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Fig. 1 The numerical geometric model for

the uniaxial compression test
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MIEL 2 BT LA Y 22 S5 O BRI e 3 P IR 5 B2 1 B R8BS IO A By i s T A8 74 | A7 6 1]



2[R A6 IR B S HLis 1005

B PR ARE P A [7) SCRIK 24-25 ] FIT4R 2 AY , I RS 3 25 RO MK R S BCERERE B R, (145
WS B Y SR RN 3 AT LU 5 SRR AT 48 TE A B SR BB A 3 Fof (AR 5 2
TR ERRIEA T A B 3 A R B SR — A, T LAY IZI HRAER S BROT R i
B TG 5 A FRTT PO B | 451105 Jm PR AL A 8 R AT AR B Y 2 PRDRS Il B8 8 g A SCH R Y
A6 TEAR 2 S 0 P S ve iR T 22 MR 07 BRI A5 R A e B P ) O A A P

16x32 32x64 64x128

|
1,=0m, /,=2.5x10"m ,0,= 130kPa
damage

B T T T ] ' [
0.05 0.15 0.25 0.35 045 055 0.65 0.75 0.85 0.95

B3 AIFAERITIAE T B X7 B 5 JR e e P (25 i A ) 18 TE B BE Bk B )

Fig. 3 X-shape bands of damage localization with different finite element mesh densities

(under the modified gradient elasticity theory considering damage )
22 WMmpREHBLERE
B 32x64 A BROTRIAS , SR B PO BRI RIS P AT 0 A7 S AR R AE I JEE £,
= 0m, 1, = 2.5 x 107 m I PFBESR L B O0H 05 25 FLANIED 4, FCrp & AR i 25
M 4 aT LR AR SO ER 3 B M R B 1 40 03 R A 19 A A A i R 0 Jey i Ay 5
Ao ST ) I R A T A 475 T 38— R B i P S B ke 45 0 ) Ay 1) ke R
JE A ) 2 o e A BERAR S,

(a) £,=0.36% (b) £,=0.63% (¢) £,=1.09%



1006 o) G (| I 1 el RERERE & H

v/

i\

(d)&,=1.37% (e) &,=1.87% (f) £,=2.09%

(@) &,=2.66% (h) £,=3.24% (i) £,=3.81%
L=0m, ,=2.5x10>m

damage

[ [ ] [ e
0.05 0.15 025 035 045 055 0.65 075 085 095

B4 4R i ke i 1

Fig. 4 The development process of the damage localization band
%
TEAG TER L TR PR R Al L, AEAS R g | A 407, S S 8 T BE B0 5 B2 I -
A FROCAR e T 77 Jr i AL B E e A3 B DU R 45
1) A IR S O BAETH BR 1 X EAS LA A e T e e 14 P s B
2) M IERR L S O BE BRI LA SR A 10 e A A i L B REIA A9 A A ik
At s 43 Jr Aty AN SR IR e 2 TR A7 A R 81— S8 AR 38 2 i P W Sl B R
B RSO R0 O e ) 2 M R T R 47 DK T A S 0 & 4 ((CKLG-

GP2013-01) XA SCAY % .

8 2% 3k ( References)

[1] Askes H, Aifantis E C. Numerical modeling of size effects with gradient elasticity—formula-
tion, meshless discretization and examples|[ J|. International Journal of Fracture, 2002, 117
(4) . 347-358.



75 A0 ) 6 TE A BE B B 1007

(3]

(8]

(9]

[10]

[11]

[12]

[18]

[19]

[20]

[21]

SONG Zhan-ping, ZHAO Bing, HE Jian-hui, et al. Modified gradient elasticity and its finite el-
ement method for shear boundary layer analysis[ J ]. Mechanics Research Communications,
2014, 62. 146-154.

Cosserat E, Cosserat F. Théorie des corps déformables| J]. Hermann Archives, 1909.
Toupin R A. Elastic materials with couple-stresses| J]. Archive for Rational Mechawnics and
Analysis, 1962, 11(1) . 385-414.

Toupin R A. Theories of elasticity with couple-stress[ J|. Archive for Rational Mechawics and
Analysis, 1964, 17(2) . 85-112.

Mindlin R D, Tiersten H F. Effects of couple-stresses in linear elasticity[ J]. Archive for Ra-
tional Mechanics and Analysis, 1962, 11(1) : 415-448.

Mindlin R D. Micro-structure in linear elasticity [ J]. Archive for Rational Mechanics and A-
nalysis, 1964, 16(1) . 51-78.

Mindlin R D. Second gradient of strain and surface-tension in linear elasticity[ J|. Internation-
al Journal of Solids and Structures, 1965, 1(4) . 417-438.

Mindlin R D. Theories of Elastic Continua and Crystal Lattice Theories| M |//Kroner E, ed.
Mechanics of Generalized Continua. Berlin: Springer, 1968 . 312-320.

Eringen A C. Theories of nonlocal plasticity [ J |. International Journal of Engineering Sci-
ence, 1983, 21(7) . 741-751.

Eringen A C. On differential equations of nonlocal elasticity and solutions of screw dislocation
and surface waves[ J|. Journal of Applied Physics, 1983, 54(9) . 4703-4710.

Triantafyllidis N, Aifantis E C. A gradient approach to localization of deformation: I. hypere-
lastic materials[ J ]. Journal of Elasticity, 1986, 16(3) . 225-237.

Aifantis E C. On the role of gradients in the localization of deformation and fracture[ J]. Inter-
national Journal of Engineering Science, 1992, 30(10) . 1279-1299.

Altan S B, Aifantis E C. On the structure of the mode III crack-tip in gradient elasticity[ J].
Scripta Metallurgica et Materialia, 1992, 26(2) . 319-324.

Ru C Q, Aifantis E C. A simple approach to solve boundary-value problems in gradient elastic-
ity[ J]. Acta Mechanica, 1993, 101(1) ;: 59-68.

trRipedt, XBFJR. £ )2 1 1k 45 6 B Timoshenko (4748 43 JE B 434 [ T, 107 FH B i 2
2016, 37(3) : 235-244. (XU Xiao-jian, DENG Zi-chen. The variational principle for multi-layer
Timoshenko beam systems based on the simplified strain gradient theory[ J]. Applied Mathe-
matics and Mechanics, 2016, 37(3) . 235-244.(in Chinese) )

Pijaudier-Cabot G, Bazant Z P. Nonlocal damage theory[ J]. Journal of Engineering Mechan-
ics, 1987, 113(10) . 1512-1533.

Bazant Z P, Jirasek M. Nonlocal integral formulations of plasticity and damage : survey of pro-
gress[ J]. Journal of Engineering Mechanics, 2002, 128(11) : 1119-1149.

Bazant Z P, Pijaudier-Cabot G. Nonlocal continuum damage, localization instability and con-
vergence| J]. Journal of Applied Mechanics, 1988, 55(2) : 287-293.

Frémond M, Nedjar B. Damage, gradient of damage and principle of virtual power[ J |. Inter-
national Journal of Solids and Structures, 1996, 33(8) . 1083-1103.

AR, RIYEIE, XTE, 5. A0 PR AR A BB O B Y R I [ ). KR 23, 2002
(7): 70-74.(ZHAO Ji-dong, ZHOU Wei-yuan, LIU Yuan-gao, et al. Strain gradient enhanced
damage model for rock material and its application[ J]. Journal of Hydraulic Engineering,
2002(7) : 70-74.(in Chinese) )



1008 o) G (| I 1 el RERERE & H

[22] JEEW, W7, AR, 210 R s S O A Jr B — OB [ T]. W HECE 1%, 2001,
22(12): 1317-1323. (TANG Xue-song, JIANG Chi-ping, ZHENG Jian-long. General expres-
sions of constitutive equations for isotropic elastic damaged materials J]. Applied Mathemat-
ics and Mechanics, 2001, 22(12) : 1317-1323.(in Chinese) )

(23] PLERVL. ZEHPERS T A ARLE B0 1y A [ T ). R ADKIEBHABESE, 1993(3) : 247-255. (SHEN
Zhu-jiang. A nonlinear damage model for structured clay[ J]. Hydro-Science and Engineer-
ing, 1993(3) . 247-255.(in Chinese) )

[24] Belytschko T, Bazant Z P, Yul-Woong H, et al. Strain-softening materials and finite-element
solutions| J|. Computers & Structures, 1986, 23(2) . 163-180.

[25] Bazant Z P, CHANG Ta-peng. Nonlocal finite element analysis of strain-softening solids[ J].
Journal of Engineering Mechanics, 1987, 113(1) . 89-105.

A Modified Gradient Elastic Theory Considering Damage

ZHAO Bing, LIU Tao, HE Jian-hui, ZHU Hao-rui, LI Wei
(School of Civil Engineering and Architecture, Changsha University of
Science and Technology, Changsha 410004, P.R.China)

Abstract: To describe the material mechanics behaviors depending on microstructure, the gra-
dient elastic theory with significant advantages was investigated. The gradient elastic theory was
combined with the damage theory to consider the influence of microstructure on material fail-
ure. Then a modified gradient elasticity damage theory was proposed, based on which the basic
law of thermodynamics, the strain tensor, the damage variable and the scalar strain gradient
tensor were taken as the state variables of the Helmholtz free energy. The Taylor expansion of
the Helmholtz free energy function was conducted near the natural state, and the general ex-
pressions of the modified gradient elasticity damage constitutive functions were derived. The fi-
nite element code was programmed to simulate the development process of damage localization
in soil specimens. The results show that, the traditional mesh dependence in numerical simula-
tion can be removed under the modified gradient elasticity damage theory. The band of the dam-
age localization does not concur with the damage, but occurs after the damage development to

some extent.

Key words: damage localization; strain gradient; internal length scale; mesh dependence
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