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Abstract: In order to guarantee the long-term stability of silty mudstone in slope and tunneling projects, the
DZS7-150 multi-field coupling rock triaxial pressure testing machine was used to conduct creep tests on silty
mudstone specimens of similar materials under different surrounding pressures. Based on the testing results, a
nonlinear viscoelastic-plastic constitutive model describing the whole creep process of silty mudstone was
established, and the proposed creep model was verified for its rationality and feasibility by taking the results at a
confining pressure of 7 MPa as an example. It show that the steady-state creep rate of the specimen is related to
the magnitude of the deviatoric stress, and with increase of the deviatoric stress, the steady-state creep rate and
the deviatoric stress conform to an exponential function relationship; the creep rate in the accelerated creep stage
is significantly greater than that in the decelerated creep and steady-state creep at low stress levels, and the
creep damage occurs in a very short time; a nonlinear viscoelastic-plastic constitutive model is proposed to
describe the whole creep process of the silty mudstone, which can describe the creep-deformation law of the
whole process of creep-damage of silty mudstone, reflecting the creep characteristics of silty mudstone under

different levels of deviatoric stress, and avoiding the problem that the classical model cannot accurately describe

the accelerated creep process.

Keywords: silty mudstone; creep test; accelerated creep; creep characteristics; constitutive model
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Tablel Physical and mechanical parameters of siltstone

protoliths and similar materials

W/ MEhPUR SRTERE BRI/

P

PR
(g/cm®)  BRJE/MPa  +/GPa MPa /)
MR 2,02 13.54 1.32 3.84  32.46
SR 2.01 13.95 1.38 4.32  33.52

251/ % 0.50 —3.03 —4.55 —12.50 —3.27
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Fig. 1 DZSZ-150 multi-field coupling type rock triaxial

pressure tester
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Fig.2 Schematic diagram of creep test loading path
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Fig. 4 Steady-state creep rate versus partial stress
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Table 2 Fitting parameters
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2.3 HHEMNITERESH

O — A 53 A 5 A e R v A g A A R R
Wi BT ] 25 b R0 R 8l i) 7 28 XoF o 8 B [D SR ¢
JT A5 25 S O 1 55 S I (Y il 1) 7 AR B % 7E 7 MPa
BRI, B A 28T SR il ) b7 78 38 23 - [ £ 4
K5 R %o H RS AT OA BE Tl ri ;25 3 K Fifi i
(] 354 a0 17T 98 /0N | I AR PR A, B 9T 055 AR B B s AB
B b 1) O AR SRR R RS Rl T E E A, BV
U5 75 B B 5 e A, 0 30 A B B L FE AR LB 2R L A
[F] 45 2 07 7 7K 7T Pl ) ) i I A S I Ry g KO
S5O 1 T 2 RO, HLR B R — Bk

64 7 MPa [l & T, 7655 7 9 faf 28 (i 02 7 Ky
20 MPa) T iRE i A S o 2 i A8 By B A 7 v Bl 1)
A R ) 1 AR B A E) R AR Ak 2R . i B 6 RT AT,
i FSF TR0 7 355 fin b 1 7 A8 o S AE AW R RSB T
T 6,=100 min [ 98 3 855 2% By B, i A8 ol e o 2] A 7

360 min, il 1] W AR A P ST (R, Bl e 3 A8 4 3T F
R HLAR ; fieJm E AN A A B B, 1R 2229 1 min,
R TS e A T A AR

0.08 - —— Bl R ASHE A 204
—— B RIAE .08 04
o 0.06 03 &
; 0.06 0.04 02 0.3
\E 0.02 01 : :
2 : i =
_ﬁ: O:0% g}‘ %6 330 360 370"1LE 7][] 0.2 2
& SHIFASH Bt =100 min : g;ﬁ
2 0.02 o 4
5 BAGENAL=360 min | 0.1
HEL
1% 00
0 80 160 240 320 400

58] /min
6 1) Bz 35 0% 15 7 3% 5 2 I A 1) 0 5K R B 4%

Fig. 6 Axial strain and axial strain rate as a function of time
3 MR FIETREETAR

S56 6 1Y 43 BT Rl FE N i 1 R EE Y
HAFR (0, << o) W], KT E AR 6 Hh 2 R AF HE4T 207
AT A5 H R A 05 AR 2 B BE 0 B SR AR AE S R
T 1R 5 B A0 0 28 55 9 (00 = 00) BF, 30 B 45 0% AR
Wy B 2 15 2 AR S 0] J5 10 A0 o O A YR B B, 3%
B L B 0 R R R P R

R, R 2 A 8 9 5 7 5 1 %) T PR A R
VFZ R, i A =0 X Kelvin 289 )4 55
T 1 4 s S B 0 200 AR AR el L A
AN v B A VN A R R P R AL AT, IR F
LR AR AR A T 0 58 N 1 KOS, BIUAR 2 90 R
B, AA LAY A AR, R AR A A S
T A0 JBT U 5 R A 5 A R T A A 8 LT i
B, A BE A% i A 1R B i 055 A8 9 B 1 A AR AR fb
k0N

B b AR A R A TR AE A I B A 28 LY T A
AU LAl R T A e Pk 2 5 A A (Modified
Kelvin ##1 , {8 FR MK #5550 ) 55 JF e o4 3 48 1 A A0
(PR NVPB L) B2l A, o 7 A 48 v 26 i 9 1k
A e A5 TR R FAE A B 5T U A 1 4 I AR i B TR



% 34

AARN,F B RREETHEE R MR R MR

T Hp B RE A 2 AP 8 0 A TR I ) L e ROR
F, AR ) 2 AR RN 7R

Modified Kelvin ! NVPB

E7 MURRESGRETEHNFEATEE
Fig.7 Schematic diagram of creep mechanics of silty

mudstone

W 7 i, A R I AR A5 AR AT AR A i
PR B — AE b A2 Oy 7, 25 JE B ) K X i i AR
R A 52 0 AT A O R 0 P 1R DL
DY oy<<o W, BRGR AL ) X Kelvin = It fF
Y, IR PR S HE A T 1% — 4 05 72 7 R
e(z)—&Jr i {lexp(Kzzﬂ (2)

K, K, 71
e (2) NI 500 ML ST 500 A i IR B 5 K
SR AR B K, o Kelvin #4058 5 9, Kelvin &
i 25 R TH]
2) ¥ g, > o AR K A i TR I AR | b A R
T b BB o4 R FEAE D 02— AR 05 A5 Ty R

E(Z)_%+%|:1—exp(—Kzz>:|+

K K, 7
oo — 0,
72
T sy R AR LA A5 00 5 9B P T R i R s e Ol UG
A I A5 BF 5 SR e A AR AR A R, YA
A1 T 32 i 88 Ao Jew e R g ) AR B N g A B TR AR
R A A W AR st . Kk, 51 A28 &
D Fifi B[] 22 FH 2 4748 80eR B0 O R B R 2 7.
MG AR 45005 45 4k A 8 T NVPBBLAL AR 48 LLAE A
FE R A R AR I AR o R T TR AR & D R
ffiE) ¢ R Z A R =X (4) s X & B 28 & D
BN
D=1—exp(—ar), 0<<D<1 (4)
P D A R a O 5 A AR R R OC 32
I T B 5 e ) R AR, G 3 S e AR K A Y
i [H] 5 2 Ay [
FIATF R R B (2) FX(3) 5 — K
e(l)—goJr%{lexp(Kzz‘”Jr

i

exp(z°) (3)

— L exp(19) (5)

0, 00 << 0,

o
0y~ O, U()> Oy

4 7R B B 5 U #0534

RTS8 E R AR A A R R 18 5 B AN AT AT
R 5 3 58 B9 L >R FH Levenberg-Marquardt(L-M ) &
200 7 MPa [l & T Al 2 b 50 28 P AS Al 465 Y A
SN SR IR 3.

=3 EBSH
Table 3 Model Parameters

Horp JFXRE T () — 0.)=

/ /
K./GPa K,/GPa 7 « e
(GPa-h) (GPa-h)

0.35 0.35 61.2 48 0.000 2 0.058

K8 M oo << o I, UL & Y 38 il £ F1 L 56 il 2
FRXE HE A5 3R ol 1] 8 X Ll £ mT A a8 (i R4S
{EL W) 5 RO e B AR o 3R T 5 728 A A A6 TR SR OB
) Al 1 5 I A R A Y T AR S iy D
Jit e S 14 a0 BT 7 B B R AR A G R B B B9 i A8
FFAE o

0.121 — R
- - UAE
0.007 —_— e 175MPa
, 15 MP
Hoo6fr 12.5 MP.
20 r i 'a
— 10 MPa
. 7.5 MPa
0.03 5MPa

0 300 600 900 1200 1500
58] /min

El§ ML HEREILE

Fig. 8 Comparison of test curve and Nishihara model

K9 N 0, = o, I, I 055 22 By B & 19 IS (i
il £ A6 (R it R ) LU S 2R . P 9 dd g T
St 5 18 (B P D ABE AR A ST A R R A SC R
F 5 TR DL R A 0 e 2 A B, sk 5 8 B Be R

020 )

— REE
- ARSORBARHUA (R?=0.96)
0.18 oo VOISR 5 (R=0.33)
— — ARG (R?=0.95)
0.16 |
bl
E i
0.14 |
012
0.10 1 .
0 1 2 3 4 5

Ha)/h
9 ANIERG5ESGZBER XL E
Fig. 9 Comparison between the model in this paper and

the traditional classical models



6 E R B R LR FROP E )

% 46 %

A T I A A R S RORE BE ] R T Y DA AR R
R AT RS R DL B A M R B R 0. 96, W
B0 T 75 AR 8 (R°=0. 33) Fl 11 A% 1 55 58 (R*=
0. 95) &5 5L, 510 1 i 28 fe W

Ry i — 2 o BT AN [) 0 A A4S A A 3 5 2 SR
(RS B, LR IR (R A AR, % 15 3 ol iy 72 A8 980 4 4
JINERF (1 U A 0 AR 5 HE AT T B A B iR 22 DL
FA RLELIEWMEI0FR, TERE KR, 0hfY
s AR 2 s RN B, Wt 2B RES 1
YR AR B0, RIS [R] S 55 2 s fh 3% 4 RTIAL 10 AT
L, LR T RS AR AP A% 10T ASE R A5 B Y I AR N AR
{E, T P D 5T U6 2 A 2 6 A 0 P AN A A TR g
JIN R A R A (5 R 22 el o U B ST Y

—=— A 5 SO H
| == A 5 VAR
—— I ST

IRFELIHE %

1 2 3 4
U i) b
E10 BT RBESIETEMENREILLE
Fig. 10 Comparison of the absolute value of the error
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Fig. 11 Schematic diagram of the mechanism of creep

damage process of silty mudstone

(d) JE 7R 0 5 20 B B A9 s 38 T, A 92 7 i 8 4k 462 344
2 v e R R BE AN 2K SR K (60 > o) B, BRI
o AW IR de T B0UE AR SR IBORL K A
W, M EE B AR W S, R R BE S, R AR



% 34

AARN,F B RREETHEE R MR R MR 7

G ARAR D DR R, SR 0 S50l B B T TR R R e
T3 7T I B ek S O ey 28, U R A T A 25
AR B 400 6 o A 2 I A T IR B A o A S I
Uy 055 72 1 B 8 A X 22 1 1) A 2 05 A2 i B, P I R 4
£ o 3 A5 A2 B B, X 5 SCHIR[24-25 ] 2 21 83 5 1A
R A 8 s LB AR W) 5

XET R D BYE A TR, AR FLAC™ K
LR ZUOTT KRB FF 3 1, S B0 B AR R e 2
5L IR PR A M A TR 8 RO S, SR T R B AN R A
RYPEAT BUE BN, I 45 45 S B i A AR A0 130 s
B, xh i B8 A R O TR B K AR R R AT
I, R i 26 o R R PR IE 5 K B 4 2 B B9
5.

5 #ie

1) = b 055 A 0 T 9 R T, e A T SR Al IR
P 2 B0 TS P A ) O A

2) TE Ry b o e 5 il AR i g B b L R AR S
U5 7 3 5 5 Al O T3 RN SR AE AN TR LR R B
i IS2 7 B4 38 T, A 25 05 A2 o R A g 1O ) 2 (R4 5

3) 15 5 728 HE TR B B i, 7 0 3 5 78 B B
i 742 A AR X ER B g 7K P T i 5 A A R A i A
R B RAR 2, HLAR T JE I ) N K AR T

4) 24 b e AL G 5 R, T Y R R
6 TR R A N AL B T — Rl AT i 3 A D D e S A
5 72 3 R ) AR A o I P A A A TR

5) F A £ b 5 9 A A R A R ) 5 P A T
A7 1R FEAT 50 E 2 W], 3200 AN AN AT 8 3 A1 ) 7K S
T AR v A R G A B B AR R 2 G A2 B BL, i REAR 4
b A 1R 1 7T R o A B B, A RO R T 28
Ui AR B RUATAE AN AL

& 3Tk

(1] AP2N, BREEZR , R4, &5 TR MR XM D It e o Py
Jieveag s I (1], BOR TR 24, 2019, 52(1):
89-98.
FUH Y, CHEN J C, ZENG L, et al. Experiment on
the effects of temperature and humidity on uniaxial
mechanical properties of silty mudstone [J]. China Civil
Engineering Journal, 2019, 52(1): 89-98. (in Chinese)

[2] ZHANG S, XU Q, HU Z M. Effects of rainwater
softening on red mudstone of deep-seated landslide,
Southwest China [J]. Engineering Geology, 2016, 204:
1-13.

[3] YANG S Q, HU B. Creep and long-term permeability

of a red sandstone subjected to cyclic loading after
thermal treatments [J]. Rock Mechanics and Rock
Engineering, 2018, 51(10): 2981-3004.

(4] T, B . Bik 1Y Bingham 5 4 i AS B RUAF 52 (0], )
#AEF], 2021, 42(1): 168-177.

WANG Y, ZHAO X. Studies on improved Bingham
rock creep model [J]. Chinese Quarterly of Mechanics,
2021, 42(1): 168-177. (in Chinese)

[5] W%, MilgF, B, 5. w0 X IEE 20 & i A2
FEPE RSB [T]. B2 J1 2, 2019, 34(5): 809-818.
XINY J, HAO H C, LV X, et al. Creep characteristics
and model analysis of red sandstone in post-peak high
stress zone [J]. Journal of Experimental Mechanics,
2019, 34(5): 809-818. (in Chinese)

(6] #Ad, Lok, Bk, % b AR Re s o 5E [T, 52

% 1%, 2015, 30(4): 438-446.
HU B, WANG Z L, LIANG B, et al. Experimental
study of rock creep properties [J]. Journal of
Experimental Mechanics, 2015, 30(4): 438-446. (in
Chinese)

[7] WANG J B, ZHANG Q, SONG Z P, et al
Experimental study on creep properties of salt rock under
long-period cyclic loading [J]. International Journal of
Fatigue, 2021, 143: 106009.

[8] FAkA, Emflh, MErmE, 55 . -l [ 4R A %

U A AR R 56 Bk [T]. ) 2R 24, 2020, 37
(6): 2561-2566, 2705.
WANG Y Y, WANG H W, CUI L Z, et al.
Investigation and experimental verification of a soft rock
creep model at the effect of temperature and confining
pressure [J]. Chinese Journal of Applied Mechanics,
2020, 37(6): 2561-2566, 2705. (in Chinese)

(9] XUZMT, Sk, i, &5 . & K S F T 55 e 45 Joh I

AR K B i AR BRI SE [T ], AE T2, 2020, 41
(8): 2609-2618.
LIUJTS, JING HW, MENG B, et al. Research on the
effect of moisture content on the creep behavior of
weakly cemented soft rock and its fractional-order model
[J]. Rock and Soil Mechanics, 2020, 41(8): 2609-2618.
(in Chinese)

[10] LIU J, WU F, ZOU Q L, et al. A variable-order
fractional derivative creep constitutive model of salt rock
based on the damage effect [J]. Geomechanics and
Geophysics for Geo-Energy and Geo-Resources, 2021, 7
(2): 1-16.

[11] FU H Y, QI S X, SHI Z N, et al. Effect of nano-
CaCO; on the physical and mechanical properties of
analogue to silty mudstone materials [J]. Arabian Journal
of Geosciences, 2021, 14(23): 1-11.

[12] WANG JJ, SHI Z N, ZENG L, et al. The effects of

different nanoadditives on the physical and mechanical



8 B RN /N FAR(OP & L) % 46 %
properties of similar silty mudstone materials [J]. 1%, 2012, 33(8): 2451-2456, 2520.

Advances in Civil Engineering, 2020, 2020: 8850436. DU C, YANG C H, MA H L, et al. Study of creep

[13] FUH Y, QI S X, SHI Z N, et al. Mixing ratios and characteristics of deep rock salt [J]. Rock and Soil
cementing mechanism of similar silty mudstone materials Mechanics, 2012, 33(8): 2451-2456, 2520. (in Chinese)
for model tests [J]. Advances in Civil Engineering, [21] #&3Ewe, (], XIAR#E . A A %S TREIMI Jba:
2021, 2021: 2426130. Fregih ik, 2002.

[14] HOEK E, WOOD D, SHAH S. A modified Hoek- CAIM F, HE M C, LIU D Y. Rock mechanics and
Brown failure criterion for jointed rock masses[C]// engineering [M]. Beijing: Science Press, 2002. (in
Hudson J A.Proceedings of the Rock Characterization, Chinese)

Symposium of ISRM. London: Thomas Telford [22] EHM, Brse, REH, 5. % EIE &0 0 4L K 5
Publishing, 1992:209-214. A5 4l B AR R B RLWF 5 [T). 45 R 5 %, 2014, 35(9):

[15] XUARHHE . A 2 (M. F PG : PR et , 2014, 2493-2500, 2506.

LIU D Y. Rock mechanics [M]. Chongqing: Chongqing WANG C P, CHEN L, LIANG J W, et al. Creep
University Press, 2014. (in Chinese) constitutive model for full creep process of granite

(16] gkrsrs, FREfd, BEES . —Flogr iy e JE et 2 vl considering thermal effect [J]. Rock and Soil Mechanics,

PEEGAS BT [T]. Jr2£ 1), 2020, 41(1): 116-124. 2014, 35(9): 2493-2500, 2506. (in Chinese)
ZHANG L L, WANG X J, ZHOU R H. A new (23] BRBEEE, 22328, WRIR €, 45 . 5 A 2 KUk A2 45 405 45 7
nonlinear viscoelastic-plastic creep model for rocks [J]. I % 55 B LT ]. R A g 22541, 2018, 39(6): 642-651.
Chinese Quarterly of Mechanics, 2020, 41(1): 116-124. CHEN L W, LI S J, CHEN Y F, et al. Further
(in Chinese) development and application of a creep damage model for

[17] =2, W wah, BHE, 2 3 200 M 85 b 2 i A water-bearing rocks [J]. Chinese Journal of Solid
IS M AR BRI (T]. A £ 2%, 2020, 41(8): 2636- Mechanics, 2018, 39(6): 642-651. (in Chinese)

2646. [24] SRS, R, W5, 55 . VR G5 1R KD 51 7 5 A2 451
WEIY, YANG G S, SHEN Y J, et al. Creep test and Fe e g B S O] B R 5 AR, 2021, 21(29):
constitutive model of Cretaceous saturated frozen 12665-12671.

sandstone [J]. Rock and Soil Mechanics, 2020, 41(8): ZHANG J X, SONG Y W, YANG H, et al
2636-2646. (in Chinese) Experimental  research on the creep damage

(18] Z=423 , ABWE, F/NE, 45 MK-KRAKBEH ST L2 characteristics of frozen saturated sandy gravel [J].
VB S Ul A el e K A R BT R ST [T, TR b T 2E 4R Science Technology and Engineering, 2021, 21(29):
2021, 29(3): 843-850. 12665-12671. (in Chinese)

LI A R, DENG H, WANG X X, et al. Research on [25] ARERIL, $r&2, BRI, & S KORS R4 L mb 2
creep characteristics and constitutive model of red bed 153 85k A8 PR AR R e AESELT). 0 g 2R A, 2021, 38
mudstone under saturated-dehydrated cycle [J]. Journal (5): 1839-1845.

of Engineering Geology, 2021, 29(3): 843-850. (in SHAO Z S, JIN D D, CHEN H Z, et al. Investigation
Chinese) on creep properties of different moisture state quartz

[19] PU S Y, ZHU Z D, SONG L, et al. Fractional-order sandstone by multi-stage test [J]. Chinese Journal of
visco-elastoplastic constitutive model for rock under Applied Mechanics, 2021, 38(5): 1839-1845. (in
cyclic loading [J]. Arabian Journal of Geosciences, Chinese)

2020, 13(9): 1-11.
[20] AL, BN, Lhilkle, 25 ERER A G AL R i 5 [T, (%4 WEE)



