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FATIGUE DAMAGE MODEL AND EVALUATION INDEX FOR
ROCK MASS UNDER FREEZING-THAWING CYCLES
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Abstract  Frost heaving pressure in rock mass undergoes a process of initiation development and dissipation
under the freezing-thawing condition  which results in the fatigue degradation of the physical and mechanical
properties of rock. The freezing-thawing damage model and the damage evaluation method are the key problems
for the rock mass in cold regions. There are many evaluation indexes of freezing-thawing damage including the
porosity the longitudinal wave velocity and the elastic modulus. The frost heaving pressure was considered to be
equivalent to the triaxial tensile stress for frozen rock mass. A freezing-thawing fatigue damage model was
established based on the equivalent triaxial tensile stress. The equation describing the freezing-thawing damage
variation has the same expression but the different physical meaning with that obtained under repeated uniaxial
tensile stress. A new unified damage variable depending on the p-wave velocity and the porosity was deduced
based on the definition of the dynamic modulus of elasticity. The damage variable includes the effect of dual
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physical parameters and is a better prediction index for the uniaxial compressive strength under different
freeze-thaw cycles. The loss of 40% of dynamic elastic modulus was defined as the damage threshold. With the
damage threshold the maximum failure freeze-thaw cycle was determined. The freezing-thawing damage model
was solved in combination with the unified damage variable. Finally the validity and applicability of the
freezing-thawing fatigue damage model were illustrated through two examples.

Key words rock mechanics freezing-thawing cycles damage model unified damage variable evaluation index
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Fig.1 Sketch of the spherical void model

)

[25]

o

s (@+V)R| a’b’c, 1 1-2v d’c,
Ug = 3 3\ ps 3| D
E 2b°-a’)R® 1+v b’ —a

R E v

. 1-2v 34
VE v @

oo  (@+V)R| db’c, 1 1-2v b'o,
Ug’ =— 3 a3 3 3 ©)
E |20°-®) R 1+v b’ —a

YR R ®
e = ®)
2 @) (%)
o, =—(§] o 6)
o, = —7"0} =—no; (7)
()
Oy
O, =0, — No; (8)
2.2
()
Helmholtz
y=y( T Dy, (p a T) (9
We Wp

& p T D o



34 6 *1119
Lemaitre def = a2 (22)
‘ oo,
1., di
We = Zgif'gkzay‘kl 1-D) (10) &
o ay, (20) (21) (22)
oY, _ . P
G; =P 68; =&y (-D) (11 &g & &3
di
W
al//e 1 €.e
y= ,05 Y €L (12)
(11) (12)
[ S (13)
-~ 20-D) 7 P= E'P'P:ﬁgL 24
3 é'lj ‘91] 1-D ( )
at
0; =S; +0,0, (14) [26]
;=€ +&,0; (15)
s, € On  &n
6,  Kronecker “
: p=|_ % (25)
(14) (15) (13) — M1-D)
Geq
2
~ :£|:1+V 5,5, : 31-2v) o : (16) 3 v2
2| E (1-D) E (1-D) T = 3% M «a
(25) Ramberg-Osgood
fu, J, 0)=23J,c080+1,-3f, =0 (17) =0 (29
I J,
¢ Lode Ji
(-noy —no; —noy) . “
pP=|—" _ (26)
M(1-D)
f=o-f=0 (18)
(16) . Fopililes
~ 2 P=a—— 27)
2 E (-D) [27]
D Cauchy o, s
5 p-_Y [ p (28)
oy So
5 O 20)
““1°p ( So %
Feb-f=0 21) (19) (27) (28)
A1 -
y_Bo, o, (29a)

- @-D)*



2015

* 1120
A=2s5+a
s (1) a (29b)
2KS, ) M*
K
D
d_D — J.o—e"‘“ Bo-eAildO-e _ 2B(O-eﬁax - O-eﬁnn) (30) X. Tan [21]
dN  Jom (1-D)’ A(l-D)*
N O-emax Gemin
2)
(30) 4
B
5
(30) 40 F []
! a
Y 351 - N=0 =
<) A —— N=150 °
w30} —a— N =100
h & - N=150 .
_\5 5§ hd :
E
[28] = 20‘[’//4,/””/—’3
h=(o0,)"N" (31) 15:L v
m n 10 1 1 1 1 ]
0 2 4 6 8 10
H oy /MPa
B A-1 -
ey (32)
(1-D)*(55,)™ N"
Fig.2 Static elastic modulus of granite changing with the
confining pressure after different freezing-thawing
0 (N=0 cycles
_ (N=0) (33)
1 (N=N,)
N, 3 29
(33) (32)
o o, )" A(l—nA) "
emax __ “emin —-n
N, =| 2=emax_Zemin (34)
Corax — Oemin . 2B+ A) -
N 1" ﬁ k
D=1-|1-| — (35)
Ny
H=nA
H=0 (35)



34 6 e1121 «
[30] (42)
V72
D-1-f (43)
(43)
T. Kawamoto  [31-32
(33] (43)
3.2
/ E (1- 42
+ p— —
P H H D, = n-—ng (44)
Ve E, 1-n,
U (44)
D,
' [4]
D, =1- ﬂ (37)
¢ (44)
E;
(36)
(37) 3.3
’ 12 2 [34]
D, =1—KVL2= —K,V—PZ (38)
p Ve vy
v V) (39)
[0 1]
1
Ny
40%
Yo Btk (39) 40% Noy
Vv v, H Ay,
VS VO
04-D?
Avo NOA_Na+ b ta(‘]\']b_]va) (45)
Dt - Dt
My
N, N, 40%
%
Ny =—— (40) D}
v, + v, N
) D, N, N, (42)
) ( )
n=——>2 (41)
v, +v, + Ay,
40%
(39) (41) (38)
12 _
thl_l nVLZ (42) D=04 2
1-ny V3 (45 N, N,
(42) Ny,



* 1122

2015

40%  (35)

30001 —— WK
1 —o— HEALKE
1-H 144 2 800 —a— SR (0K
1- 1_(& =04 (46) —v— LUK
N, ' T 2600
£ 2400
=
N £2 2200F
N, = 24 T 47 =
=X
(1—0.61+A)ﬁ % 2000
(47) (35) 1800
] 600 1 1 1 1 1
Noa 10 20 30 40 50
y L VRRREER DN
~ 1+4
N 4 P
D=1-|1- 1-0.6" 48 . . . . .
(NM ) ( ) (48) Fig.4 Velocity of P-wave in tuff changing with
freezing-thawing cycles
(48) 0.6
05 —— (N
4 04l —v— 2L(EEA
g ©
§
X 03
4.1 =
. 02
A. Ozbek!®! 4
20 01
20 P 00 1 1 1 1 [
3 4 0 10 20 30 40 50
YRR IR BN
3 4 5
P Fig.5 Damage rate varied with freezing-thawing cycles for
(42) tuff before destruction
( 5 6
6
40%
H=0
42r
a0 —=— BOOEEA
—— WEEBURE
38 —a—gEERE 0.6 -
36 L —w— 2B KT —a— S AR
£ 3 o5k - AR
£ 32 p=04>
% 30 F 04 04
= . 5 Nou =37(R? =0969)
i 2 03F
2F o2t s
22 1 1 1 1 ] ‘/-
0 10 20 30 40 50 o1k e
URA RSN E N 7
3 0.0 = 1 1 | L ]
0 10 20 30 40 50
Fig.3 Porosities of tuff changing with the freezing-thawing RESIEEES Y &

cycles

@



34 6 ¢ 1123«
i _ [41]
04T —e— gt H. Yavuz
- B
0.403
03T D:1—£1—0.718 ] A F. Bayram!42
Q 04
j o2l N, =50(R*=098) 7
01f > -
o 25
OO '/' 1 1 1 1 ]
0 10 20 30 40 50
YRR R BN M. Mutlutirk 81
(b)
04 —v— il e A
- iR
N 0.99 /‘/'
03+ D:0.4(N ] - 2
04 . _ 1-n V’
S| s coosy 27 G.(N)=0,(0)——" (50)
K02t g 1-n, V3
= (50)
01t
1
L N 1-H A
- - . ‘ o.(N)=0,(0)|1- 1-0.6"" 51
004 10 20 30 40 50 :(N)=0.(0) [NOAJ ( ) 1)
BRI N
(© 7
6 7 (50)
Fig.6 Damage rate of tuff changed with freezing-thawing cycles (51)
( 6(@) (c) ()
(51)
M. Mutluttrk 138 (
[36-37] 8) (51) M. Mutlutiirk 38
[36-37]
30
././l
25} .
— Ve
. (3] 0,(N) =1.0275,(N) P>
M. Mutlutiirk g (& =0952) o
S 20t S
[ B
- ,/" " y=x
I, =1e"" (49) 5l . w
>
.
I, I, '/.
lo g 1 1 1 1
R. Altindag B¢ M. Mutlutiirk 138 1o 15 20 25 30
&, IMPa
0 50 7
P
A.Jamshidi [0 Fig.7 Relationship between the predicted and the actual
17 uniaxial compressive strengths of tuff after different

freezing-thawing cycles



© 1124 « 2015
L . HEETH 0sr -
o H{KE —a— S EAR o
A ACEKT oal —m BARELY =

sk —— M. Mutlutark2"™ i) 27 M o
£ == AT B -
= By g 0409
B Q031 i N )
2 ¥ . D= 0.4[7]
B = 02F No, =65
S / (R? =0.978)

15 7

0.1/
R i
10 . ] 1 1 1 )
0.0
0 ) 60 0 20 40 60 80 100
PRRRIE AN RRIATIR R N
8
(b)
_ _ 9
Fig:8 Cqm[?arlson of th.e measured and the calcul.ated Fig.9 Damage rate of limestone and granite changing with
uniaxial compressive strengths of tuff under different freezing-thawing cycles
freezing-thawing cycles
700
(50) (51)
4.2
J. Ruedrich 13 (51)
1400
1
9 3)

1
Table 1 Physical properties of limestone and granite
before freezing and thawing

1% I(m-s %) /g - cm ?)
3.73 5800 2.68
1.83 3500 258
05 e -
—— 'J\?’)!U i&‘}}ﬁ e //I
- B .
04 0.832 /
N 2
D=04 /
[ J - 2
S 03F n,, =52 / -
g 04 ol
5:( (R? _0.981)//',’/,/
e rd
x 021 2
e - '/
s
R
0.1F
‘/
P
00 % 1 1 1 1 1 1 1

0 100 200 300 400 500 600 700
RGN
@

THM

40%



34

* 1125

M)

)

®)
20

(4)

M)

)

®)

(4)

20

[

[

(31

[4]

[5]

(6]

[71

(8l

(References)

1. 2012 31(4) 731—737.
(ZHOU Keping LI Jielin XU Yujuan et al. Experimental study of
NMR characteristics in rock under freezing and thawing cycles[J].
Chinese Journal of Rock Mechanics and Engineering 2012 31(4)

731—737.(in Chinese))

[9]. 2014 35(4) 965—971.(CAl Chengzheng
LI Gensheng HUANG Zhongwei et al. Experiment study of rock
porous structure damage under cryogenic nitrogen freezing[J]. Rock
and Soil Mechanics 2014 35(4) 965—971.(in Chinese))
[31.

2006 25( 1) 2930—2938.(WU Gang HE
Guoliang ZHANG Lei et al. Experimental study on cycles of
freeze-thaw of marble[J]. Chinese Journal of Rock Mechanics and

Engineering 2006 25(Supp.1) 2 930—2 938.(in Chinese))

[9]. 2013 32( 2) 3049—3055.(JIA
Hailiang LIU Qingbing XIANG Wei et al. Damage evolution model
of saturated sandstone under freeze-thaw cycles[J]. Chinese Journal of
Rock Mechanics and Engineering 2013 32(Supp.2) 3 049—3 055.
(in Chinese))
LUO XD JIANGN ZUO CQ etal. Damage characteristics of
altered and unaltered diabases subjected to extremely cold freeze-thaw
cycles[J]. Rock Mechanics and Rock Engineering 2014 47(4) 1997—
2004.
[31.
2002 27(4) 357—360.(YANG Gengshe PU Yibin. Initial
discussion on the damage propagation of rock under the frost and thaw
condition[J]. Journal of China Coal Society 2002 27(4) 357—360.

(in Chinese))

[]. 2002 17(2) 220—226.(YANG Gengshe PU
Yibin  MA Wei. Discussion on the damage propagation for the rock
under the frost and thaw condition of frigid zone[J]. Journal of
Experimental Mechanics 2002 17(2) 220—226.(in Chinese))

1
2004 26(6) 838—842.(YANG Gengshe ZHANG
Quansheng PU Yibin. A study on the damage propagation characteristics

of rock under the frost and thaw condition[J]. Chinese Journal of



* 1126+

2015

[0

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

Geotechnical Engineering 2004 26(6) 838—842.(in Chinese))
[91.
2003 22(1) 30—34.(ZHANG Quansheng
YANG Gengshe REN Jianxi. New study of damage variable and
constitutive equation of rock[J]. Chinese Journal of Rock Mechanics

and Engineering 2003 22(1) 30—34.(in Chinese))

[9]. 2012 31(6) 1208—
1214.(LI Jielin ZHOU Keping ZHANG Yamin et al. Experimental
study of rock porous structure damage characteristics under condition
of freezing-thawing cycles based on nuclear magnetic resonance
technique[J]. Chinese Journal of Rock Mechanics and Engineering
2012 31(6) 1208—1 214.(in Chinese))
[9]. 2012 33(10) 3001—3 006.(XU Yujuan
ZHOU Keping LI Jielin et al. Study of rock NMR experiment and
damage mechanism analysis under freeze-thaw condition[J]. Rock and
Soil Mechanics 2012 33(10) 3 001—3 006.(in Chinese))
MATSUOKA N. Mechanisms of rock breakdown by frost action an
experimental approach[J]. Cold Regions Science and Technology
1990 17(3) 253—270.
REMYJM BELLANGER M HOMAND-ETIENNE F. Laboratory
velocities and attenuation of P-waves in limestones during freeze-thaw
cycles[J]. Geophysics 1994 59(2) 245—251.
TAKARLI M PRINCEW SIDDIQUE R. Damage in granite under
heating/cooling cycles and water freeze-thaw condition[J]. International
Journal of Rock Mechanics and Mining Sciences 2008 45(7) 1164—
1175.
1
2005 24(17) 3 076—3 082.(XU Guangmiao
LIU Quansheng. Analysis of mechanism of rock failure due to
freeze-thaw cycling and mechanical testing study on frozen-thawed
rocks[J]. Chinese Journal of Rock Mechanics and Engineering 2005
24(17) 3076—3 082.(in Chinese))
[3.
2013 38(10) 1756—1 762.(ZHANG Huimei YANG Gengshe.
Experimental study of damage deterioration and mechanical properties

for freezing-thawing rock[J]. Journal of China Coal Society 2013
38(10) 1 756—1 762.(in Chinese))

[91. 2008 27(8) 1688—1694.(ZHANG
Jizhou MIAQ Linchang YANG Zhenfeng. Research on rock degradation
and deterioration mechanisms and mechanical characteristics under

cyclic freezing-thawing[J]. Chinese Journal of Rock Mechanics and

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

Engineering 2008 27(8) 1688—1 694.(in Chinese))
[91. 2011 32( 1) 155—159.(LUO

Xuedong HUANG Chenglin  RONG Zengxiang et al. Study of
physico-mechanical characteristics of rocks in slope of Mengku iron
mine under freezing-thawing cyclic effect[J]. Rock and Soil Mechanics

2011 32(Supp.l) 155—159.(in Chinese))

[4]. 2005 20(1) 37—40.(LIU
Chengyu HE Manchao WANG Shuren et al. Experimental investigation
freeze-thawing damage characteristics of granite at low temperature[J].
Journal of Hunan University of Science and Technology  Natural
Science 2005 20(1) 37—40.(in Chinese))

[3.

2012 32(6) 691—695.(ZHANG Huimei YANG Gengshe.
Research on rock freeze-thaw cycle and anti-tensile characteristics
test[J]. Journal of Xi'an University of Science and Technology 2012
32(6) 691—695.(in Chinese))
TAN X CHENW YANGJ etal. Laboratory investigations on the
mechanical properties degradation of granite under freeze-thaw cycles[J].
Cold Regions Science and Technology 2011 68(3) 130—138.
BHATTACHARYAB ELLINGWOOD B. Continuum damage mechanics

analysis of fatigue crack initiation[J]. International Journal of Fatigue

1998 20(9) 631—639.

[9]. 2009 30(6) 1611—1 614.(LI Shuchun
XU Jiang TAO Yungi et al. Low cycle fatigue damage model and
damage variable expression of rock[J]. Rock and Soil Mechanics
2009 30(6) 1611—1 614.(in Chinese))
KANGY LIUQ HUANG S. A fully coupled thermo-hydro-mechanical
model for rock mass under freezing/thawing condition[J]. Cold
Regions Science and Technology 2013 95 19—26.

[M]. 1993 65—79.(WU
Jialong. Elastic mechanics[M]. Shanghai  Tongji University Press
1993 65—79.(in Chinese))
[M].

2011 288—297.(LIU Xindong HAO Jiping. Continuum damage
mechanics[M]. Beijing National Defence Industry Press 2011 288—
297.(in Chinese))

[M]. 1997
54—55,(YU Shouwen FENG Xigiao. Damage mechanics[M]. Beijing
Tsinghua University Press 1997 54—055.(in Chinese))
AF. M].

2004 236—256.(CHEN W F



34 6

* 1127«

[29]

[30]

[31]

[32]

[33]

[34]

[35]

SALEEB A F. Elasticity and plasticity[M]. Translated by YU
Tianging  WANG Xunwen LIU Zaihua. Beijing China Architecture
and Building Press 2004 236—256.(in Chinese))
FUY CAIL YONGGEN W. Freeze-thaw cycle test and damage
mechanics models of alkali-activated slag concrete[J]. Construction
and Building Materials 2011 25(7) 3 144—3148.
1
2009 28( 1) 3116—3123.(BI Guiquan
LI Ning LI Guoyu. Experimental study on characteristics of wave
propagation in media containing intermittent cracks[J]. Chinese Journal of
Rock Mechanics and Engineering 2009 28(Supp.1) 3 116—3123.
(in Chinese))
KAWAMOTO T ICHIKAWAY KYOYAT. Deformation and fracturing
behaviour of discontinuous rock mass and damage mechanics
theory[J]. International Journal for Numerical and Analytical Methods
in Geomechanics 1988 12(1) 1—30.
[l
2000 22(6) 720—722.(ZHAO Mingjie XU Rong. The rock
damage and strength study based on ultrasonic velocity[J]. Chinese
Journal of Geotechnical Engineering 2000 22(6) 720—722.(in Chinese))
[
2004 23(13) 2 230—2 234.(ZHU Jinsong
SONG Yupu. Research on fatigue damage of concrete under biaxial
compressive loading using ultrasonic velocity method[J]. Chinese
Journal of Rock Mechanics and Engineering 2004 23(13) 2 230—
2 234.(in Chinese))
[
1[D]. 2006.(XU
Guangmiao. Study on mechanical characteristics and multiphysical
coupling problems of rock at low temperatures[Ph. D. Thesis][D].
Wuhan ~ Wuhan Institute of Rock and Soil Mechanics  Chinese
Academy of Sciences 2006.(in Chinese))
OZBEK A. Investigation of the effects of wetting—drying and

freezing-thawing cycles on some physical and mechanical properties

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

of selected ignimbrites[J]. Bulletin of Engineering Geology and the
Environment 2014 73(2) 595—609.
[l
2006 36(4) 605—608.(PAN Hua QIU
Hongxing. Fatigue model of concrete based on continuum damage
mechanics[J]. Journal of Southeast University Natural Science 2006
36(4) 605—608.(in Chinese))
[9.
2007 26(12) 2 412—2 419.(LIU Xila TANG
Guangpu. Research on prediction method of concrete freeze-thaw
durability under field environments[J]. Chinese Journal of Rock
Mechanics and Engineering 2007 26(12) 2 412—2 419.(in Chinese))
MUTLUTURK M ALTINDAG R TURK G. A decay function model
for the integrity loss of rock when subjected to recurrent cycles of
freezing-thawing and heating-cooling[J]. International journal of rock
mechanics and mining sciences 2004 41(2) 237—244.
ALTINDAG R ALYILDIZIS ONARGAN T. Mechanical property
degradation of ignimbrite subjected to recurrent freeze-thaw cycles[J].
International Journal of Rock Mechanics and Mining Sciences 2004
41(6) 1023—1028.
JAMSHIDI A NIKUDEL MR KHAMEHCHIYAN M. Predicting
the long-term durability of building stones against freeze-thaw using a
decay function model[J]. Cold Regions Science and Technology
2013 92 29—36.
YAVUZ H ALTINDAGR SARACS et al. Estimating the index
properties of deteriorated carbonate rocks due to freeze-thaw and
thermal shock weathering[J]. International Journal of Rock Mechanics
and Mining Sciences 2006 43(5) 767—775.
BAYRAM F. Predicting mechanical strength loss of natural stones
after freeze-thaw in cold regions[J]. Cold Regions Science and
Technology 2012 83 98—102.
RUEDRICHJ KIRCHNER D SIEGESMUND S. Physical weathering of
building stones induced by freeze-thaw action a laboratory long-term

study[J]. Environmental Earth Sciences 2011 63(7/8) 1573—1 586.



