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Motivation: Stress Induced Microcracking Evolution

Stress Field

Macroscopic properties and behavior of ot
quasi-brittle materials are significantly UL»:
affected by the internal microstructure and }\!J;_ -
damage/microcracking evolution {;\&g{‘fﬁﬁg A %
Controlling of microstructure state and damage e

evolution leads to improved macroscopic behavior picrocracking evolution

Phenomenological Material Models:

- microstructure-insensitive
- valid only for moderate damage levels

- local stress field fluctuations and interactions are not considered

Modeling at the mesoscale will lead to a fundamental
understanding of the effect of microstructural features on the
microcracking evolution in brittle materials



Obijective

Mesoscale Damage Evolution: Relevant Questions:
— depends on the system size L - size effect on failure

: : - intensive measure of damage
— computationally intractable zO(I-‘l) comparing the extent of damgge
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Explicit modeling of material microstructure combined with the
scaling theory accounts for size effects and local stress field
interactions during damage/microcrack evolution



Numerical Methodology



Mesoscopic Simulation: Discrete Lattice Models

Focus of the study is not on any particular material

But, in capturing the generic features of damage evolution

Essential ingredients of breakage process:
* Initial material disorder (inhomogeneities)
» redistribution of stresses due to damage evolution

Perfectly brittle bond

Discrete Lattice Models:
« disorder in bond strength and stiffness
» elastic response characteristics of the bonds

» bond breaking rule (failure criteria)

Any realistic damage evolution description must be capable of
reproducing the behavior of these idealized discrete lattice models



Mesoscopic Modeling Approach

Failure of a bond is governed by

- weakest bond of the disordered medium
- stress concentration around material inhomogenities

Lattice system with disorder
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Analysis Procedure
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Procedure:
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Step O: For each bond in the lattice system, assign
unit stiffness and random force threshold f.th T
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Step 1: Impose a unit macroscopic displacement
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Step 2: Calculate the force f, in each bond through

lattice equilibrium Lattice system with disorder

K= Zf,z K Global stiffness
i
Step 3: Determine the bond i, for which

1 f

I miax £
Step 4: Record the lattice displacement and force ()\, K)\)

Step 5: Remove the bond i, and repeat steps 1-4,
until the entire lattice system breaks apart



Lattice Response



Typical Loading Response

Single lattice response (64 x 64)
Lattice response averaged
512 x 512 over 5000 samples

Force

At Failure At Peak Load
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Lattice Response versus System Size
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» Lattice response depends on the system size
« Scaling laws are required to obtain a “normalized” response that
couples the mesoscopic scale response to the continuum scale response



What is the

Intensive Measure of Damage”?
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Nucleation Phase:
Diffusive Damage

Growth Phase:
Stress Concentration
effects are dominant

Coalescence:
Localization of damage to
form a percolating crack

;‘!’,ﬂﬂl"L‘!’jn‘!',nr,ﬂluvjn‘nrﬂAu‘rﬂL‘!’,ﬂl‘!’;ﬂ‘!’11'1.1'111‘!1!1‘!’1"1'ATA
e T T AR T LAV VA LT AT ALV AT LV AWL VLNV
.l.".i‘.i".l'.l'l".l"i"‘"l‘.l‘l".l"i‘l‘.l".l.".l"L".i".l.".l".l.'.l".i".i".l.".l".l.'.l"i‘.i".l.
N O N XA AN AN AN A AR VAN YN

b A g A P A A
S A A T A AT R A R R A T R T T T
e R T A R P
AABASAAAAASA AN AR AR SARA NS,
TA‘L‘L‘!‘A‘A‘A‘L‘L‘l‘}l‘ATA"L"J.TITA‘LTA"L""iIA:A'L:L"i‘iIA‘A}Iﬂ."

SRR R A P R P R I T
AL R T S S T A AR A LA A R O A A A A LS
A A A P A A A A A A A AT WA AT
R L N Y AT AN AN U AR VAV

e A A A A A A AR,
B N TN N YA AT A AN A X AN A A A

A A A A PR A
SR A A T A AT R R R AT A AT T
e A T A R P

S AN A R AR R T‘.‘m“.‘!ﬂhﬁn

T A T A A A A R A A

A T T T T T A R R T T T T,
AL I A A AR A A A A A AR AN R A A AT

A R T T R A T W A T TR TR
R R A A R A A R A A A AR A




Damage Definition Based on Stiffness Degradation

Current Stiffness/Initial Stiffness
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Material Breakdown: Avalanche Process

Force

"Pri " broken bond
A o i mary" broken bonds Avalanches
B "Aval anche" broken bonds
Peak Load
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k
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O Load Controlled M
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Stiffness ratio

(O Displacement Controlled

(O Bond Failure Controlled

Fraction of broken bonas



Scaling Theory



Renormalization App

roach for Scaling

Let L, < L, < L,
P fraction of broken bonds at scale L,

P’ fraction of broken bonds at scale L,

Coarse Graining*

p':RI(p) where I=%

1

p'-p.. =R/(p)-R(p.,)

oR
— A p_poo
o pzpw( )
— I(p_poo)

(* such that the probability of failure
under the influence of external load

where /\I =% = P —P., = COOL_G remains the same at both scales)

AN

non-zero p_ indicates critical crack size
needed for macroscopic fracture




Intensive Definition of Damage
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Scaling of Number of Broken Bonds

p,-p,=c L® == nf:Nel(pooJrcooL‘“)

o0

In the literature, power laws have been fitted for n; versus L

n L1.71i0.’|
g Limit L—>o0
nf o L1.71i0.1 — Ps = oC 50

N L

el

Maximum crack size:

a, cpp,) and a, >0 as p, >0

Notes:

* Number of broken bonds versus lattice size L is NOT a power law!

* Instead, there is fixed threshold to which p, converges as L increases

* Non-zero failure threshold indicates to critical crack size required for fracture



Numerical Results



Scaling of Number of Broken Bonds
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Probability Distributions for Fraction of
Broken Bon Failure an Peak L

p; = Mean fraction of broken bonds at failure
p, = Mean fraction of broken bonds at peak load
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Cumulative Probability

Cumulative probability

! 1 | | | | | |
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Standard Variate = (n-Mean(n))/Std(n)

Standard variate = (p — Mean(p)) / Std(p)

Probability distributions for fraction of broken bonds at failure
as well as at peak load are identical and are normal




Scaling of Failure Load Distribution
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Size Effect on the Mean Failure Load

Peak Load
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System Size L

Mean fracture strength decreases very slowly with increasing system

: C
size L,and scalesas ¢, zm for very large L



Computing Requirements

: : CPU Time (sec) CPU Time (sec)
Lattice Size (L) —5EG Algorithm New Algorithm
32 11.66 0.592
64 173.6 10.72
128 7473 212.2
256 5647
512 93779

CPU Time (sec) =1.53 * 107 L#36
ForL=1000 == Time ~ 21 days!

Mesoscopic simulations require O(L#) cpu time for 2D and O(L°) for 3D,

where “La” is the specimen size and “a” is the average grain size



Summary

For materials with broadly distributed heterogeneities,

Scaling Law: P;—P, =c¢_L°

* Fraction of broken bonds p; is finite as L — «
* Non-zero P., is consistent with Griffith’s critical crack size requirement
» Avoids inconsistencies with the conventional power-law expressions

 Probability distributions for the number of broken bonds at failure as
well as at the peak load are identical and are normally distributed



Mesoscopic Simulation:
Discrete ver ntinuum Model

Discrete Lattice Models
» Suitable for studying the behavior of complex microstructures with heterogeneities
 Captures crack propagation and microstructure evolution with relative ease
* Ideal for studying statistical behavior including scaling and size effects
* Not readily applicable for capturing plasticity dominated phenomena

Continuum Models
» Suitable for studying the behavior of homogeneous solids
* Mesh size should be much smaller than typical inhomogeneity (crack, grain) size
 Captures inter-granular cracks using cohesive laws
* Not readily applicable for large number of heterogeneities
* Recent investigations on extended FE methods show promlse in caoturlnc mter-
and trans-granular cracks and their interaction

Extended FE Models:
Multiple cracks, growth, interaction
and coalescence
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