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ABSTRACT

Considering the potential applications of relatively new materials like toughened
structural polymers, metallic foams, plastics, transformation toughened ceramics,
vertically aligned carbon nanotubes (VACNTS) etc and their limited exploration till now,
it appears that there is a need to investigate more about the behavior of such materials
under a wide range of loadings. Even though the effect of plastic dilatancy is neglected in
classical plasticity theory, the above materials exhibit plastic volume changes and/or
pressure-sensitive flow strength. In a recent study, it has been observed that the
deformation of the entangled arrays of carbon nanotubes or VACNTSs follow elastic-
viscoplastic constitutive relation which incorporates plastic compressibility, plastic non-
normality and a hardening-softening-hardening type hardness function. These VACNTS
have prospective uses in a variety of applications like viscoelastic energy absorption,
compliant thermal interfaces, biomimetic dry adhesives etc and hence it is useful to
develop a predictive framework for the mechanical behavior of VACNTSs under a wide
range of loadings. In this thesis work, finite element finite deformation quasistatic mode |
plane strain small scale yielding analysis of crack tip blunting and near crack tip fields
was carried out for plastically compressible solids exhibiting a variety of uniaxial stress —
strain responses. In particular solids with hardening-softening-hardening responses as can
occur for foams and VACNTSs have been considered. The novelty of this model includes
unique characteristics as mentioned earlier like the hardening-softening-hardening
material response, strain rate-dependence, and plastically compressible solids with plastic

non-normality.

As for localization studies it needs a finite strain description, using FORTRAN a finite

element finite deformation code has been developed in this work for the simulation



purpose. A convected coordinate Lagrangian formulation of the field equations was used.
Quasistatic deformation conditions have been assumed and the equilibrium equations
were expressed through the virtual work principle. The plane strain calculations were
carried out for a semicircular region with a blunt notch. Quadrilateral elements each
comprised of four crossed constant strain triangular elements have been used for mesh
generation. Such elements with a proper aspect ratio and orientation are extensively used
to replicate localized deformation pattern at finite strains. The initial part of the
investigation refers to crack tip blunting and field quantities analyses under monotonic
load while in the next part studies were conducted for fatigue loading to find the key
results of crack tip blunting and fields. Even though most of the results presented are for
plastic normality condition, however for comparison purpose some results have also been
illustrated for constitutive relations exhibit plastic non-normality. While to simulate
fatigue crack growth by means of finite elements, different techniques have been
proposed over the years, however, in this work the crack growth modelling strategy
employed was crack tip blunting/ resharpening mechanism where it is assumed that the
crack tip blunts during the maximum load and resharpening of the crack tip takes place
under minimum load. The simulations attempt to explain some of the salient features, like
crack tip opening displacement, crack tip advancement, plastic zone shape and size,
equivalent plastic strain distribution, equivalent stress, and distribution of hydrostatic
stress at near crack region. The influences of plastic compressibility, material softening,
cyclic stress intensity factor range, load ratio, number of fatigue load cycles on the near

tip deformation and stress-strain fields were studied.

Numerical results obtained from the quasistatic mode | plane strain analysis demonstrate
that plastic compressibility is found to give an increased crack opening displacement for a

given value of the applied loading. The plastic zone shape and size are found to depend



on the plastic compressibility. Even though, material softening does not have a significant
effect on the plastic zone size and shape, however, the near crack tip stress and
deformation fields depend sensitively on whether or not material softening occurs. The
combination of softening or softening-hardening material response and plastic
compressibility leads to major deviation in the near crack tip stress and deformation fields
from those that prevail for a hardening material. Plastic compressibility coupled with a
softening or softening hardening material response leads to localized deformation in front
of the initial crack tip, which in turn affects the shape of the blunted crack tip. The present
numerical calculations show that the convergence of the cyclic trajectories of CTOD to
stable self similar loops and plastic crack growth depend significantly on cyclic stress

intensity factor range, load ratio, number of fatigue load cycles.

Keywords: Finite Deformation, Mode | crack, Plasticity, Compressible Solids, Material

Softening, Monotonic Loading, Fatigue Loading, Finite Element Method.
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Distribution of plastic strain, for plastically compressible solid,
material E, ap = 0.28, Kpax = 1.0 and Ky, = 0 at the end

of loading phase in 5" cycle a) With overload b) Without

overload

Plastic strain distribution for plastically compressible solid,
material B, ap =0.28, a) Kpax =05 and Kpi, =
0b) Kpax = 1.0 and Kppin =0 ¢) Kpax = 1.5 and Kpip =
0.5 ; at the end of loading phase for 10" cycle
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Figure 6.42

Figure 6.43

Figure 6.44

Figure 6.45

Figure 6.46

Figure 6.47

Figure 6.48

Figure 6.49

Plastic strain distribution for plastically compressible solid,
material E, a, =028, a) Kpnax=05 and Kpi, =
0b) Kpax = 1.0 and Kppin =0 ¢) Kpax = 1.5 and Kpip =
0.5 ; at the end of loading phase for 10" cycle

Hydrostatic stress for plastically incompressible solid, material
B, Knhax = 1.0 and K,,;, = 0; a) At the end of loading phase
b) At the end of unloading phase for 10" cycle

Hydrostatic stress for plastically compressible solid, a, =

0.28, material B, K,,x = 1.0 and K,,;;, = 0; a) At the end of
loading phase b) At the end of unloading phase for 10" cycle

Hydrostatic stress for plastically incompressible solid, material
E, Kpax = 1.0and K;;, = 0; a) At the end of loading phase
b) At the end of unloading phase for 10" cycle

Hydrostatic stress for plastically compressible solid, a, =

0.28, material E, K ,.x = 1.0 and K,,;;;, = 0; a) At the end of
loading phase b) At the end of unloading phase for 10" cycle

Distributions of normalized effective stress measures for
plastically compressible solid, o, = 0.28, material B, Kpax =
1.0 and K,;, = 0; @) At the end of loading phase b) At the

end of unloading phase for 10" cycle

Distributions of normalized effective stress measures for
plastically compressible solid, a, = 0.28, material E, Kpax =
1.0 and K,;, = 0; @) At the end of loading phase b) At the

end of unloading phase for 10" cycle

Crack-tip opening displacement 6.(= b/b, — 1) versus applied
J-integral, Japp » Japp/(00bo) = 2.25 a) Material B, b) Material
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Figure 6.50

Figure 6.51

Figure 6.52

Figure 6.53

Figure 6.54

E, plastically incompressible and compressible conditions

(ap = Bp = 0.28), c) Material E, plastically incompressible and
compressible conditions (a, =0.28 & 8, =0.20)

Distribution of accumulated plastic strain e, at the crack tip of
maerial B, Japp/(00bo) = 2.25. a) Plastically incompressible,
b) Plastically compressible (a, = B, = 0.28), c) plastically
compressible (a, =0.28 & B, =0.20)

Distribution of accumulated plastic strain e, at the crack tip of
maerial E, Japp/(00bo) = 2.25. a) Plastically incompressible,
b) Plastically compressible (a, = B, = 0.28), c) plastically
compressible (a, =0.28 & f, =0.20)

Distribution of volumetric strain €, at the crack tip, Japp/
(oobo) = 2.25. material E a) ap, =0.28& S, =0.20 b)
ap, = B, =0.28

Normalized hydrostatic stress distribution at the crack tip

vicinity for material E, J,,p/(00bo) = 2.25. a) Plastically
incompressible, b) Plastically compressible (a, = g, = 0.28),

¢) Plastically compressible (a, = 0.28 & S, =0.20)

Effective stress distribution at the crack tip vicinity for

material E, J,pp/(00bo) = 2.25. a) Plastically compressible
(ap,=p,=028), b) Plastically compressible ( a, =
0.28 & B, =0.20)
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LIST OF ABBREVIATIONS AND SYMBOLS

FEM

BEM

LEFM

EPFM

CTOD

VACNT

PFM

SSY

HRR

X-FEM

CZM

-—'q

u,.,u.,,u

xx 1 Uy Y7z

»w £ < Cc =

¢ m

Finite Element Method

Boundary Element Method
Elastic Fracture Mechanic

Elastic Plastic Fracture Mechanics
Crack Tip Opening Displacement
Vertically Aligned Carbon Nano Tube
Probabilistic fracture mechanics
Small Scale Yielding

Hutchinson, Rice and Rosengren
Extended Finite Element Method
Cohesive Zone Model

Finite Difference Method

Stress Tensor

Stress Components in X, y and z direction

Poisson ratio
Shear modulus
Stress Intensity Factor

Radius
Displacement in x, y and z direction

Mode I Critical Stress Intensity Factor

Potential Energy

VVolume of the Body

Strain Energy Density

Part of the body Subjected to Traction
Young’s Modulus

Energy Release Rate
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= 2

—

<—i

o O

Contour Enclosing the Crack Tip
Unit Outward Normal on T
Surface Traction

Traction Vector
Irwin Plastic Zone Correction

Crack Tip Opening Displacement
Half Crack Length
Applied J integral

Deformation Gradient
Eulerian Strain Tensor
Deformation Tensor
Velocity Gradient

Velocity tensor or spin tensor

Density

Jaumann rate of Kirchhoff stress
Plastic Strain Rate
Effective Equivalent Stress

Kronecker Delta

Deviatoric Kirchhoff Plastic Stress Tensor
Tensor of elastic Moduli
Reference Strain Rate

Rate Hardening Exponent

Reference Stress

Plastic Compressibility

Symbols not listed here, are defined as they appear in text.

XXVil



LIST OF PUBLICATIONS

Journal Publications:

1. Khan, D., Singh, S., Needleman, A. (2017). “Finite deformation analysis of crack
tip fields in plastically compressible hardening-softening hardening solids”. Acta

Mechanica Sinica. Vol 33 (1) : pp. 148-158.

2. Singh, S. and Khan, D. (2018) “Quasi-statically Growing Crack Tip Fields in
Plastically Compressible Hardening and Hardening-Softening-Hardening

Solids”. International Journal of Structural Integrity. Vol 9 (4) : pp. 1-17

3. Singh, S. and Khan, D. (2018) “On Fatigue Crack Growth in Plastically
Compressible Hardening and Hardening-Softening-Hardening Solids using
Crack-Tip Blunting”. International Journal of Fracture. Vol 213 (2) : pp. 139-

155

4. Singh, S. and Khan, D., (2018) “Finite deformation analysis of crack-tip fields in
plastically compressible hardening solid under cyclic loading”. Procedia

Engineering (Accepted).

International Conference Papers:

1. Singh, S., Khan, D., Panda, S. K., (2014) Crack Tip Fields in Compressible
Hardening Solids , Proceedings of the International Conference on Multifunctional
Materials, Structures and Applications (ICMMSA), December 22-24, 2014,
MNNIT, Allahabad, India. pp. 89-92

2. Singh, S., Khan, D., Panda, S. K., (2014) Crack Tip Blunting in Plastically

Compressible Hardening-Softening-Hardening  Solids , Proceedings of the

197



International Conference on Theoretical, Applied, Computational and
Experimental Mechanics (ICTACEM), December 29-31, 2014, IIT, Kharagpur,
India. ICTACEM/033

. Singh, S., Khan, D., Panda, S. K., (2015) Effect of T- Stress on Crack Tip Fields in
Plastically Compressible rate dependent elastic-viscoplastic solids, Proceedings of
the International Conference on multifunctional materials for future applications
(ICMFA), October 27-29, 2015, IIT (BHU), Varanasi, India. pp.76-77

. Singh, S., Khan, D., Panda, S. K., (2016) A Numerical Study of Crack Tip
Hydrostatic Stress Fields in Plastically Compressible Hardening Solids,
Proceedings of the International Conference on Advances in Functional Materials
(AFM), August 8-11, 2016, ICC, Jeju, South Korea.pp.162-163

. Singh, S., Khan, D., (2017) Finite deformation analysis of crack-tip fields in
plastically compressible hardening solid under cyclic loading, Proceedings of the
International Conference on Vibration Problems (ICOVP), November 29-02
December, 2017, 1T, Guwahati, India. ICOVP/223

. Singh, S., Khan, D., (2017) On Fatigue crack growth in plastically compressible
hardening solids by crack tip blunting, Proceedings of the International Conference
on Theoretical, Applied, Computational and Experimental Mechanics

(ICTACEM), December 28-30, 2017, IIT, Kharagpur, India. ICTACEM/462

198



REFERENCES

Alfano M, Furgiuele F, Leonardi A, Maletta C, Paulino GH. Mode | fracture of adhesive

joints using tailored cohesive zone models. Int. J. Fract., 2009, 157, 193-204.

Altenbach H, Ochsner A. Plasticity of Pressure Sensitive Materials. Springer-Verlag,

Berlin, Heidelberg, 2014, 173-174.

Amazigo JC, Hutchinson JW. Crack tip fields in steady crack-growth with linear strain

hardening. J. Mech. Phys. Solids, 1977, 25, 81-97.

Anderson TL. Fracture Mechanics: Fundamentals and Applications, Taylor and Francis,

USA, 2005.

Aoki S, Kishimoto K, Takeya A, Sakata M. Effects of microvoids on crack blunting and

initiation in ductile materials. Int J Fracture, 1984, 24(4), 267-278.

Aoki S, Kishimoto K, Takeya A, Sakata M. Elastic-plastic fracture behavior of an

aluminum alloy under mixed mode loading. J. Mech. Phys. Solids, 1987, 38, 195-213.

Arruda EM and Boyce MC. A three-dimensional constitutive model for large stretch

behavior of rubber materials. J. Mech. Phys. Solids, 1993, 41, 389-412.

Bakker A. Elastic Plastic Fracture Mechanics Analysis of a SENB Specimen, Int. J. Press.

Vess. Piping, 1982, 10, 431-449.

Bakker A. An Analysis of the Numerical Path Dependence of the J Integral. Int. J. Press.

Vess. Piping, 1983, 14, 153-179.

177



Banerjee PK. The Boundary Element Methods in Engineering, McGraw Hill, England,

1981.

Barenblatt GI. The Mathematical Theory of Equilibrium Cracks in Brittle Fracture, Adv.

Appl. Mech., 1962, 7, 55-129.

Barenblatt GI. The formation of equilibrium cracks during brittle fracture. General ideas
and hypotheses. Axially-symmetric cracks. Journal of Applied Mathematics and

Mechanics, 1959, 23(3), 622-636.

Barsoum RS. On the Use of Isoparametric Finite Elements in Linear Fracture Mechanics,

Int. J. Num. Met. Engg., 1976, 10, 25-37.

Basu S, Narasimhan R. Finite element simulation of mode | dynamic, ductile fracture

initiation , Int. J. Solids Structures, 1996, 33 (8), 1191-1207.

Basu S, Narasimhan R. A comparative study of dynamic, ductile fracture initiation in two

specimen configurations. Int. J. Fracture, 2000, 102, 393-410.

Basu S, Van der Giessen E. A thermo-mechanical study of mode I, small scale yielding

crack-tip fields in glassy polymer, Int. J. Plasticity, 2002, 18, 1395-1423.

Becker AA. The Boundary Element Method in Engineering, McGraw-Hill, Singapore,

1992.

Belytschko T, Gu L, Lu YY. Fracture and Crack Growth by Element Free Galerkin

Methods. Mod. Sim. Mat. Sc. Engg., 1994a, 2, 519-534.

Belytschko T, Gu L, Lu YY. Element Free Galerkin Methods. Int. J. Num. Met. Engg.,

1994b,37, 229-256.
178



Belytschko T, Black T. Elastic crack growth in finite elements with minimal remeshing.

International journal for numerical methods in engineering. 1999, 45(5), 601-20.

Bigoni D, Radi E. Mode | crack propagation in elastic-plastic pressure-sensitive

materials. Int J. Solid Structures, 1993, 30(7), 899-919.

Boesel LF, Greiner C, Arzt E, del Campo A. Gecko-inspired surfaces: a path to strong

and reversible dry adhesives. Advanced Materials, 2010, 22, 2125-2137.

Bower AF. Applied Mechanics of Solids, CRC Press, Taylor and Francis Group, USA,

2009.

Boyce MC, Parks DM, Argon AS. Large inelastic deformation of glassy polymers, Part

I: rate dependent constitutive model. Mech. Mater., 1988, 7, 15-33.

Broek D. Elementary Engineering Fracture Mechanics, Martinus Nijhoff, London, 1982,

Byskov E. The Calculation of Stress Intensity Factors using the Finite Element Method

with Cracked Elements. Int. J. Fract. Mech., 1970, 6, 159-167.

Calvetti F, Viggiani G, Tamagnini C. A numerical investigation of the incremental

behavior of granular soils. Rivista Italiana di Geotecnica, 2003, 37(3), 11-29.

Cao AY, Dickrell PL, Sawyer WG, Ghasemi-Nejhad MN, Ajayan PM. Super-

compressible foamlike carbon nanotube films. Science, 2005, 310, 1307-1310.

Carapellucci LM, Yee AF. The biaxial deformation and yield behavior of bisphenol-a

polycarbonate: Effect of anisotropy. Polymer Engg. & Science, 1986, 26 (13), 920-930.

179



Castaneda, Ponte P. Plastic Stress Intensity Factors in Steady Crack Growth. Journal of

Applied Mechanics, 1987, 59, 379-387.

Chang WJ, Kim M, Pan J. Quasi-statically growing crack-tip fields in elastic perfectly
plastic pressure-sensitive materials under plane strain conditions. Int. J. Fract., 1997, 84,

203-228.

Charalambides PG, McMeeking RM. Finite Element method simulation of crack

propagation in a brittle micro-cracking solid. Mech. Mater., 1987, 6, 71-87.

Chen IW, Reyes Morel PE. Implications of Transformation Plasticity in ZrO2-Containing
Ceramics: 1, Shear and Dilatation Effects. Journal of the American Ceramic Society,

1986, 69(3), 181-189.

Chen C, Fleck NA, Lu TJ. The mode I crack growth resistance of metallic foams. Journal

of the Mechanics and Physics of Solids, 2001, 49, 231-259.

Choi KS, Pan J. Effects of pressure-sensitive yielding on stress distributions in crankshaft
sections under fillet rolling and bending fatigue tests. International Journal of Fatigue,

2009, 31 (10), 1588-1597.

Cola BA, Xu J, Fisher T. Contact mechanics and thermal conductance of carbon nanotube

array interfaces. International Journal of Heat and Mass Transfer, 2009, 52, 3490-3503.

Damani R, Gstrein R, Danzer R. Critical notch-root radius effect in SENB-S fracture

toughness testing. Journal of the European Ceramic Society, 1996, 16(7), 695-702.

Deshpande, V.A., Fleck, N.A.: Isotropic constitutive models for metallic foams. J. Mech.

Phys. Solids, 2000, 48, 1253-1283.

180



Dolbow J, Moes N, Belytschko T. An extended finite element method for modeling crack
growth with frictional contact. Comput. Methods Appl. Mech. Eng., 2001, 190, 6825-

6846.

Dong P, Pan J. Elastic-Plastic Analysis of Cracks in Pressure-Sensitive Materials. Int J.

Solid Structures, 1991, 28(9), 1113-1127.

Drucker DC, Prager W. Soil mechanics and plastic analysis of limit design. Quarterly of

Applied Mathematics, 1952, 10, 157-165.

Drucker DC, Gibson RE, Henckel DJ. Soil mechanics and workhardening theories of

plasticity. Trans ASCE, 1957, 122, 338 46.

Dugdale DS. Yielding of Steel Sheets Containing Slits. J. Mech. Phys. Solids, 1960, 8,

100-104.

Elices M, Guinea GV, Gomez J, Planas J. The cohesive zone model: advantages,

limitations and challenges. Eng. Fract. Mech., 2001, 69, 137-163.

Ellyin F, Wu J. Elastic-plastic analysis of a stationary crack under cyclic loading and

effect of overload. International Journal of Fracture, 1992, 56, 189-208.

Eshelby JD. The Continuum Theory of Lattice Defects, Solid State Phy., Academic Press,

New York, 1956, 3, 79-144.

Fleck NA. Finite element analysis of plasticity-induced crack closure under plane strain

conditions. Engineering Fracture Mechanics, 1986, 25, 441-449.

181



Flouriot S, Forest S, Remy L. Strain localization phenomena under cyclic loading:
application to fatigue of single crystals. Computational Materials Science, 2003, 26, 61-

70.

Freund LB, Rosakis AJ. The Structure of the Near Tip-field Solution during Transient

Elasto-Dynamic Crack Growth, J. Mech. Phys. Solids, 1992, 40, 699-719.

Freund LB. Dynamic Fracture Mechanics. Cambridge University Press, New York, New

York 10011, 1998.

Gearing BP, Anand L. Notch-sensitive fracture of polycarbonate. Int. J. Solids Struct.,

2004, 41, 827-845.

Gogotsi Y. High-temperature rubber made from carbon nanotubes. Science, 2010, 330,

1332-1333.

Griffith AA. The Phenomena of Rupture and Flow in Solids. Phil. Trans., R. Soc. Lond.,

Ser. A, 1920, 221, 165-198.

Gu I, Ritchie RO. On the crack-tip blunting model for fatigue crack propagation in ductile
materials. In: Panoutin T.L., et al. (Eds.), Fatigue and Fracture Mechanics, 1999, 29.

ASTM STP 1332, West Conshohocken, PA, 552-564.

Gurson AL. Continuum theory of ductile rupture by void nucleation and growth-1. Yield
criteria and flow rules for porous ductile media-1. Engg. Materials Technology, 1977, 99,

2T15.

Hellen TK, Blackburn WS. The Calculation of Stress Intensity Factors for Combined

Tensile and Shear Loading, Int. J. Fract., 1975, 11, 605-617.

182



Hertzberg RW. Deformation and Fracture Mechanics of Engineering Materials. John

Wiley and Sons, New York, 1989.

Hunnell JM, Kujawski D. Numerical simulation of fatigue crack growth behavior by

crack-tip blunting. Engg. Fract. Mec., 2009, 76, 2056 — 2064.

Hutchens SB, Needleman A, Greer JR. A microstructurally motivated description of the
deformation of vertically aligned carbon nanotube structures. Appl. Phys. Lett., 2012,

100, 121910.

Hutchens SB, Needleman A, Greer JR. Analysis of uniaxial compression of vertically

aligned carbon nanotubes. J. Mech. Phys. Solids, 2011, 59, 2227-2237.

Hutchens SB, Hall LJ, Greer JR. Institute mechanical testing reveals periodic buckle
nucleation and propagation in carbon nanotube bundles. Advanced Functional Materials,

2010, 20, 2338-2346.

Hutchinson JW. Fundamentals of the Phenomenological Theory of Nonlinear Fracture

Mechanics, J. Appl. Mech., 1983, 50, 1042-1051.

Hutchinson JW. Plastic Stress and Strain Fields at a Crack Tip, J. Mech. Phys. Solids,

1968, 16, 337-347.

Hutchinson JW. Singular behavior at the end of a tensile crack in a hardening material. J.

Mech. Phys. Solids, 1968, 16, 337-347.

Hwang KC, Luo XF. Near-tip fields for cracks growing steadily in elastic-perfectly-
plastic compressible material. IUTAM Symposium on Recent Advances in Nonlinear

Fracture Mechanics, Pasadena, CA, USA, 1988.

183



Inglis CE. Stresses in a Plate due to the Presence of Cracks and Sharp Corners. Trans.

Inst. Nav. Arch., 1913, 55, 219-241.

Irwin GR. Analysis of Stresses and Strains Near the End of a Crack Traversing a Plate. J.

Appl. Mech., ASME, 1957, 24, 361-364.

Irwin GR. Fracture Mode Transition for a Crack Traversing a Plate. J. Basic Engg., 1960,

82, 417-425.

Irwin GR. Crack Extension Force for a Part-through Crack in a Plate. J. Appl. Mech.,

ASME, 1962, 29, 651-654.

Ishikawa, M., Narisawa, 1. and Ogawa, H. J. Polymer Science., Polymer Physics. Edn

1977, 51,9771.

Jog CS. Continuum Mechanics: Foundations and Applications of Mechanics, Cambridge

University Press, 2015.

Kanninen MF, Popelar CH. Advanced Fracture Mechanics. Oxford University Press,

New York, 1985.

Khan D, Singh S, Needleman A. Finite deformation analysis of crack tip fields in
plastically compressible hardening-softening-hardening solids. Acta Mechanica Sinica,

2017, 33(1), 148-158.

Kim YT,Oh HC, LeeBC. Efficient Crack Propagation Simulation Using the
Superimposed Finite Element Method and Cohesive Zone Model. Design and Analysis

of Materials and Engineering Structures, 2012, 63-75.

184



Lai J, Van der Giessen E. A numerical study of crack-tip plasticity in glassy polymers.

Mech. Mater., 1997, 25, 183-197.

Laird C, Smith GC. Crack propagation in high stress fatigue. Philosophical Magazine,

1962, 8, 847-857.

Lazzarin P, Zappalorto M, Berto F. Generalized stress intensity factors for rounded
notches in plates under in-plane shear loading. International Journal of Fracture, 2011,

vol,170, 123-144.

Leroy Y, Ortiz M. Finite element analysis of transient strain localization phenomena in
frictional solids. International Journal of Numerical and Analytical Methods in

Geomechanics, 1989, 14,53-74.

Levkovitch V, Sievert R, Svendsen B. Simulation of fatigue crack propagation in ductile
metals by blunting and re-sharpening. International Journal of Fracture, 2005, 136, 207-

220.

Li FZ. The analytic solution of near-tip stress fields for perfectly plastic pressure-
sensitive material under plane stress condition. International Journal of Fracture, 1992,

53 (4), 325-336.

Li C, Chou TW. A Structural Mechanics Approach for the Analysis of Carbon

Nanotubes, Int. J. Solids Struct., 2003, 40, 2487-2499.

Li FZ, Pan J. Plane-strain crack-tip fields for pressure-sensitive dilatant materials. J.

Appl. Mech., 1990, 57, 40-49.

185



Li HM, Wang GF, Wang TJ. Effect of crack-tip shape on the near-tip field in glassy

polymer. International Journal of Solids and Structures, 2008, 45, 1087-1100.

Mandel, J. Conditions de stability et postulate de Drucker. In Rheology and soil

mechanics. Edited by J. Kravtehenko and P.M. Sirieys, Springer Berlin, 1966, 58-68.

Marcal PV, King IP. Elastic Plastic Analysis of Two-Dimensional Stress System by

Finite Element Method. Int. J. Mech. Sci., 1969, 9, 143-155.

McCarter CM, Richard RF, Mesarovic SD, Richards CD, Bahr DF, McClain D, Jiao J.
Mechanical compliance of photolithographically defined vertically aligned carbon

nanotube turf. Journal of Materials Science, 2006, 41, 7872—7878.

McMeeking RM. Finite deformation analysis of crack tip opening in elastic-plastic

materials and implications for fracture. J. Mech. Phys. Solids, 1977, 25, 357-381.

McClintock FA. Plasticity aspects of fracture. In: Liebowitz, H. (Ed.), Fracture: An

Advanced Treatise, 1971, Academic Press, New York, pp. 47-225.

McClung RC, Crack closure and plastic zone sizes in fatigue. Fatigue and Fracture of

Engineering Materials and Structures, 1991, 14, 455-468.

McClung RC, Davidson DL. High resolution numerical and experimental studies of

fatigue cracks. Engineering Fracture Mechanics, 1991, 39, 113-130.

McClung RC, Sehitoglu H. On the finite element analysis of fatigue crack closure. —1.
Basic modeling issues. —2. Numerical results. Engineering Fracture Mechanics, 1989,

33, 237-272.

186



Meo M, Rossi M. Tensile Failure Prediction of Single Wall Carbon Nanotube. Engg.

Fract. Mech., 2006, 73, 2589-2599.

Moes N, Dolbow J, Belytschko T. A finite element method for crack growth without

remeshing. Int. J. Numer, Method Eng., 1999, 46, 131-150.

Mohan N, Cheng J, Greer JR, Needleman A. Uniaxial tension of a class of compressible

solids with plastic non-normality. J. Appl. Mech., 2013, 80, 040912.

Morze Z. Non- Associative Flow laws in plasticity. Journal de mechanique, 1963, 11(1)

21-42.

Moran B, Shih CF. A General Treatment of Crack Tip Contour Integrals, Int. J. Fract.,

1987, 35, 295-310.

Misra A, Greer JR, Daraio C. Strain rate effects in the mechanical response of polymer-

anchored carbon nanotube foams. Advanced Materials, 2009, 21, 334-338.

Mukhelishivili NI. Some Basic Problems of the Mathematical Theory of Elasticity. Engg.

Trans., J. R. M. Radok, Noordhoff, 1953.

Narasimhan R, Basu S. Numerical simulation of fracture initiation in ductile solids under

mode I, dynamics loading. Bull. Mater. Sci., 1999, 22 (5), 891-900.

Narisawa |, Yee AF. Crazing and fracture in polymers, Structure and Properties of

Polymers. Materials science and technology, a comprehensive treatment, 1993, 12, 699.

Needleman A. Non-normality and bifurcation in plane strain tension and compression.

Journal of Mechanics and Physics of Solids, 1979, 27, 231-254.

187



Needleman A. On Finite Element Formulations for Large Elastic-Plastic Deformations.

Computers & Structures, 1985, 20, 247-257.

Needleman A, Tvergaard V. An analysis of ductile rupture modes at a crack tip, Journal

of Mechanics and Physics of Solids, 1987, 35, 151-183.

Needleman A, Tvergaard V. Analysis of plastic flow localization in metals. Appl. Mech.

Rev., 1992, 45, S3-S18.

Needleman A, Hutchens SB, Mohan N, Greer JR. Deformation of plastically
compressible hardening-softening-hardening solids. Acta Mech. Sin., 2012, 28, 1115-

1124.

Needleman A, Tvergaard V, van der Giessen E. Indentation of elastically soft and

plastically compressible solids. Acta Mech. Sin., 2015, 31, 473-480.

Nemat-Nasser S, Obata M. Some basic issues in dynamic crack growth in elastic-plastic

solids. Int. J. Fract., 1990, 42, 287-300.

Nimmer RP, Woods JT. An investigation of brittle failure in ductile, notch-sensitive

thermoplastics. Polymer Engg. & Science, 1992, 32(16), 1126-1137.

Nishida T, Hanaki Y, Pezzotti G. Effect of notch root radius on the fracture toughness of

a fine grained alumina. Journal of the American Ceramic Society, 1994, 77, 606-8.

Nova R, Wood DM. An experimental programme to define the yield function for sand.

Soils and Foundations, 1978, 18, 77— 86.

Nova R. The role of non-normality in soil mechanics and some of its mathematical

consequences. Computers and Ceotecnics, 2004, 31, 185-191.
188



Orowan E. Fracture and Strength of Solids. Reports on Progress in Physics, 1949, 12,

185-212.

Pan J, Shih CF. Plane-strain crack-tip fields for power-law hardening orthotropic

materials. Mech. Mater. 1986, 5, 299-316.

Parks DM. A Stiffness Derivation Finite Element Techniques for Determination of Crack

Tip Stress Intensity Factors. Int. J. Fract., 1974, 10, 487-502.

Parks DM, Argon AS, Bagepalli B. Large elastic-plastic deformation of glassy polymers.
MIT Program in Polymer Science and Technology Report, 1984,, Massachusetts

Institute of Technology.

Pathak S, Cambaz ZG, Kalidindi SR, Swadener JG, Gogotsi Y. Viscoelasticity and high

buckling stress of dense carbon nanotube brushes. Carbon, 2009, 47, 1969-1976.

Pathak S, Mohan N, Pour Shahid Saeed Abadia P, Graham S, Cola BA, Greer JR.
Compressive Response of Vertically Aligned Carbon Nanotube Films Gleaned From In

Situ Flat-Punch Indentations. J. Mater. Res., 2013, 28(7), 984-997.

Peirce D, Shih CF, Needleman A. A tangent modulus method for rate dependent solids.

Compos. Struct., 1984, 18, 875-887.

Rahman S. Probabilistic Fracture Mechanics: J Estimation and Finite Element Methods.

Engg. Fract. Mech., 2001, 68, 107-125.

Rahman S, Kim JS. Probabilistic Fracture Mechanics for Non-linear Structures. Int. J.

Press. Vess. Piping, 2001, 78, 261-269.

Reddy JN. An Introduction to Continuum mechanics. Cambridge University Press, 2013.
189



Reyes Morel PE, Chen IW. Transformation Plasticity of CeO2-Stabilized Tetragonal
Zirconia Polycrystals: I, Stress Assistance and Autocatalysis. Journal of the American

Ceramic Society, 1988, 71(5), 343-353.

Rice JR. The localization of plastic deformation. In: Koiter, W. T. (ed.) Proceedings of
the 14" international congress of theoretical and applied mechanics, 1977, North Holland,

207-220.

Rice JR. Plasticity and Soil Mechanics. Proceedings of the Symposium on the Role of
Plasticity in Soil Mechanics. Cambridge. September 1973, (edited by PALMER, A. C.),

1973. p. 263. Cambridge University Engineering Department, Cambridge, England.

Rice JR, Johnson MA. The role of large crack tip geometry changes in plane strain
fracture; in Inelastic Behavior of Solids. eds. M.F. Kanninen et al., McGrawHill, 1970,

641-672,

Rice JR. A path independent integral and the approximate analysis of strain concentration

by notches and cracks. J. Appl. Mech., 1968, 90, 379-386.

Rice JR, Rosengren GF. Plane strain deformation near a crack tip in a power law

hardening material. J. Mech. Phys. Solids, 1968, 16, 1-12.

Rice JR. Mechanics of crack tip deformation and extension by fatigue. In: Fatigue Crack
Propagation. ASTM STP 415, American Society for Testing and Materials, 1967, 247-

309.

Rice JR, Tracey DMO. The ductile enlargement of voids in triaxial stress fields. J. Mech.

Phys. Solids, 1969, 17, 201-217.

190



Robinson JN, Tetelman AS. Comparison of Various Methods of Measuring Kic, on Small
Precracked Bend Specimens that Fracture After General Yield. Technical Report No. 13,

1974, UCLA-ENG74009.

Roscoe KH, Schofield AN, Wroth CP. “On the yielding of soils”. Geotechnique, 1958,

8, 22-53.

Roy YA, Narasimhan R. A finite element investigation of the effect of crack tip constraint
on hole growth under mode | and mixed mode loading. International Journal of Solids

and Structures, 1999, 36, 1427-1447.

Rudnicki JW, Rice JR. Conditions for the localization of deformation in pressure-
sensitive dilatant material. Journal of the Mechanics and Physics of Solids, 1975, 23,

371-394.

Shih CF. Relationships between the J-integral and the crack opening displacement for

stationary and extending cracks. J. Mech. Phys. Solids, 1981, 29, 305-326.

Shih CF, German MD. Requirements for a One Parameter Characterization of Crack Tip

Fields by the HRR Singularity. Int. J. of Fract., 1981, 17, 27-43.

Singh S, Khan D. Quasi-statically Growing Crack Tip Fields in Plastically Compressible
Hardening-Softening-Hardening Solid. International Journal of Structural Integrity, 2018,

9(4) (In press).

Smith E. A Comparison of Mode | and Mode Il Results for the Elastic Stress
Distribution in the Immediate Vicinity of a Blunt Notch. International Journal of

Engineering Science, 2004, 42, 473-481.

191



Sneddon IN. The Distribution of Stress in the Neighborhood of a Crack in an Elastic

Solid. Proc., R. Soc. Lon., 1946, A-187, 229-260.

Spitzig WA, Richmond O. Effect of hydrostatic pressure on the deformation behavior of
polyethylene and polycarbonate in tension and compression. Polymer Engineering and

Science, 1979, 19 (16), 1129-1139.

Stoughton TB, Yoon JW. A pressure-sensitive yield criterion under a non-associated flow

rule for sheet metal forming. International Journal of Plasticity, 2004, 20 (4-5), 705-731.

Sue HJ, Yee Albert F. Toughening mechanisms in a multi-phase alloy of nylon 6,6

polyphenylene oxide. Journal of Material Science, 1989, 24(4), 1447-1457.

Sumelka W, Nowak N. Non-normality and induced plastic anisotropy under fractional
plastic flow rule: a numerical study. International Journal of Numerical and Analytical

Methods in Geomechanics, 2016, 40, 651-675.

Sumpter JDJ, Turner CE. Use of the J Contour Integral in Elastic Plastic Fracture Studies

by Finite Element Methods. J. Mech. Engg. Sci., 1976, 18, 97-112.

Sun X, Zhao W. Prediction of Stiffness and Strength Single Wall Carbon Nanotubes by
Molecular Mechanics based Finite Element Approach. Mat. Sci. Engg. A, 2005, 390,

366-371.

Suresh S. Fatigue of Materials. Cambridge University Press, Cambridge, 1991.

Swedlow JL, Williams ML, Yang WH. Elastic Plastic Stress and Strains in Cracked

Plates. Proc. of First Int. Conf. Fract., (1965) Sendai.

192



Toribio J, Kharin V. High-resolution numerical modelling of stress-strain fields in the
vicinity of a crack tip subjected to fatigue. In: Fracture from Defects (ECF12), 1998, 2.

EMAS, 1059-1064.

Toribio J, Kharin V, Numerical modelling of cyclic stress-strain fields near a crack tip:
the role of strain hardening. In: Fracture Mechanics: Applications and Challenges

(ECF13), Elsevier, 2000, 8 (on CD).

Toribio J, Kharin V. Localized plasticity near a crack tip in a strain hardening material
subjected to mode | loading. Materials Science and Engineering, 2001, A319-321, 535-

539.

Toribio J, Kharin V. Comments on simulations of fatigue crack propagation by blunting
and resharpening: the mesh sensitivity. International Journal of Fracture, 2006, 140, 285-

292.

Toribio J, Kharin V. Large crack-tip deformations and plastic crack advance during

fatigue. Materials Letters, 2007, 61, 964-967.

Toribio J, Kharin V. Finite deformation analysis of crack tip fields under cyclic loading.

International Journal of Solids and Structures, 2009, 46 (9), 1937-1952.

Tracey DM. Finite Element Solutions for Crack-Tip Behavior in Small-Scale Yielding.

Journal of Engineering Materials and Technology, 1976, 98 (2), 146-151

Tvergaard V. On fatigue crack growth in ductile materials by crack-tip blunting. Journal

of the Mechanics and Physics of Solids, 2004. 52, 2149-2166.

193



Tvergaard V, Hutchinson JW. Crack growth per cycle by blunting and void growth. In:

Blom A.F., (Ed.), Fatigue 2002, 1/5. EMAS, UK, 107-116.

Wells AA. Unstable crack propagation in metals: cleavage and fast fracture, Proceedings

of crack propagation symposium, cranfield, 1961, 1, 210-230.

Wen JF, Srivastava A, Benzerga A, Tu ST, Needleman A. Creep crack growth by grain
boundary cavitation under monotonic and cyclic loading. Journal of the mechanics and

physics of solids, 2017, 108, 68-84.

Westergaard HM. On the Stress Distribution at the base of a Stationary Crack. J. Appl.

Mech. ASME, 1959, 24, 109-114.

Williams ML. Bearing Pressures and Cracks. J. Appl. Mech. ASME, 1939, 6, 49-53.

Wu J, Ellyin F. A study of fatigue crack closure by elastic-plastic finite element analysis

for constant amplitude loading. International Journal of Fracture, 1996, 82, 43-65.

Wu PD, Van der Giessen E. On improved network models for rubber elasticity and
their applications to orientation hardening in glassy polymers. J. Mech. Phys.

Solids, 1993, 41, 427-456.

Yuan H, Lin G. Elastoplastic crack analysis for pressure sensitive dilatant materials, part
I: higher-order solutions and two-parameter characterization. Int. J. Fract., 1993, 61, 295-

330.

Yuan H. Elastoplastic crack analysis for pressure-sensitive dilatant materials, part Il:

interface cracks. Int. J. Fract., (1994/1995), 69, 167-187

194



Zbib AA, Mesarovic SD, Lilleodden ET, McClain D, Jiao J, Bahr DF. The coordinated
buckling of carbon nanotube turfs under uniform compression. Nanotechnology, 2008.

19, 175704.

Zhang Q, Lu YC, Du F, Dai L, Baur J, Foster, DC. Viscoelastic creep of vertically

aligned carbon nanotubes. Journal of Physics D: Applied Physics, 2010, 43, 315401.

Zienkiewicz OC. The Finite Element Method in Engineering, Tata-McGraw Hill, New

Delhi, 1979.

195



196



