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Deformation control law of rock fatigue failure, real-time X-ray CT scan of
geotechnical testing. and new method of stabilitv analvsis of slones and dam
foundations
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Tong University, Shanghai 200030, China; 3. State Key Laboratory of Geomechanics and Geotechnical Engineering, Wuhan 430071, China)
Abstract: Some progresses were presented on the field of rock and soil mechanics for the past few years. Firstly, the test results
of rock fatigue failure were discussed. A lot of tests have shown that the strain of fatigue failure is controlled by the whole

stress-strain  process curve. The testing techniques and the

characteristics of the new testing machine for rock mechanics,
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RMT were introduced. The post-failure curves of type I and type II for rock were reviewed. More emphasis should be paid on
the deformations in rock strength theory research based on the rock fatigue failure tests. Secondly, the creative testing technique
in rock and soil mechanics experiments, the X-ray computerized tomography (CT) real-time scan was presented. The testing
principles and methods were given. The triaxial testing results of Nangiao sandstone were discussed. The whole stress-strain
process curve of Nangiao sandstone was obtained, and comparison between the former and the typical whole process curve was
analyzed. A new approach was provided for rock and soil mechanics, and it connected the macro-mechanical properties of rock
materials with the meso-structures including the compression and growth of microcracks, bifurcation, and crack fracture.
Thirdly, the vector sum method of stability analysis for dam foundation and slope was given. The safety factor by the vector
sum method was defined based on the vector characteristics of the forces. The significance of the vector sum method safety
factor was clear in physics. The calculating process was simple, and it facilitated the application of this analysis method in
engineering. The 2D slope calculation models with fixed circle slip surface, non-circle slip surface and curved slip surface were
discussed. The results indicate that the safety factor obtained by vector sum method is in good agreement with the safety factors
obtained by the limit equilibrium method. It is shown that the new method is more stable. The calculation formula of safety
factor for the 3D problem by vectors sum method is also given.

Key word: rock and soil mechanics; cyclic loading; fatigue; irreversible deformation; complete stress-strain curve; damage

propagation law; CT real-time testing; slope and dam foundation; analyses of stability against sliding; vector sum analysis
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uniaxial compression

20 {22 80 AN T M- IT 4R th 2B 3 T LR (KB
ALK bR [ PR e 2K, W2 R ] SERE R
B %, MR RGHIAT R, NI EOR RSN
HahfEdlEAR, T 1993 48 12 AWK LA RMT
HIE R R RS

1.3 XF RMT RIFEANZFZYERBN RS

(1) RMT RAIHLIHEA L fig

XL Yy e il 50 2 G0 ] LAE SR = 4 s 4 ik
B, AT DA R B G . LRIt Az —
SEAEREAT e Ak P AN 1 B8 i w] LAREAT RV 3dar B
(9 57 ARG o JE Y2 A% W] A %L Hz. B R 2
FPAS R 4 IR, RIEmriadl. A (VAR
P, BRSBTS ) K.
Y [n) AR FEE AT 13 IA 1 mmis.

(a) SCRR[1 P BUAPI 2e At B 2 BEE

s}
1

.

1%

(b) Eﬁi%ﬂﬂimﬂﬁgﬁﬁﬂﬁﬂﬂmgzk&ﬁ
3 &M —Tha 2%

Fig. 3 A classification method of the whole process curve

(2) RMT HLIHARSR bR S5 o3

J5 8 RMT-64 R d5 KT H 8 600 kN, Iz KK
SEHR AT 400 KN, RMT-150 BT Iz A L2547 1000
kN, I KACTE#R T 500 kKN. RMT ML =5l = 5
[ElJE 50 MPa, f5 KR4 TE4E S mm, d5 KB P)ARTE
B 15 mme He 150 R T Brbs vt () AL A, A
£ 50 mm, 1 100~110 mm. 5 £ 80 )R 56
AR R B T4, KX 58 X i 200 mm X 200
mm %200 mm 2% 200 mm X 150 mm X 150 mm. 17X
RMT-64 B4 [P H AR 8 2 (4 SCHR[4]

RMT HLE5 K AT PR i QORI B FL 1) 7 2511
TGRS L3 @R AT faf B G, A&
— R ACE R R R K ) INAE B D) 8T 343 b )
B . RMT-64 BB 500U E LI 4.

4 RMT-64 B9 5 3R
Fig. 4 Side view of Machine RMT-64



4 Fo

B¥ 2008 4

1.4 YPENTRZFEZFHTHEASIREHEAR
ﬁ%ﬁ%ﬁ%iﬁl@&%ﬁ?ﬁ%@ﬂm&ﬂ
NI EAR =Ny N =N & o | EAR W =i = 1) = 2
mMHmm&WﬁmnaﬁﬁﬁM%Lw&%ﬁwﬁ
AR AR 0 B B, AR —AN K B
FOREUE AR I T R — AU R . O R
WA 0 2R PR AR — SOk gt T SRR

FRA A TR SZ P ) T2y o il 4848
JEZH 0.005 mm/s. 77 A1 iR 5 U PRl 47 )2
AT ObRAE, WA BUEAARAE: HAR 50 mm,
R 100 mmo S [ 1) V47 BEAE £0.02 mm BAN o dEFT
A I RS I [R]— A PR A 3 AN 4.

R e ) AN EAR S I N N B L FAR )
164 0 AR i 2 2 ol L Pl 5~ B3R AG ) 4t A
M2 FH A FRAT T ) 4L A R AR A T F 03 2 A D 9%
”ﬁ%ﬁmﬁwﬂmm%Q%M%mﬁmx¢wﬁﬂ

LR, R AT R . B 8 45t TIL
MﬁwmaﬁwﬁmﬁﬁrﬁmmnmmNMQﬂﬂ
Hh 2 1% o

B0 71/ MPa
=
T

1 1 1 1 1 | 1 J
-0.0010 0.001 0.002 0.003 0.004 0.005 0.006 0.007

b IRES
El 5 PHMERAMENN - NEETIEL

Fig. 5 The stress-strain whole process curves of red sandstone
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Fig. 7 The stress-strain whole process curves of red granite
subjected to uniaxial compression
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rock
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Fig. 14 Fatigue test curve of Guixi red sandstone
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Table 1 Fatigue failure test results of rock subjected to cyclic loading

F=1 o I PR I~ B [T I PRI R W97 A A B il 3

# e J1/MPa }1/MPa /MPa ikt Jikt frhk i A5 [ -

o RS-3-1 33.9 1.3 22.6 0.91 0.31 691 5.6340 X m-: 5.4146% m-: 0.1488 X 10 :
M; RS-3-3 339 11.3 22.6 0.91 0.31 114 5.9804 X m-‘ 5.4146 %10 : 0.5658 % 10 !
RS-5-1 32.0 1.3 20.7 0.86 031 508 5.4024 %10 55128%X10° ~0.1104 X 10°
“ RS-4-1 30.2 113 18.9 0.82 0.31 8458 5.3241%10° 5.4208%10° 0.0967 % 10
XK M-2-1 81.1 27.0 54.1 0.92 0.31 744 4.3623x10° 4.5271%10° 0.1648 X107
7 M-3-1 76.6 27.0 49.6 0.87 031 372 4.0645%10° 4.7948 %10 0.7303% 10
H M-3-3 76.6 27.0 49.6 0.87 0.31 507 5.1505%10° 4.7948 %107 0.3557%10°
. RG-1-1 141.3 47.1 94.2 0.90 0.30 30 4.8434x10° 5.2710%10° -0.4276 10"
ft RG-3-1 141.3 62.8 78.5 0.90 0.40 174 4.8789x 107 5.2710%10° -0.3921 %107
it RG-4-2 141.3 78.5 62.8 0.90 0.50 113 4.9780x 10" 5.2710X10° -0.293%10°
[ RG-4-1 141.3 78.5 62.8 0.90 0.50 629 5.7181%10° 5.2710X10° 04471107

ey RG-5-3 125.6 47.1 78.5 0.80 0.30 6072 4.7594 %107 5.1969% 10 ° -0.4429%10°
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whole process curve of Jiangxi red sandstone subjected

to triaxial compression
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Fig. 24 Three stages evolution curve of axial deformation of Daye

marble specimen M-3-1
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Fig. 29 Stress- strain curve of Nangiao Sandstone Specimen No. 5
subjected to triaxial compression
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Table 2 Stress-strain state of real-time CT scanning of Nangiao

sandstone specimen No. 5
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Fig. 30 Mean CT number of scanning sections versus axial strain
curve of Nangiao sandstone specimen No. 5
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Fig. 31 CT Images of four sections of Nangiao sandstone specimen No. 5 subjected to triaxial compression
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Table 3 Testing result of 4 CT scanning sections at different stress level of Nangiao sandstone specimen No. 5 subjected to triaxial

compression
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Fig. 32 Comparison of Stress-stain whole process curve obtained

from testing to the classic one
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TBE AL Y, RS )5 R ) Z AT BT AR R
PUBYSRIE 7, , JLE SR - PR SREEHENITHEE, s
WAL R K o] (=0,

T, =¢ +o0 tang, . (18)
7, AL IR Ny
R =1,Al cos(0-¢a,) : (19)
oAl (=oAL IHEEN
R, =oAlsin(6-ca,) - (20)
it A
DR(O)=DR+>R . (@I
o 0 a7, D AKX (10, fRERMXL

LA FBIBER
K(Q):ZR(g):MO 22)
YT(0) YTI+YT;
B SR RAK = K (0) , IFKL (18) FOA
X (22) JEFFAG:

i[(q +0,f,)cos(0—a,)+o,sin(0-a,) | Al
K=K(0)=+ ,

i[q cos(6-a,)+o,sin(6 - a‘.)]A;’r_

(23)
Mo, MBI I, n] AR A SR A 0.
3.5 EEMENBREZLRANMNITESE
A AR 2% ek AN e 4 R A0E ARIA A BEE HE
S, KEASHENPIERE 28 R R 25D
BRUWTR . O b 5T i 5 ok e 37 AT BT HUE v SR
R, FEASRY AR R T B 5% 45 WORE S Y AE T Bl 1H 5
@M BEAYHEAT H AT BR e D) Hapmt s, 14
BT S 1A% RN PR @M 1 AT BRI
WX 45 5 BT 2 A AN BOEAT U, R
A BRoca ) PP SEE L, TN Bl %
b BY I ) S5 1B AL TR R AT SRAG R ) 0%, G AR SCRITIR
(R 240 5 AT K 2% 8 0 R 10 T 1) B Dy 22 4 R 5T
s @TEL A RETEERGE T ) X . 2D
VLTI b2 AT BT 20 ) ST Dy v ey B )
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REC, 4220 (23) win] 159 3 U s UL A 1) 22 4%
R M 224 RBO/ N A BT R i Bk sl S 11
3.6 FAWMRFEENEARMBTELE

fic, o MEEEROETE. T4 AL
RGP A ELAE R 07 KR, o LA AS [ R AEGE
S — vk SR n] 45 209 7E 3 3 B AL B
(3 sl I RIBTHE ). AR BRI A — Rl IR AN AL
TRBOFHRRA, SUERT ARSI EAE ]
Ay, SRS K A A REA AR AL T 55 PRl
RA U, 5% AL B T Bl ) oA BT B )
K, B AL B ERPUE RS BUS R A, AR
Jatzal (13) F1 (23) nPsR B HU L E 24 R B .
{EAHE R, IXPHAN SRR, AT ER
FH SR it 4 MR . 24 4 RARAR W 455 — AN 4Bt 4b
P THT FERRAT S AR T BT SN O 0 A B AR PSR
A, A R AT g T SR S ) i) SR
3.7 ACADS BiEiniERERS “REM” DiFLE

SREIXT EE 4

M 1987 AFEB KA FEHLN HI Hh4 (ACADS).
081 EXT (a) FIEXT (o) Mk i),

FEX1 (a) A—¥bd, FOH S &R
S 36 Fian. ZEXD (o) AR by, LR
JERSES EXL (a) M, (Higdkd 3 Fbb R4,
TR K RS 37 Feoi.

20 |
10y

VANV ANV AN ANV ANV AN ANV AV ANV AN
wskval I65kPa
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T |
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[ 36 ACDAS %8 EXI (a) HHER
Fig. 36 Calculating model of ACDAS
AR SCANTHG I3 5 WU R e % AN 3 A&
I 5 2 T 4 22 ), 18] 36, 37w ) i g SCik

[2315K ] STAB FiFeRAFH G S shiim, A 554) B 2L
BT B AT L RS E M TS, E I EXD (o)
fly e &1 ) i 2 ik 3 bt ).

ANV ANV ANV ANV ANV ANSIF ANV ANV ANV A}

190.125 kPa 63.375 kPa
= 2 -
Hfii: m

[E 37 ACDAS #8i EX1 (¢) itEER
Fig. 37 Calculating model of ACDAS
PAET KRG FRoc R B ANSYS (1) = IRJF
K, 18 IS IERS e R s R M, e %
RIETA 405 7 AH N IR SR A R R A L A R H
IV . SRR RE S K 4.
IS4 4 v 0 o3 B T VAT B 24 R AU
XY EE Ay M AT 0, 38 FAS SCHE S 1420 BT 7 0 i AN b
2 RV S0 &5 S5 0 A PRS- 14 31 ) 5 AR 2 &
e, %8 EX1 (a) FF W EX1 (¢) BHAL
P& TS 4 R S HETEN) Donald (13412 %
FHEE,  HADR 2 70 3 A7 1.06% A1 0.43%
XFFIX PN, BATTI8 S A BR oG9 B ki
X HLRSE PEREAT T 4007, 20 W B CATH AN I ik
W br HE . 8 M #E W A Druker-Prager #E NI
(Mohr-Coulomb #EN#MERD. B EX1 (a)
EX1 (c) A7 PRITHREEHTIN 4 R A 1 4 1.188 F
1.578, LLikHZ& R DM T 18.75%H1 13.53%, i
TRA T AMERITT e R RNz —.
3.8 FFENNBINEANKIBER SRR “REM” &
o
(1) TR
N Tk AR TR L S WU R E
SIMTNIE SR 2L, AR SR
B ATk =Wk, (TR E 4 Fr. BB
MELZE SN RS FL 544 5 15 ACADS [f1kx

& 4 ACADS MiBZ MM H ERSZMITHAEMBE R
Table 4 Comparisons of safety factors for ACADS with different calculating methods

P Ny EX1(a) EX1(c)
AT HHRFE TAER R TS O T
D()nald(ﬁfﬁ) 1.000 1.390
SSA(Baker) 1.000 1.390
...  STAB(Chen) 0.991 1385
BT B oA 2 R GWEDGEM 1.000 1.390
EMU 1.000 1.390
Fredlund 0.990 1.406
e Tk ANSYS 1188 1578
ARSIk ANSYS(#E R H7) 1.011 -21.82 1.384 -21.51
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HE% B EX1 (a) #H[F, 25 vHSOBERY R 30w oo kil 45 WL
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1 1 =,

e i b e A i
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(a) SURTLEHESh HHIRY
_;50
1-5:-1- 20
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) = .10
- 116 wf
A A A Lo 8808488 h
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20
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(e ) =PTERHTShEHUL
20
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[ 38 4 #hAEEEMELE EE
Fig. 38 Four kinds of non-circular slip surface
(2) “RER RS R S I e T ik R X
EE g #r

W B S H AR Wik v S R Rk e A
REFE 5 Frax, b [E ) T A2 R PR T
XA By [ AT VS BT A B 1 e 4 R KL

K52 BT i v (1 o 5 4K A/ GEO-SLOPE OfficeS,
FP ) M-P #4811 2 Morgenstern-Price 7%, L-K 4
1) /& Low-Karafiath i%. 73 Hr& P vl %0, 3 Rk
BRSP4 5 300 B B R T BT B0 R ST 45 B S AL
T R N E 2 A R B ZE MRS, MR ZEH A
L 1%, X e UM shitE ol F, ARC73mx
AL A RS PR PP (1) Morgenstern-Price
A L-K SR S8 A @ 220, SX R 5 ik
W 4 R 2 M ZE 50 2.483% K1 2.190%:;
ARITTIER R RNE 24 75 Bishop 1L M)THEL4S
BAE =Pk shmi s ol R A ZEIE S T 5.631%, H
Bishop V211 571 24 R AR R L 4y s sk, JLe )L
Fhiy sy ol vk 5745 R Lb 2 vh B g (0 3o 5 et
BT 2 AL o, IX B R R Bishop #2502 3 T4 5K
NIRRT RPN
3.9 BERREMOWAEMNITIE

CAT PR TGRS #LI0 RS AN R oy 4T i
FHH KO 50

BATCL =i st A 5B, KA IR
BEAT 48, IR S o SR 43 H 18 oF 55 1) ORI BT
WRERERYILE 6. FEIFRY, HIo/FKA
K(O)FEMA K, X off (52wt 5/ o B0 RS KIS (1)
K(OFRIK T 950 ]SRN K(6),  AH P B A 228
X 1.10% « AFEH 1) K(O) 5 o0 R K R 2k W 39,

5 RASEARRAAEKBOEZILBIEMARRERERNS “REM" ANERILE

Table 5 Comparison of safety factors from vector sum method and other methods according to the different slip surfaces

P BT 7% 2 2 A A3 AT RGIE
WHBURIAN 5% mihopik LKW RAREKCD) WHAROC) Wik WA
P 2 1.684 1.678 1.682 1.668 -18.43 4274 4447
AT £k 1.071 1.139 1.076 1.091 -20.96 2195 2324
—Tek 1.097 1.163 1.106 1.101 -20.00 2199 2328
AT 2k 1.047 1.116 1.050 1.073 -20.45 2338 2467
Fz6 BRI “REM FRERANHTM
Table 6 The impact of element scale on vector sum safety factor
FLg ] m OCEE ZARF KO AR 261 % WS mac ) AR 26 1%
0.9 642 1.1116 1.10 -20.05 0.56
0.8 844 1.1086 0.83 =20.10 0.81
0.7 1107 1.1060 0.59 -20.04 0.51
0.6 1471 1.1033 0.35 -20.04 0.51
0.5 2085 1.1027 0.29 -19.98 0.21
0.4 3423 1.1011 0.15 -20.03 0.46
0.3 5902 1.1005 0.09 -20.03 0.46
0.2 13433 1.1012 0.15 -19.96 0.11
0.1 49986 1.0997 0.00 -19.938 0.00

T FEP MR DL 0.1 m o R
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Fig. 39 Variations of safety factor with element scales
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Fig. 40 Diagram of forces acting on a slop slip surface
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Table 7 Vector safety factors from the slip surfaces with different constitutive equations

it FITE T
e " (D-P 4h451) (D-P Py
e . TARE WA RARK ST RARK W7

k(9 ac ) k(9 ac ) K(9) ac )

LEREE2s 4274 4447 1.668 -18.43 1.666 -18.43 1.665 -18.43
AT 2k 2195 2324 1.091 -20.96 1.086 -21.16 — —
ek 2199 2328 1.101 -20.00 1.100 -20.33 — —

fERCh £k 2338 2467 1.073 -20.45 1.067 -21.01 — —
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