B'=0.923 7 i

T e Kaonta R T A0 P X 56 6 A 900 1 A5 T T B £ 2 11 i

of IR s ans0a039, 08027 S (15 0 ) 825 2 T — 5 0 1725 L %

ol o I B AR 2L S B9 2 2 B DL 8 Y

e o HESU B I T BRI WA e X TR L A

£ g7 ST T RIRAL KR 1. 31~2. 04 f5. 1K

Tl | -4 TR 25 7 ) R 2 T 8 3 7K B K 130 980

%Wﬂgt - 5 P B B L A T TR LR . IR LI RE A%

Z°M AL 1 51 DB 0 4R  (FLA  X — 5538 15 X

. : ? E . - ] BRL19-20 M WF o2 4598 — 3. X J2 1R T U6 (A5 JURE

o,/ MPa A7 R A /I 3R (] ) 45 ) R e i

() A Ty 35U« P R B8 A0S L A R A L B

ooy 50s20823, 0561 4 e 7 1 B BT AR T A6 L B 458 2 1) 3

B RBARRE. _ . 6,2 52503+2.921, E=09696 FE B S L U A S R R IR . FUBRA T

DR §j§j FR R E B A X ) PR 5 48 R /0 T I X o

b DX 50. 426~90. 506+ JR PR 7EA SCIR e 245 4347

| Lo HIZE 2 T TR SRR 7 2R 1A 19 B2 I G

A B el PR 2 22 - B 40 S50

s e 4 R [BIR 7 3K 5 4~ 5 MPa, OB A S & 7

" ] AAye T L P4 B (U7 46 F K AR RS 0 MPa 41 B AR I
psRT 4 0.2.4 MPa 4.

ot et FURLL P A Sl TR 47 4% P B0 I I

0 & ﬂgﬂ, PR BT 0. 4~ 0. 5 {5 MR (1Y J) %55 S 5 50 7 K

(byB 41 0 EL\[ 1. Lac du Bonnet f£ 5 &L ]lﬁgﬁffn%‘*ﬁo ]

6 UL i oo S L I B 829 0547 7 T 35 AL X AR v L LB

Fig. 6 Relationship between o and o, at different yield o FoHT ARSIV ARG - BRIV Bl FE () 4 o B o e K

boints of samples R 1 W BB B 2857 2 T I RE A5 T 7 LA B4 R I

http: // zkxb. xjtu. edu. cn




168 [ |

N

555

g3
e
b=

T 2 R AR, 5 SRR 22 14518 — 2, A ik
FH B 7 AU T 0 45 4 8 5 g
JCpsqspsspo) =
¢ —Mp+p)(py—p) =0 €))
A po A AF ] [ 45 15 T BP0 BRI TS p il
S pe SRR AR BR FEAROC . 2 SR A S
WM e RS LB RER WO =il T M=
6sing/ (3 — sing) .t T 91 46 Ji} Az 1z I A A7 76 Jife 1k
DX s o iy JE A DX U LN ) i ) N BEE AR . T C8)
TR L URE B0 46 i e L R AT AU LA BOR R
G WK 7. TRRAMSHE po KT RARH, KW+
1 AL 90 3 45 K R R e T R AR

— = =M, (p+4.665)(4.617-p), R*=0.958 8
== =M (p+5.264)(7 424-p), R=0.871 3

N

gl & FAAILENLE '\./
O THRALILANE R A -

—— e

g/MPa

p/MPa
B 7 AR = (8) By ih ek R 1 HL A 2 AR

Fig. 7 Fitting curves of the testing data of initial yield stress

points via eq. (8)

3 1k

XK SCHIAT 2 AT SEM B 25 R
I 8 BT . Ml AT LA A UL 5 St &
P P ORI S 0 05 R0 52 2 o i
A 07 S B AL BRALIR 7 B
Bt A IR AR 0 R 4 5 R
5 5 4 ] LR 2 O I I 2 K 2 R 4
e e TS A R SN R A
B AN A5 75 1 4 T — A RE TS I 2
WA KRR TE(REV) T LI 9. % REV HL5E
P 22 A 5 R A B 7 M T A
U K ) L 15

L R 0 4 0 B B K
I B T K 7 800 25 R BT O IR O 44
G RISE F3 + B X S EJAE A B T 90 8 T 2

(b) R AH % 800
B 8 I E% s SEM F14 i 45 I A
Fig. 8 SEM photos of the red-bed soft rock

http: // zkxb. xjtu. edu. cn

(b) B A iR
REV ¥I0R B

(o)REV #ijg

(a) O 5 4 7 B
9
Fig. 9 Schematic of the REV element

B B % B Be i A2 I O 25 AR 9 R 4 A2 8 5 5
SR PRI o A i ) 3 2= P
qa 25 BRI SE A P A HEAB BN R TR B BL.
BB it 7 7 g A e s B AR 2 2 8P A T
Tty ot i i 2 7 B e 4 HE B BE I S i B B
ASTEAL by o A BE A B SR AR TR o 24 Al 1oz g A ==




%Al B e 5 T R 785 X 1 2 B Y S AR 5 T 3 8 B 5 169

BIU6 T W B FT i o AR E A B B NI 3028 1 A HE B
Beo A% BoR 55 V) DX 0L ] 19 1B 45 4
RTINS ) OB LA T B T AR AR P BE KL 1)
FLBR I B 3R R R B BE A AR T O 2 A o A 14
SAVEAR I o 21 P 5 /0N B X 8] FL B A A Ji DG 4
VR 0 i IS 0 384 2 AR ) g, T SR THT 23 R 3
DU 45 4 58 5 7 Wk 18] 3t 2% L i IR L S BN A - B
AR AR AL L BRE A MBI L B BE A B B IV B AL AR T By
B W BRIE AR ST g, - 5 R Z AR
4 5 1] 73 3 3 B 47 L URE AR B Be V BkoR
ARTE B B o S A DX A il o K B A7 e 2R
Az SRR I« BRIV CRE it i i 152 3 I B 28 9 A B BE
e 22 By Bl 1 1o 772 00 i 1] L BT 114 4 2 A g
BT DN B ) ORI A% e 3 A5 X
OGS RS o AR 0T RS Y ik J3E R A 5 45 ) 1 45
M7 7 A 10 5 88 A A 20007 ) B 24 A D7 g - g A% it
GG TF A RN Ty A5 TS BV AR AR 1
FER 2 MEPEREIR . 2 Rl 56 4 40 ki 18] L B 1) 2 Jié
IR o A AR AN 7 A B T SR T A IO 0 L 7 4
KL W I S B S A A S T S g Rl £k
R

R H T SO P AR B 4 237 i TR 4 3K
Ao PSS 0 (B 9 2H O e G X A
DX R G P AT T 2 2 R A B A B B R BT
Bentheim i) 5 Tave 1 K& WA [ A 791
B g 2R o ST DR BT DT L 3R 23 JORE (8] B4 15 45
SR T WK AT BB 4 S A R A EE D 4R A A
T AL B A AR BUALTE RE 1 A2 55 . B DAL K
T BDT JE ) J5 & FE I SR P B 2 A7 — A BERR .
T M BRI A 5 B2 R T R AR A ke R 4L s b
B I BERETE B 2 T K AR . Bl A R4 TR
RAS A PR AR i T 0 P 0T L X R B T U0 IX
Sl P 8 RV 8] J0E 45 R 22 K A 1 O AT EE I A5 A T
1) i S %R BT AL I BE T ik 3 2 AR L B LLBE # R
FE3E 0 5 AACHR 25 X 5 M A A R Wi 2 5 k. SE R
DX AR A G s 157 7 R Pl T 0 R A R AR
I BRI 7 A B8 /N OB AT i v DR UK 22 18] #1973
T S Ao A5 22 1 X114 DAY JEE 458 11 249/ T B X

H b 3C o A Al R e P XA T R BT U 2 AR
0463 Jet I TR PN A P DX R 3 A ) B S R T Ah . R
Yt a0 B Fs /N T 45 18] [E 45 5 1 po I R BT 90 4R
W B+ A B A U A SR AR TR L JBURE A R K A
O BT po B I K N By BE . B
DY DX N UKL B4 758 20 J1E 405 © 28 2 A IR L AU £

http: // zkxb. xjtu. edu. cn

BRI AU B P BDT 55T po.
OB 45 A 4% 1 46 2 3 9 40 26 it R T R T R AR 4L
TR R 5 2R N A A AT DLk B 98 By
Be, N 41 FE A9 BDT JE J1 K T KR4

4zt B

A SORE B BRI 21 2 BCA TR S e AT T
[vi) B 4 i L = il s 4 3 6 R0 43 T 45 Al
(R VL - A8 O 2R VREAE IV 7 5 B S A0 AR Ak L 15 3]
T KR ZS X 213 A WE- A B Ak Ry PR S e B AR
FELBWT .,

(D) LL)Z 5 18 5 R oo B | e i 1 A8 | s ke
i 5 M X . R 38 0 5 AR S X B PR A
52 22 5540 o [F]— B P R T8 )5 D 3G i T
93.39% ~ 145.35% , BR A5 G N T 77. 8304 ~
133.72% s 1 K T 26. 89 % ~191. 68 % , %
1B R A AR T 24, 13% ~88.92%

(2)HA RIS LT 2 80CA KR BDT e ik 4~
6 MPa, TJ2 % 6~8 MPa, i L4 fb kS 3 KT
U 40% . A BDT JErEFE £ 0.1, 243Kk
(a8 BT 0. 1 B3R O M 1 DXL /N i R AR
IR IEPE X, 7] — BDT Jifs P+ % 0] o2 &2 o 1
AN FLARZS T 120 B I A2 5 2R A e P 45 B0 -
FERE AL B FAE L T BDT .

(3D FE a1 5% Ak DX, R i S PR B i 3 &5 R A
BE B, M 2L B A o B B T R AR A JEME X TR
TRRE Y B 3R 7 3 K F e X, D BE AR N T
PEIX

(4) M- 9iE 5 Ak g 46 45 1] [ 45 6. ) o JE 1k X
TR 78 it T 2K Rz A7 By B, B35 D) A X 8k P 0k 9
T3 4, © 28 R A IR UKL B R A RT3 2 A8 2
A GRBEE LUt T U YEAR B B

B ALy XA AR T BEREXF
R &S PF - R RRRF &5 L35
F 5 8 B, 4 S B

S % 30k -

(1] BRMGHEE, S, e, & ZRHCE B REER
WearsE [J]. AAJi% 5 TR ¥, 2010, 29(2): 261-
270.
CHEN Congxin, LU Haifeng, YUAN Conghua, et
al. Experimental research on deformation properties of

red-bed soft rock [J]. Chinese Journal of Rock Me-




170 o% oZom koo R 55 55 &
chanics and Engineering, 2010, 29(2): 261-270. for granite under high temperature [ J]. Procedia Earth
(2] Xpdei, JSER, @A, 5. K-AEHTOZH0E and Planetary Science, 2009, 1(1);: 432-437.
JIERE SRR LU B0 ¥ 5 TR%m, [10] HHEER, BK. HIFT & MF T A A 8RR AR S A iy 52 B
2016, 35(A02): 3481-3491. g [J]. suBRALAPERE . 2008, 23(5): 441-447.
DENG Huafeng, ZHOU Meiling, LI Jianlin, et al. HUNAG Rungiu, HUANG Da. Study on deformation
Mechanical properties deteriorating change rule re- characteristics and constitutive model of rock on the
search of red-layer soft rock under water-rock interac- condition of unloading [J]. Advances in Earth Science,
tion [ J]. Chinese Journal of Rock Mechanics and Engi- 2008, 23(5): 441-447.
neering, 2016, 35(A02); 3481-3491. (11 Bodede. R f KT Sy i v e e il o 07 ik
(3] wbcal, JEMme i, /N, 2 goma 5 T L2 Boh [J]. £ T, 2016, 30(5): 601-603.
WG AR LIRS (1], A J1%¢ 5 TR, 2009, LU Longlong. SONG Li, ZHANG Tianyu. Sample
28(S1): 3076-3081. preparations for strong slaking soft rocks [J]. Soil En-
CHEN Wenwu, YUAN Pengbo. LIU Xiaowei. Study gineering and Foundation, 2016, 30(5): 601-603.
on creep properties of red-bed soft rock under step load [12] XpAesg, 2=k, Xk, . a0 J2Fil 5 p il ke
[J]. Chinese Journal of Rock Mechanics and Engineer- T B RO B S B B WO Oy Bk R oY [T, A Jisk. 2011,
ing, 2009, 28(S1): 3076-3081. 32(11) . 3399-3403.
(4] PEcfd, B, meyl, %, 932 10X 2 8% a0 DENG Huafeng, LI Jianlin, DENG Chengjin, et al.
T AL S R AR R B O MU AN S i AT [J]. A A Analysis of sampling in rock mechanics test and com-
25 TR, 2019, 38(A01): 3025-3035. pressive strength prediction methods [J]. Rock and
BAI Yongjian, GE Hua, FENG Wenkai, et al. Cen- Soil Mechanics, 2011, 32(11): 3399-3403.
trifugal tests on geological evolution and sliding [13] skFA, BRFEoe, %, 5. BB 20Kk il ik
process for red-bed soft rock landslide in Wumeng A S (). 546 h%5 TE¥%W,. 2010,
mountain area [ J |. Chinese Journal of Rock Mechanics 29(10): 1999-2009.
and Engineering, 2019, 38(A01) . 3025-3035. ZHANG Chunsheng, CHEN Xiangrong, HOU Jing,
[5] &b, Zaedt, XBoit, &, \EKKO )2 A et al. Study of mechanical behavior of deep-buried
Femsg FHEASFE AL [T]. A0 1S TR, marble at Jinping [[ hydropower station [ J]. Chinese
2020, 39(2) . 327-340. Journal of Rock Mechanics and Engineering, 2010, 29
ZHONG Zhibin, LI Anhong, DENG Ronggui, et al. (10): 1999-2009.
Study on time-dependent upheaval deformation mecha- [14] ¥, FER, FEE. A0 TR T i e
nisms of red-bed soft rock subgrade of high-speed rail- KEFIELTEEX I AA %5 TR¥%#k.
ways [J]. Chinese Journal of Rock Mechanics and En- 2001, 20(S1). 1755-1757.
gineering, 2020, 39(2). 327-340. XU Botao, YIN Jianmin, WANG Yuxia. Correlation
[6] EVANSB. FREDRICH J T, WONG T F. The brit- of dynamic and static elasticity moduli for dry and wet
tle-ductile transition in rocks: recent experimental and rock and its engineering signification [J]. Chinese
theoretical progress [ M] // The Brittle-Ductile Transi- Journal of Rock Mechanics and Engineering, 2001, 20
tion in Rocks. Washington, DC, USA. American Ge- (S1): 1755-1757.
ophysical Union, 1990 1-20. [15] NYGARD R, GUTIERREZ M, BRATLI R K, et al.
[7] YUAN Yusong, JIN Zhijun, ZHOU Yan, et al. Buri- Brittle-ductile transition, shear failure and leakage in
al depth interval of the shale brittle-ductile transition shales and mudrocks [J]. Marine and Petroleum Geol-
zone and its implications in shale gas exploration and ogy, 2006, 23(2). 201-212.
production [ J]. Petroleum Science, 2017, 14(4); 637- [16] ISHII E, SANADA H, FUNAKI H, et al. The rela-
647. tionships among brittleness, deformation behavior,
[8] MENG Fanzhen, ZHOU Hui, ZHANG Chuanqing, et and transport properties in mudstones: an example
al. Evaluation methodology of brittleness of rock based from the Horonobe Underground Research Laborato-
on post-peak stress-strain curves [ J]. Rock Mechanics ry. Japan [J]. Journal of Geophysical Research At-
and Rock Engineering, 2015, 48(5): 1787-1805. mospheres, 2011, 116(B9) . B09206.
[9] XU Xiaoli, KANG Zongxin, JI Ming, et al. Research [17] YOU Mingqing. Comparison of the accuracy of some

of microcosmic mechanism of brittle-plastic transition

http: // zkxb. xjtu. edu. cn

conventional triaxial strength criteria for intact rock




%Al B e 5 T R 785 X 1 2 B Y S AR 5 T 3 8 B 5 171

[18]

[19]

[20]

[21]

[J]. International Journal of Rock Mechanics and Min-
ing Sciences, 2011, 48(5) . 852-863.

SINGH M, RAJ A, SINGH B. Modified Mohr-Cou-
lomb criterion for non-linear triaxial and polyaxial
strength of intact rocks [J]. International Journal of
Rock Mechanics and Mining Sciences, 2011, 48 (4)
546-555.

LI Hangzhou, XIONG Guangdong, ZHAO Guiping.
An elasto-plastic constitutive model for soft rock con-
sidering mobilization of strength [J]. Transactions of
Nonferrous Metals Society of China, 2016, 26(3):
822-834.

ZHANG Kai, ZHOU Hui, SHAO Jianfu. An experi-
mental investigation and an elastoplastic constitutive
model for a porous rock [J]. Rock Mechanics and
Rock Engineering, 2013, 46(6): 1499-1511.

LAU J SO, CHANDLER N A. Innovative laboratory
testing [J]. International Journal of Rock Mechanics

and Mining Sciences, 2004, 41(8). 1427-1445.

[22]

[23]

[24]

[25]

http: // zkxb. xjtu. edu. cn

BAUD P, VAJDOVA V., WONG T F. Shear-
enhanced compaction and strain localization: inelastic
deformation and constitutive modeling of four porous
sandstones [ J]. Journal of Geophysical Research: Sol-
id Earth, 2006, 111(B12). 1-17.

SUEBSUK J. HORPIBULSUK S, LIU M D. Modi-
fied structured cam clay: a generalised critical state
model for destructured, naturally structured and artifi-
cially structured clays [J]. Computers and Geotech-
nics, 2010, 37(7/8) . 956-968.

WONG T F, DAVID C, ZHU Wenlu. The transition
from brittle faulting to cataclastic flow in porous sand-
stones: mechanical deformation [J]. Journal of Geo-
physical Research: Solid Earth, 1997, 102(B2) . 3009-
3025.

VAJDOVA V. BAUD P, WONG T F. Compaction,
dilatancy, and failure in porous carbonate rocks [J].
Journal of Geophysical Research: Solid Earth, 2004,
109(B5) : 1-6.

(FfgE HFH)




