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Deformation control law of rock fatigue failure, real-time X-ray CT scan of
geotechnical testing, and new method of stability analysis of slopes and dam
foundations
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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 | and type Il 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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Fig. 1 Stress-strain whole process curve for rock subjected to static
loading
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Fig. 2 Testing curves of six kinds of rock samples subjected to
uniaxial compression
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Fig. 3 A classification method of the whole process curve
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Fig. 5 The stress-strain whole process curves of red sandstone
subjected to uniaxial compression
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Fig. 6 The stress-strain whole process curves of marble subjected
to uniaxial compression
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Fig. 7 The stress-strain whole process curves of red granite

subjected to uniaxial compression
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Fig. 8 The whole process curves of Guixi red sandstone at

lognitudinal deformation rate of 1~1 102 mm/s
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Fig. 9 The whole process curves of quartz diorite and
metamorphosed sandstone obtained from Machine
RMT-64 (longitudinal deformation rate of 5 10 %/s)
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Fig. 10 The new model of whole process classification curve of
rock
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Fig. 11 Cyclic loading wave
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Fig. 12 Sketch map of threshold value
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Fig. 13 Fatigue failure testing curve
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Fig. 14 Fatigue test curve of Guixi red sandstone
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Fig. 16 Fatigue test curve of Daye marble specimen *M-2-1
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Fig. 17 Fatigue test curve of red granite specimen “RG-5-3
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Table 1 Fatigue failure test results of rock subjected to cyclic loading

Far g R I B 226z R I B W5 5 27N Pl e

je8 ’ J1IMPa 41/MPa /MPa Jikt Jit ik AR JS AR ”

o RS-3-1 33.9 11.3 22.6 0.91 0.31 691 5.6340x 10 ° 5.4146 %10 ° 0.1488x 103
%r) RS-3-3 33.9 11.3 226 0.91 0.31 114 5.9804 X 1073 5.4146 X 1073 0.5658 X 10 3
o RS-5-1 32.0 11.3 20.7 0.86 0.31 508 5.4024x10° 5512810 ° -0.1104x 108
G RS-4-1 30.2 11.3 18.9 0.82 0.31 8458 5.3241x10° 5.4208%10° -0.0967x10®
PN M-2-1 81.1 27.0 54.1 0.92 0.31 744 4.3623X10° 45271x10° -0.1648x10°3
7 M-3-1 76.6 27.0 49.6 0.87 0.31 372 4.0645X10° 4.7948%x10° -0.7303%x10°*
ba M-3-3 76.6 27.0 49.6 0.87 0.31 507 5.1505x 10 4.7948x10° 0.3557x10°
4 RG-1-1 141.3 47.1 94.2 0.90 0.30 30 4.8434%10° 5.2710%10° -0.4276X10°
@, RG-3-1 141.3 62.8 785 0.90 0.40 174 4.8789%X10° 5.2710%10° -0.3921x10°°
i RG-4-2 141.3 785 62.8 0.90 0.50 113 4.9780%10° 5.2710X10°° -0.293x10°°
5] RG-4-1 141.3 785 62.8 0.90 0.50 629 5.7181x10° 5.2710x10° 0.4471x10°°
e RG-5-3 125.6 47.1 785 0.80 0.30 6072 4.7594%10° 5.1969%10° -0.4429x 10
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Fig. 18 Fatigue test curve of Jiangxi red sandstone specimen
#RS-14-3 at variable amplitudes
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Fig. 20 Fatigue test curve of Guixi red sandstone after peak
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Fig. 21 Fatigue test curves of Guixi red sandstone specimens with

the different upper limits or different amplitudes
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Fig. 22 Relationship between fatigue test curve and the static
whole process curve of Jiangxi red sandstone subjected

to triaxial compression
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23
Fig. 23 Concept map of rock fatigue failure controlled by static

whole process
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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. 25 Principle of special triaxial loading testing equipment
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Fig. 26 Testing equipment of CT machine and triaxial cell
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Fig. 27 Principle of installing specimen vessel
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Fig. 28 Scan section position of the rock sample
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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

:j:‘lﬁ%‘ o1 01703 & -
W IMPa (/MPa) 1%o ik
1 11.88 1.88 0.63
2 22.63 12.63 25
3 35.92 25.92 5.0 A
4 45.66 35.66 6.9
5 48.85 38.85 7.6
6 49.47 39.47 7.9
7 51.71 4171 8.5
8 40.79 30.79 11.6

(3) HIMFD 575 B AR 45
X5 WA 4 AT 8 YR FTAS CT P76 3.
5 4 AN (4 CT B8 575 W 4 1)
AR AW 30 Fros.

(©)0,=48.85 MPa (£)0,=49.47 MPa
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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

i B 1HARE B2 \A#ZE B I3IAHE F 4 HHE
JFIR CT 7 CT %t Ji % CT ¥ Ji % CT ¥ Ji 7
1 1625.6 98.95 1630.0 102.07 1592.6 105.01 1582.3 172.03
2 1626.6 104.52 1633.6 104.51 1598.2 105.10 1583.5 172.86
3 1627.6 105.50 1634.3 104.74 1601.1 104.94 1584.5 166.57
4 1626.6 105.63 1634.2 102.19 1602.3 104.07 1585.2 166.76
5 1625.9 104.35 1632.0 101.07 1601.9 101.05 1584.8 166.67
6 1624.5 101.54 1627.4 100.71 1596.7 97.11 1581.5 165.44
7 1622.9 97.53 1621.5 99.87 1591.0 98.84 1578.7 165.74
8 1609.9 91.56 1604.3 113.37 1576.9 11551 1565.4 183.29
*r WA
P !

« 40 .'6'7.

E *5

,E 30 < ge

?

\b: 20 .. — == X —

ol o { 2 )9=35.92 MPa (b)) §=45.66 MPa (¢ )9=48.85 MPa
o] 1 1 1
0 4 ) 12

6,/ MPa

&1/%o0
(b)) SRR 1 -RiE St B g 2R 4 B R
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Fig. 32 Comparison of Stress-stain whole process curve obtained
from testing to the classic one
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Fig. 33 Damage and fissure evolution at the first scanning section
AR A FRICTVEAF T M, AT I
PUORGE TR AT BT ) H 25 5w, )
1927 4 Fellenius®®H th il e B s 43 B 1) L0 4 009,
201 80 a fR A, A PR 7 B ids C IS K2 2D
Fiig B39 2 S STAE [ R S i RE Aty i, i HOO AT
G, SURAME D), WHE ST ERAISUR - e
SRPEVEDN, PR P AR E L Rk

n

Z(o*if,. +¢,)AL
k=" ®)

Zn: T, AL
i=1

Kb oy 7 AR IR R SCIR 1 Bl T 2 & B ~F
BRAwN Sy (IONIED RPIBYN Ty, AL e i Bef
Bole, f Rl e, 3500 5 1 BT R R BONTRG &5 ),
n 0 B ICIR A BT 50 B 2

XA DARKICR 11 38 1) 22 4 A A B2 U 15
IR B IHOR S SEER, 2K (6) fliAL T 1A
i) B, ARECRIRERS jear . X T U APl R AR 3)
e, X (6) AT RLAT.

PG OL T, AR S AR GCR, Er]
A HLRBA IR, Wl AR L. Ak
)1 ] I ANRE 2, % BRIR) A H D £ A st B
WA AR 805 T al AN (R s AR A
I B ORI, BT FKIRAEIT, Adthse



12 o L OB E R

2008 4

MIFER, S F0e A (0 i 2 A1 P A 3 P T R e 4
W o IXEERIZAAE TR P 4 T TIR KR
RPN, AR AR S LN ) oA, BT
— AN ), AMEAT 2B A LU R . W)
BV 187 4% V2 B TR R R R T DA PR B85 6 4%
Bkl ar oy, xh 4B S EAER D3I/ T R
VER AR A B, DL e 4 BBV E 77 50
SRR T 2 3 44 1770 2 [ SCk[27] - Fh Sarma
A DAL R 3 4 B AR 1

WAL KRB 56 R 3 v 1 e R e w5
(1964 - ~1967 )2 T B - 5 B bR 1k (1) 45 ol
PR e RO E . EMROR IS T IR TR
) RS S I TAE RS AR ) 2 ARG . A IX T
F 90U R 22 S B T s () T AR PO AR e T 4y
T2 ORI FE T H5 FR A W 1)1 T ) AU B 1 45 e
J5ids, R F AN F it B it M, AN AR R,
SVE—Uat B s G — AN P gt FAERA “FIR
e s )y 7, — Rk T R E 24 R 5P, 1980
SRR R R A T ORI 3 R A BT A Wik
O GAREANE RS T PR b2 AL
T, EAYFZ I7 A T AR i,

AR R ~P- B 3 W 7 VR AE BRI Aok CN 4 1)
SR, R T RIGTIRERE. ERTERE, BT
AT =Yl RN BT HEEA “TE454 7 (R R Y- 1
S MR AN = P T H 032, (SR A e
T 00 B i % M T 2 A R AL

EPUI AR S 2 A i A W . Offe i
(17, BSR4 REIMES: @7 AR e M F U
AT FEME AT . SCHR[33] S I AT SR A T AR
PEIEAEZ —, ARSI A B A TR HE
3.2

(1) ¢, @ EBFEFERHTIRAREAMRA B

AT, AERZR - PEASREEHENI, ¢, ¢
SEPUBTIRIE A SH e A e SR EHE BT (A
HAHMIE, S22 @ AR o 5 A X A A R
ANRIE M) e (ARG B AR K, I E Tk it
B R ARMEMIAFUE, 5] M 1R 22 RN 45 R 1% 2
LR K. 1T @ AR, TREH ISR a3 a A
RIS, A (e AR R e AR e vy T ¢ [ ERVEH,
AW c AR ZDIER A @ (AR CHAIE- . BRI,
X T RS — AT R A F AR 2 R, b
T AN [ B 303 e A A B IR AN —FE I
AR P H BRI, B0 F, RLF, , T84 1 g 52
ZT, KRBT 20 F, M F, WA S R RIE e
—NSHAE, W — NS, A wA g
%, MF, Ce BT BUHAZ) M F, Co BT RHEAR),

XA AN RE RN %4 R B 52 o

(20 AW AEIE S V)L v A [F A N, XLt
N e, @ ERAMIE, Wikt g — s 3T
RIS F AR R I e 4 R A A BRI

(3D B =AW RS B AN BRI ) L i SRR
SR - ECIREHIE, o EHE A R . B
PO CLZEAE N, Ao 2 B AT IR [ T 4 2500 ]
VAR LE g A LA AT I T A A5 06 A2

sinp>1-2u, (7)
XAEA A B G BE pAT 45 R T AL, e R
JEo M IF LR EEHT iR R BA e e R A, a2
THOU g A A 2 B DA 2 LR g ANAE .
R oI, MR T Ml BN 2ZE BB
AN g SO il e B e e R T . A
T g0, RIUANI AR AR, S5 AR e AN A B

CAD 5 FEAT I 1520 B 35 AR 7 1 S L i)
FIREBIFAGE A HINPRGS, € R EAURES .
FATIN Ny FEA 3 (R38R A2 N A% 2 AN B = i S5 )
PRSI A, AHIEAERE, Biat—JotHa HEm
CARFHN IR, WEHE B, DU E SRS H
KGR AR &3, W E.

(5D FA PR TT 70 A IR0 A o 88 i it o 2 4 gk
OV R an e o 7 e T 9m B ST SE A AT 2% 5 S AE
AN 12 HH ISR DX BB A DX PR A HH I S I, X
SEDCIER ) Y B 2 B 2 /D SR BAR IR, ATt
0 AT HY 22 4 AR B AN B 2 5

(6) RHIBREEHT I F AHIN, 24 SRR B Al i
SIS, RIS A BR T SR AR 20 R e, RS
PRI A2 T N nAe] A o 77 Al T AR FRARZS I 0 25
B VPRI R o 3 MK AR AR T S LA A A |
iR S8 Sl A U S5 AT AR KR AR o 281K, 4R D-P
PRI, 8 SCEED 73R A 16 B A 16 . S i A
[, S5RBG AR, BERSRMER - RS EER N
BIRE D-P AT, 5 R A Al A Ak P
R AN o AN R NR T AN ) AS e AR 5 2 748 D 9528
()22 4% R A AL AR AN[R] o Sl e S A P fir 4 2R R e
T RGE 242 R AU AT SE A& B R T IR
3.3 “ 7

A WG RRE AT VAR AERS “ W AE”
TR “IEAE” TSR T 52 )1 73 (Al b e 3C
FRMEPU ARG M A R UMK e 2L
FRERESE .

EHIN, RAEMPUHRE LR K MBS
SNt s JWARTESZ M (IR AED R4
RN, AT S P RSO AR IR U i < B



S BB E AR ROR A a  ARIR  SE X SR CT A B BT ASUE 23 (9 5 12 13

S RAEAE N B BRSSO “ BT 2. KR
(K0 SCRARH EDIAAR SR BATHR A “ oA
IIMTEIETWR 5 K

(1) XHLYLRH “ BRI, FEAE I rfig g,
D R R JEAE IR I Sl i 45 73 Be i 2h)
Ty REEAE RN 15 O 3 BON AR T B8R LT B
DRy M NRWEEN 1R, R, O AN 2)
I A BRI PTR s 0 %, Tl “REAT TRk
ISEiIRG IS

(2) DY BT 1 R 5 i ah I R EGE R &, A
A] B ELEOS HU T I BRI I ST RRUE L AR
Ko EMIAER—J5 1) LT HOE A et St B
PR PR LR K .

(D FIANF TS T B P AR IR 45 R AN R 1 - R,
S E e B, 1T ELAT DI B SR BGEA .

CATE YIRS N R RS BT I RAE—
APITA o AR I BB BT ) 7 AL (1R
AR5 TR ARSI A ] B A A 1 Bl (AT ), FRZ A
WARTE EERA T . 2010 2 SERFITIA A R A
FENE B 5 A E A B AE S P . ASOR LLUXFER
SRR 0 it JRATTHRBITT T LAV £ Sl i ik
i) 3 5 B P 1 RAE B 2 v,
SR A M ZEARHE /.

(5) 7E=4EIRZA N R IR S5, A5 e 2)
I oo ERsh i < REMT SRR
Ko KTl shil LR RO 5, B0 7,6, & 0 R 1
PROAEARIT BN 7 1) A Rocl L i Dl “RE
A7 S BPEE IR KB Eh RS B 1K
WARIHEIR B T B, eI ILERR 2 “ REA!
R Pl e LR

FR B T CRERNE” PRI E LR
R AFSINE 2P

1983 445 43 [ K T 3 R AR AL AR 2 AT R
JUREFPR R B B UGER I “RE” M 5TAN
MESAID BA . i SO “ RN A e it
(3380, N G IR A AR T R, < R
ot XI5k, ERBEE R T R e i thad H
TR 2% 30
3.4

(L~ T 1 5% B AN 7 Bk

R IL 3 5 WG A E 70 B VR A X 7
T B AAIEAT 32 0y 0 iR, AEWR AN i FE
SCRISR AU ASE 2 4 R AL

PEpIL

- ZT 4 (8)

A, D ROWELEW S LA RE ), D T R
R HRES)

H TP S R R R, BTl (7) dox
PO 15 W SRR N R SRR . A, 3R
IR tH R BRI AL, F 222 REK € SCEELAE )
(% H o AT S L, IR SURRON SRR e A R A

(2) KM HTHEI A 5 R

@) DA 4 il ORI 5, 3235 BRI BT #4 B
TR Q, AR QNS AR S L S50, R R
BNXIRA S, ARS8 3R I 0 B sl R 5 5
SERR TR, XTI BRI s, R 2
FOAIEFNEHE, HEATREE 2 AT IO T4 4 Al 2 1ot
FiER, IRAF SR B T 1) A T2 A WAl
TR BRI S S50,

b) W S WIERIAT R A A TR A
W) O 5T, A R ociE S EE Ty
VRS R 3 S IURR YIRS A AR

AN _F2A L AR R R E IR SR - B
FEWEN] o AERN Sy A QAN A AR BT BT 3 A

7, =c+otang o 9)

d) DL S I R AR o A P BEST H I,
LA FAU TS5 1) a2 5 U (1 A T B i
SE o SCHPEARSR U DA AR N B 1 7, AL TR
SYBEET )y, I CORERT, TR IR, T AT
HI7m 0, B3N ) RFNHT I R TT 1] o

) KMEZ AR K(0) 8 LN, Wil i
0, VAN EARUEHTHT I % v e 7 1) B i ARE
FID R(0) 5 HAEI ) )y 1% I3 ¥ 75 1) B AR5
1Y T(0) HLfh:

2 R(9)
K(6) S7(0) o (10)

(3Dl [ 8 5% B FVE O Ao P 224 REOH 5
J5 1) 6 F SR

e 34 o, fBUE i SR . 157 4%
fE WA E . A AR EEAY B ) = S5 D )
LT, R BRICET SN g AR A
WAESL RS AR R XO'Y TN 1k o, Rz, i AL
—IRIRBOA AL, R AT B D)4 S R AR bR R X
HOERAAA a, .

NI IIE A S 3E 1 E o fA FE R IE 57U
SEN s AN XL ) R U T IS T T A R E, Y
ISR 17 o) () 1 B A A, 1] 34 TR ) e, Ky

HHE R B0, T3 S WURE RV E e B i B AT
B 1 R B EY )05 1) YRS 12 s R I S T R D) 1)
Jiml, B AN e sy m oy ) s 5



14 e s D =R

2008 4

Al ISR L 1% S AL AL AR B BT 5 K, il
X AR, AN Bl % B R DA ) R
RN RIS AEI R S A TT 1 o TR EANE L4 R
KT S5 1L T R IR A AR T ST 1

Bkt

Bl
Ty
9 N
\_<r g, TN,

; By bigrm
o N BARTHI I, B3I v

34 0
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Fig. 36 Calculating model of ACDAS
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Fig. 37 Calculating model of ACDAS
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Table 4 Comparisons of safety factors for ACADS with different calculating methods
. . EX1(a) EX1(c)
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Donald(#E4%) 1.000 1.390
SSA(Baker) 1.000 1.390
' PN, R STAB(Chen) 0.991 1.385
N N M K”ﬁ'
BB oA GWEDGEM 1.000 1.390
EMU 1.000 1.390
Fredlund 0.990 1.406
A PRGBS IRE ANSYS 1.188 1.578
AT ANSY SR 1) 1.011 -21.82 1.384 -21.51
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Fig. 38 Four kinds of non-circular slip surface
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Table 5 Comparison of safety factors from vector sum method and other methods according to the different slip surfaces

A g i e T B PRS0 224 B AT AR
R — G Bishop 1 LK RAREK() W 0IC ) ook T
L 2 1.684 1.678 1.682 1.668 -18.43 4274 4447
ATk 1.071 1.139 1.076 1.091 -20.96 2195 2324
=44k 1.097 1.163 1.106 1.101 -20.00 2199 2328
E=YiIEE 1.047 1.116 1.050 1.073 -20.45 2338 2467
6 e -
Table 6 The impact of element scale on vector sum safety factor
HIu R /m BT ZRZRH KO AR5 1% HEITHA(C ) AN 1R Z21%
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
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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
Bk PRI HIRE
W T i (D-P 4MEEIA) (D-P WHE:H)
A YRR T 1) YRR T IR LA FRH T TT1]
K(9) ac) K(9) ac) K(9) ac )

HE 2k 4274 4447 1.668 -18.43 1.666 -18.43 1.665 -18.43

ATk 2195 2324 1.091 -20.96 1.086 -21.16 — —

= 2199 2328 1.101 -20.00 1.100 -20.33 — —
LR 2338 2467 1.073 -20.45 1.067 -21.01 — —
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