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Three-dimensional constitutive model for cemented sands based on
micro-mechanism of bond degradation
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Abstract: Based on the framework of breakage mechanics for geological materials and the critical-state soil mechanics, a
three-dimensional (3-D) constitutive model for cemented sands is proposed following the research idea for macro- and
micro-mechanical soil mechanics. A yield surface for reconstituted sands is improved for the cemented sands by enlarging the
surface size. To consider the behaviors of shear strength in the 3-D space, the Lade-Duncan strength criterion, validated by
simulations of 3-D distinct element method (DEM), is used as the critical-state strength surface. A degradation evolution for
bond is obtained from 3-D DEM specimens based on the micro-mechanics theory for cemented materials and the simulated
results of DEM. By introducing the degradation evolution for bond, the hardening law and flow rule for reconstituted sands are
modified and applied for cemented sands. The proposed model is preliminarily verified by predicting the mechanical behaviors
of artificially cemented sands in the conventional triaxial compression tests and true triaxial tests with constant mean stress.
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Fig. 1 Yielding surfaces for cemented and reconstituted sands in

p-q plane
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2 Experimental data™! and simulated results obtained from bonded Ottawa sand
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Fig. 3 Experimental data"™" and simulation results obtained from

bonded Monterey No.0 sand

4 % B
ASCAELE AR T 2R FORES T 12 HE SR

BT # R A = B BT IS R, e TR
TR AR, NG N B E B L A A
MR B vE W, IF 45 & 18 1E 8 B B8 8 i 1 AT
Lade-Duncan GEEEAEN], 57 T S50 11 =4k A
AL, BEILLT 4 JEELR.

(1) YERIG FORASHEETH 1Y) Lade-Duncan 58 1
My, @ 7 =R HUTIGUE, R LAE R N IR
M o

(2) FEVUIR AR i 2 e A A A R A B 1O 7
AL, WEE SRR, Hodid T 4R BUnE,
A AR AN [ ISR A T IR S i A i A i

(3) JREERD LA RN, /) - BT #2518
T AR AR AR, RS S G S B — i = 4
FPIRES TR G5 3B (1) 520

(4) BRI ZHn] DL % IR 2 o XL
N )6 R 4 b =T A = At 5 SR AN AR S
BRI ZE B, R G H AT 1.

SE -

[1] CUCCOVILLO T, COOP M R. On the mechanics of
structured sands[J]. Géotechnique, 1999, 49(6): 741 - 760.

[2] MITCHELL J K, SOGA K. Fundamentals of soil
behavior[M]. 3rd ed. Hoboken: John Wiley & Sons, 2005.

[3] CONSOLI N C, DA FONSECA A 'V, SILVA S R, et al.
Parameters controlling stiffness and strength of artificially
cemented soils[J]. Géotechnique, 2012, 62(2): 177 - 183.

(4] TEERIT, HONR. 05 L2 R [CY) =
Jei 4 [ 2 BUE S B R T i e 2. iU, 1988:
47 - 51. (SHEN Zhu-jiang, ZHANG Wei-min. Application of
damage mechanics in soil mechanics[C]// The 3rd Chinese

Conference of Numerical Simulation and Analysis of



8 1

sRARG, S TR AR AT ) e 4 b b = A K R 5 1431

Geomaterial. Wuhan, 1988: 47 - 51. (in Chinese))

(51 VEERIL. SRR s Ve, A TR AR,
1993, 15(3): 21 - 28. (SHEN Zhu-jiang. The elastoplastic
damage model of structural clay[J]. Chinese Journal of
Geotechnical Engineering, 1993, 15(3): 21 - 28. (in
Chinese))

(6] VEERIL. SEMMERG L MARL S0 1A R ]. AKAKIEHR
2EE ST, 1993(3): 247 - 255. (SHEN Zhu-jiang. A nonlinear
damage model for structured clay[J]. Hydro-Science and
Engineering, 1993(3): 247 - 255. (in Chinese))

(7] TEERVL. S5t LR R[], & 77, 2000,
21(1): 1 - 4. (SHEN Zhu-jiang. A masonry model for
structured clays[J]. Rock and Soil Mechanics, 2000, 21(1): 1
- 4. (in Chinese))

(8] TLERIL. ARy FRAHNE SR BB PR RYT]. 1 £ 7R
23], 2003, 25(3): 253 - 257. (SHEN Zhu-jiang. Breakage
mechanics  for  geological  materials: an  ideal
brittle-elasto-plastic ~ model[J].
Geotechnical Engineering, 2003, 25(3): 253 - 257. (in
Chinese))

(9] TRERT, XURJE, BRERMK. &+ oo BB R — L
RAE SR A& (] A TR AR, 2005, 27(5): 489 - 494.
(SHEN Zhu-jiang, LIU En-long, CHEN Tie-lin. Generalized

Chinese  Journal of

stress-strain relationship of binary medium model for
geological materials[J]. Chinese Journal of Geotechnical
Engineering. 2005, 27(5): 489 - 494. (in Chinese))

[10] X, ZIFZE, M. W40 R )% [ VS v
TIOCA BRI, B 1%, 2013, 34(11): 310 - 3109.(LIU
En-long, LUO Kai-tai, ZHANG Shu-yi. Binary medium
model for structured soils with initial stress-induced
anisotropy[J]. Rock and Soil Mechanics, 2013, 34(11): 3103
- 3109. (in Chinese))

[11] DESAI C S, TOTH J. Disturbed state constitutive modeling
based on stress-strain and nondestructive behavior[J].
International Journal of Solids and Structures, 1996, 33(11):
1619 - 1650.

[12] DESAI C S. Disturbed state concept (DSC) for constitutive
modeling of geologic materials and beyond[C]// Constitutive
Modeling of Geomaterials. Springer, 2013: 27 - 45.

(131 = NI TREMEHI PRSI — RS
s SIS IERR ). & A )5S TR R, 2002, 21(6):
759 - 765. (WU Gang. Disturbed state constitution models of
engineering material I: disturbed state concept and its theory
principium[J]. Chinese Journal of Rock Mechanics and

Engineering, 2002, 21(6): 759 - 765. (in Chinese))

(14] & Wl TREMBEEPRESBRA) —H THank
S RARTBEEID). &6 725 TR, 2002,
21(8): 1107 - 1110. (WU Gang. Disturbed state constitution
models of engineering material II: DSC-based numerical
simulation of finite element method[J]. Chinese Journal of
Rock Mechanics and Engineering, 2002, 21(8): 1107 - 1110.
(in Chinese))

(151 J B, TRERIL, BRAEK, 5. St ro B sk
AT, AL TSR, 2004, 26(4): 435 - 439. (ZHOU
Cheng, SHEN Zhu-jiang, CHEN Sheng-shui, et al. A
hypoplasticity disturbed state model for structured soils[J].
Chinese Journal of Geotechnical Engineering, 2004, 26(4):
435 - 439. (in Chinese))

[16] ATHUKORALA R, INDRARATNA B, VINOD J S.
Disturbed state concept-based constitutive model for
lignosulfonate-treated silty sand[J]. International Journal of
Geomechanics, 2015, 15(6): 04015002.

[17] OURIA A. Disturbed state concept—based constitutive model
for structured soils[J]. International Journal of Geomechanics,
2017, 17(7): 04017008.

[18] ABDULLA A A, KIOUSIS P D. Behavior of cemented sands
II: modelling[J]. International Journal for Numerical and
Analytical Methods in Geomechanics, 1998, 21(8): 549 -
568.

[19] HAERI S M, HAMIDI A. Constitutive modelling of
cemented  gravelly sands[J].  Geomechanics  and
Geoengineering: An International Journal, 2009, 4(2): 123 -
139.

[20] GENS A, NOVA R. Conceptual bases for a constitutive
model for bonded soils and weak rocks[J]. Geotechnical
Engineering of Hard Soils-Soft Rocks, 1993, 1(1): 485 - 494.

[21] NOVA R, CASTELLANZA R, TAMAGNINI C. A
constitutive model for bonded geomaterials subject to
mechanical and/or chemical degradation[J]. International
Journal for Numerical and Analytical Methods in
Geomechanics, 2003, 27(9): 705 - 732.

[22] YU H S, TAN S M, SCHNAID F. A critical state framework
for modelling bonded geomaterials[J]. Geomechanics and
Geoengineering: An International Journal, 2007, 2(1): 61 -
74.

[23] RAHIMI M, CHAN D, NOURI A. Bounding surface
constitutive model for cemented sand under monotonic
loading[J]. International Journal of Geomechanics, 2016,

16(2): 04015049.
[24] REDDY K R, SAXENA S K. Constitutive modeling of



1432 H O+ T OB % M

2018 4F

cemented sand[J]. Mechanics of materials, 1992, 14(2): 155
- 178.

[25] SUN D A, MATSUOKA H. An elastoplastic model for
frictional and cohesive materials and its application to
cemented sands[J]. Mechanics of Cohesive-Frictional
Materials, 1999, 4(6): 525 - 543.

[26] FWIEE, XUFRAE, PN, =T OB R I S5 A
AT, &+ TRE2%, 2013, 35(6): 1134 - 1139.
(JIANG Ming-jing, LIU Jing-de, SUN Yu-gang. Constitutive
model for structured soils based on microscopic damage
law[J]. Chinese Journal of Geotechnical Engineering, 2013,
35(6): 1134 - 1139. (in Chinese))

27] #HIEE, A I, XIERE, & JETRO0 1AL A
SRS R RD - B AR BT FE[0]. S 1%, 2016,
37(12): 3347 - 3355. (JIANG Ming-jing, ZHOU Wei, LIU
Jing-de, et al. A constitutive model for anisotropic structured
sandy soil based on micromechanical mechanism[J]. Rock
and Soil Mechanics, 2016, 37(12): 3347 - 3355. (in
Chinese))

[28] YAO Y P, SUN D A, MATSUOKA H. A unified constitutive
model for both clay and sand with hardening parameter
independent on stress path[J]. Computers and Geotechnics,
2008, 35(2): 210 - 222.

[29] ROSCOE K H, BURLAND J B. On the generalised
stress-strain behaviour of wet clay[J]. Engineering Plasticity,
1968, 535 - 6009.

[30] Tk ARoE. B TR BRI Y S5 R PR = = 4l A BT
D). L [FHF KA, 2017. (ZHANG Fu-guang. A study
on the three-dimensional constitutive model for strctured
sands based on the micro-mechanism of structure
degradation[D]. Shanghai: Tongji University, 2017. (in
Chinese))

[31] MATSUOKA H, NAKAI T. Stress-deformation and strength
characteristics of soil under three different principal
stresses[C]// Proceedings of Japanese Society of Civel
Engineering. 1974: 59 - 70.

32] A&7y, &, BREE. HIMRHOAELR S — R
T[] J1%2E4, 2014, 46(3): 389 - 397. (DU Xiu-li, MA
Chao, LU De-chun. Nonlinear unified strength model of
geomaterials[J]. Chinese Journal of Theoretical and Applied
Mechanics, 2014, 46(3): 389 - 397. (in Chinese))

[33] LADE P V. Elasto-plastic stress-strain theory for cohesionless

soil with curved yield surfaces[J]. International Journal of

Solids and Structures, 1977, 13(11): 1019 - 1035.
[34] MORTARA G A yield criterion for isotropic and cross-
International

Methods in

anisotropic  cohesive-frictional materials[J].
Journal for Numerical

Geomechanics, 2010, 34(9): 953 - 977.

and Analytical

[35] BAGI K. An algorithm to generate random dense
arrangements for discrete element simulations of granular
assemblies[J]. Granular Matter, 2005, 7(1): 31 - 43.

(361 FMATIAN. SRR 2 ON ) 2 (BT 7 5 BB AR
fU[D]. Lif§: RS K2E, 2012, (SUN Yu-gang. Experimental
and numerical investigation on macro-and micro-mechanical
behaviors of structural sands[D]. Shanghai: Tongji University,
2012. (in Chinese))

[37] ASAOKA A, NAKANO M, NODA T. Superloading yield
surface concept for highly structured soil behaviour[J]. Soils
and Foundations, 2000, 40(2): 99 - 110.

[38] ROUAINIA M, WOOD D M. A kinematic hardening
constitutive model for natural clays with loss of structure[J].
Géotechnique, 2000, 50(2):153 - 164.

[39] LIU M D, CARTER J P. A structured Cam Clay model[J].
Canadian Geotechnical Journal, 2002, 39(6): 1313 - 1332.

[40] WeAm-F-, RHe. FT S EIE LI FARES A
ORI, AL TARSER, 2011, 33(12): 1827 - 1832. (YAO
Yang-ping, YU Ya-ni. Extended critical state constitutive
model for sand based on unified hardening parameter[J].
Chinese Journal of Geotechnical Engineering, 2011, 33(12):
1827 - 1832. (in Chinese))

[41] SUN D A, HUANG W X, YAO Y P. An experimental study
of failure and softening in sand under three-dimensional
stress condition[J]. Granular Matter, 2008, 10(3): 187 - 195.

[42] LI X S, DAFALIAS Y F. Dilatancy for cohesionless soils[J].
Géotechnique, 2000, 50(4): 449 - 460.

[43] YU H S. CASM: a unified state parameter model for clay and
sand[J]. International Journal for Numerical and Analytical
Methods in Geomechanics, 1998, 22(8): 621 - 653.

[44] WANG Y H, LEUNG S C. Characterization of cemented
sand by experimental and numerical investigations[J]. Journal
of Geotechnical and Geoenvironmental Engineering, 2008,
134(7): 992 - 1004.

[45] REDDY K R, SAXENA S K, BUDIMAN J S. Development
of a true triaxiai testing apparatus[J]. Geotechnical Testing

Journal, 1992, 15(2): 89 - 105.



