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Introduction

Micromechanical models:

@ Simple mechanisms considered at micro (meso) scales
which are expected to capture the macroscopic

behaviour 0. .
.1
[ ) (

@ Viable alternative to phenomenological models A4 ®
Inelastic strain may derive from: ' ‘

@ shrinkage

@ creep

@ micro-cracking ) ﬂ\n

o differential thermal expansion oS /' y

@ ageing
Need to simulate inelastic behaviour in the matrix phase
alone
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Elastic two-phase composite

Two phase composite idealisation with

@ Spherical inclusions(Eshelby solution with modified

Mori-Tanaka averaging) ‘ .
@ Penny-shaped micro-cracks(Budiansky and @ '
O'Connell) °
oc=fao-oca+ fu-oum (1)

E=fa-eq+ fm-em+ea (2)




Elastic two-phase composite

Two phase composite idealisation with

@ Spherical inclusions(Eshelby solution with modified
Mori-Tanaka averaging)

@ Penny-shaped micro-cracks(Budiansky and
O'Connell)

oc=fao-oca+ fu-oum (1)
E=fo-eq+ fur-em+ea (2)

Average stress-strain relationship

&=DMQ:ée=DMQ:(é—€a) (3)

Dua = (fo- Do:Ta+ fu-Du)-(fo-Ta+ fu)™, (4a)
Tg = 1% +Sq : Aq,
Aq = [(Dq —Dy) :Sq + Dyt : (Do — Dyy)
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© Non-linear behaviour within the composite




Non-linear behaviour within the composite

Inelastic strains in the inclusion ’ ‘

Do:(eot+ec+ev) =Dy (60 tec+ev—er) (5a) ..
e.=Sq: (e +ern) (5b) @




Non-linear

Non-linear behaviour within the composite

Inelastic strains in the inclusion

Do:(eo+e.+en) =Dy (g0 +ec+erv —er) (5a)
e.=Sq: (ET + 5[N> (5b)

Inelastic strains in the matrix

@ Secant moduli method (Weng)

DQ : (Eo + 50) = DSecant : (50 +éec— 57’) (63)
€c = Ssecant : €7 (6b)

e Elastic constraint method (Weng)

Do:(eo+ec+en) =Dy :(eo+ec+en —€7)
(7a)

e.=Sq: (e —€rn) (7b)
(Nemat Nasser and Hori(1993), Mura (1987) and Weng (1988))
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e A two-phase composite with inelastic strain in the matrix only




Two material problem with matrix undergoing

transformation strain ;5. €2 remains elastic.

Matrix phase Inclusion phase

oy =Dpy:epyy =Dy (€o+€c*51N) oqg=Dq:eq=Dq: (€o+€c)

(8) (9)

Consistency equation

Do: (e, +e.) =Dy:(eo+ec—er) (10)

Constrained strain

E. = SQ : (E-,— — E]N) (11)

Transformation eigenstrain

ET:AQ : (EO—SQ :E?[N) (12)




Individual phase and composite equations

orv =D =Dyt (e —€1n) (13)
co=Dq:Tq:(epy—Sq:€ern) (14)

Substitution and rearranged total strain equation

ev=(fo - Ta+fu) " :(E+fo-Ta-Sa:emw) (15)

Constitutive equation

o=Dyq: (é — slNEQ) (16)

where

eineg = Duo ' (faDa T : Sa+fuDyu—fo-DuaTa : So) : e
(18)




Individual phase and composite equations

orv =D =Dyt (e —€1n) (13)
co=Dq:Tq:(epy—Sq:€ern) (14)

Substitution and rearranged total strain equation

ev=(fo - Ta+fu) " :(E+fo-Ta-Sa:emw) (15)

Constitutive equation

&:DMQI(E—EINEQ—aa) (17)

where

eineg = Duo ' (faDa T : Sa+fuDyu—fo-DuaTa : So) : e
(18)
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@ Micro-cracks in the matrix




Penny-shaped micro-cracks in the matrix

oy =Dy (en —ernv —erprym) (19) oq=Dq:eq =Dq: (e0t+ec) (20)

Consistency equation

Do:(eo+e)=(1—w)Dp:(eo+ec—€r) (21)

Constrained strain

e.=Sq:(e; —ern) (23)




Penny-shaped micro-cracks in the matrix

oy =Dy (en —ernv —erprym) (19) oq=Dq:eq =Dq: (e0t+ec) (20)

Consistency equation

Do : (€0 +€c) = Dus: (€0 +ec —er —errma)  (22)

Constrained strain

e.=Sq:(e; —ern) (23)




Micro-cracks

Penny-shaped micro-cracks in the matrix

oy =Dy (en —ernv —erprym) (19) oq=Dq:eq =Dq: (e0t+ec) (20)

Consistency equation

Do : (€0 +€c) = Dus: (€0 +ec —er —errma)  (22)

Constrained strain

e.=Sq:(e; —ern) (23)

Transformation eigenstrain

er =Aq: (eo—Sq:e/n)—Baq : errun
(24)

where B = [(DQ — Dy S+ DM]_I-DM
(25)




Micro-cracks

Local model of fracture strain

errM = CLMm : SM (26a)

sy =N oy (26b)

erry = Cry N oy (26¢)

€FRM—/NT'€FRM-CZ$ (26d)
errm = (1I7° + Caga) ™" - Caga : Dos : (enr — €1n) (272)
errma = (1** + Caaqg : Das : V@)™ - Coaqa : Das 1 Ug : (ens — Sq s ern)  (27b)

where

w(6,9)
Coda = 7/2#/ Ne:Cpm i N- T w(® w)sm(iﬁ)dwde (28a)

Ug =175 +(Sq — 12%) : Aq, (28b)
Vo = 1?4+ (Sq — I”°) : Bg (28c)




Inelastic strain and micro-cracks in the matrix

Constitutive equation

0 =Dyarr : (€ — €INFREQ) (29)
where
Dyorr =F:H (30a)
ernrrEQ = [(Dmarr ' :6) —J:ern (30b)
F=fq DyUq — fo - Dar:Va - (°° + Caqq : Das s Vo) ™" - Caaa s Das = Ug
+ far - Dar — far - DarCadq - (1P° + Coqa : D)~ ' Dy (30¢)
H=[fq Dg" :Dp:Uq+ far - 1**
—fa-Dgt :Dar: Vo - (1% 4 Cagq : Dar : Vo) ™ - Cogq : Dar : Ug) ™t (30d)
G=fq DyUq:So — fo Da Vo (1% +Cagq 1Dy : Vo) ' Cagq :
Das :Uq : Sq + far - Dar — far - DarCaaa - (17° + Coaq 1 Dar) ™' - Dy (30e)
I=1[fa D5t :Dar: Ug — fo -Dg'
Das :Va - (I°° + Caqq : Dar : Vo) ™' Caaq : Das : Uq) : S (30f)

(30g)
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© Damage predictions




Free shrinkage with inelastic strain in matrix only with no
micro-cracking
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Free shrinkage with inelastic strain in matrix with

micro-cracking
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Damage

Free shrinkage with inelastic strain in matrix with
micro-cracking
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Free shrinkage comparison with elastic constraint method
(early results)
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Uni-axial tension strain path with inelastic strain in matrix
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Uni-axial tension strain path with inelastic strain in matrix
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Uni-axial tension strain path with inelastic strain in matrix
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Uni-axial tension strain path no inelastic strain in matrix
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Uni-axial tension strain path comparison with Elastic
Constraint Method (early results)
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Concluding remarks

@ A new way of introducing inelastic strains into the matrix
@ Introducing micro-cracking into the matrix

@ Models predict an expected inelastic and micro-cracking
response

@ Basic framework for simulating real behaviour of cementitious
materials
Future work
@ Inelastic creep strain using solidification theory
@ Integration of new thermo-hygro model
@ Modelling self-healing processes

@ Experimental work for model validation




Conclusion

Thank you for your attention.

| now welcome your questions.




Conclusion

First principle derivation

@ One material ellipsoid undergoes a transformation

oy =Dy (eotee) oni =Dy (otec—e;) wheree, = Sq : €5
@ Standard two material problem

cog=Dq:(eo+e.) =Dy :(eo+e.—€;) wheree. = Sq : &,
© Standard two material problem with g; in the 2

Dq : (eotec—€;) = Dys: (Eotec—Er—€;) where e = Sq : (e-+€))
@ One material problem with M undergoing ¢;

oy =Dy (so—i—sc) oy =Dy (EO—I—EC—Ei) where €. = S : €
transformation strain on outside (added to both sides)
oy =Dy (6o +6c+€4) oy =Dy (60 +&c—€; +€;) where e =Sq : €;
Q undergoing -ve strain to start with (removed to both sides)

oy =Dy (eotec—e) ori =Dy (60 +&c+€; —€;) where ec =
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