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Origin of microplane models

Slip theory of plasticityf Taylor (1938) an&atdorfand Budianski
(1949)] and subsequent works (e.g. Lin and Ito 1965, 1966, Kroner
1961,Budianskand Wu 1962, Hill, 1965, 1966, Rice, 1970).

It was used in arguments about the physical origin of strain harden
and was shown to allow easy modeling of anisotropy as well as the
vertex effects for loading increment to the side of a radial path in sti
space. In all the formulations only the inelastic shear strains (slips)
were considered to occur (no inelastic normal strain).

The theory was also adapted to anisotropic rocks under the name
multilaminate model (Zienkiewicand Pandel977,Pandeand Sharma
1981, 1982Pandeand Xiongl982).
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Origin of microplane models

Thefirst microplanemodelwas presented a& 1983 Tucso(AZ)
conference Ba@ant 1984).

Microplanemodelsdiffer conceptually from thaliptheory ofplasticity.

- the kinematic constrain is utilized instead of the static one to pre\
Instability in postpeak softening damage,;

- avariationalprinciple (such as the principle of virtual work) relates

the stresses on thenicroplanedo the macrecontinuum stress
tensor;

- the previous models considered only plastic slipg;roplanemodel
Introducednormal inelastic strains on thaicroplanes
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Origin of microplane models

¢ KS v S dziinNdroplanedD@¥@it 1984 wascoined to reflect the
fact that the model is not restricted to plasstip and it doesiot imply
actual simulation of the microstructure geometry
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Microplane formulation

MacroscopicStrain

&

Classicaltensorial)
models

MacroscopicStress
ij
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Microplane formulation

MacroscopicStrain
&
- plasticity
Classica(tensoria) - - damagemechanics
models - their combination

MacroscopicStress
ij
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Microplane formulation

MacroscopicStrain

&

l Kinematicconstraint

Strainson eachmicroplane
a/! %l e'\ll er

Classica(tensorial)
models

MacroscopicStress
ij

The micropIaQe model with Nor[]talrangential split
(NCT split) (B&ant et al., 1983; Bant and
Gambarova, 1984; Bant and Oh, 1985)

The microplane model with VolumetgbDeviatorig
Tangential split (§D¢T split), i.e. the microplane
normal strain is further split into the volumetric ar
deviatoric components (Bant and Prat, 1988;
Carol et al., 1991, 1992, 2001, 2004CBu et al.,
1996, 2000; olt et al., 2001; Kuhl et al., 2001; [
Luzio 2007, 2009; Di Luzio and Cusatis 2013, Ce
and B&ant 2013).
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Microplane formulation

MacroscopicStrain
& X

l Kinematicconstraint

Strainson eachmicroplane

& &, &, & Themicroplanemodel with VolumetrieDeviatoric

Classicaltensorial) split (D split) which can be viewed as a specia

models case of the more generakIcT split based
formulation was proposed_eukartand Ramm
2002, 2003, 2006). In this split methodology, the
macroscopic strain is decomposed into its bulk a
deviatoriccomponents which are then projected

VP ——— or_lto the specificmicroplaneto obtain the

s, microscopic stress components.
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Microplane formulation

MacroscopicStrain

&

Kinematicconstraint

Strainson eachmicroplane
a/! %l e'\ll &

Classica(tensorial)
models Microplane constitutive laws

Stresse®n eachmicroplane
Sv,Sp, SN, ST

MacroscopicStress
ij
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Microplane formulation

MacroscopicStrain

&

Kinematicconstraint

Linear elastic behavior

Strainson eachmicroplane —
e, &, €\, & Ty = EVEV
Classica(tensorial) op = Epep
models Microplane constitutive laws -
af, — ETE L
Stressesn eachmicroplane TN = ETEM
Sv,Sp, SN, ST —

MacroscopicStress
ij

Giovanni Di Luzio, asst. prof. Civil and Environmental Eng. Dept. POLITECNICO MILANO 1863




Microplane formulation

MacroscopicStrain Inelastic behavior:

Si based on the scalar damage theory
(Balant and Prat1988;Baant and
Kinematicconstraint OMvolt 1990; Ovolt and Bazant1992;

Ovolt et al 20011 eukartand Ramm

Strainson eachmicroplane 2002, 2003, 2006), e.@(\bOlt et al 2001.:
e, &, €\, €

oy = Cyey, op = Cpép, o7 = Crép

Classica(tensorial)
models Microplane constitutive laws

Cy = Ev:u'l:l - wv}: Cp= En:u“ - lﬂl}}f

Stresse®n eachmicroplane
Sv,Sp, SN, ST Cr= ET:IJ“ - f-I'-i'T}-

Ey

b

ty
a

)" 41371

C1lr == E\r:u [(l +

MacroscopicStress
ij
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Microplane formulation

MacroscopicStrain

&

Kinematicconstraint

Strainson eachmicroplane

Q/! %l&\ll &

Classica(tensorial)
models

Microplane constitutive laws

Stresse®n eachmicroplane

Sv,Sp, SN, ST

MacroscopicStress
ij

Inelastic behavior:
stressstrainboundaries Baant et al. 1996;
Baant et al., 2000. These boundaries may
be regarded astrain-dependent yield
limits..

Filev) <ov, Fplep) <op < Fj(ep), on < Fy(en),
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Microplane formulation

MacroscopicStrain A micraggmacrohomogenization:

& - micro¢macro force equilibrium relatiot

which means double kinematstatic

Kinematicconstraint constraint.Unfortunately,this double
constraint does not hold for the
Strainson eachmicroplane general microscopic materigws
e, &, e, e (Carol andBaant, 1997.
Classica(tensorial)
models Microplane constitutive laws

Stresse®n eachmicroplane
Sv,Sp, SN, St

lT Static constrain

MacroscopicStress
ij
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Microplane formulation

MacroscopicStrain

&

Kinematicconstraint

Strainson eachmicroplane
Q/! %l &\ll &

Classica(tensorial)
models Microplane constitutive laws

Stresse®n eachmicroplane
Sv,Sp, SN, St

l Principleof virtual work

MacroscopicStress
ij
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A micraggmacrohomogenization:

- principleof virtual work (PVW) based
micro¢macrohomogenization which
imposed the equilibrium in weasense
(Baant, 1984)
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Microplane formulation

MacroscopicStrain ThePVW based formulation waslopted
€ for the microplanemodel with N;T split
and then for the case with'¢D¢T split.
Kinematicconstraint However Carol et al. (2001) pointed out
that such derivednicroplanemodel with
Strainson cachmicroplane V¢DcT split violates the second principle
ey, &, ey, & of thermodynamics due to the nen
Classica(tensorial symmetric materiabehavior ofdeviatoric
models Microplane constitutive laws Stressesleading to spurious energy
l deficiency Ba@nt et al., 2000; Carol et

T ————r—— al., 2004Baant and Caner, 200%;eukart

Sv,Sp, SN, ST andRamm 2002; Di Luzio 2007y he
macro-stress tensor is
l Principleof virtual work o, = opd, + oF
u L o
MacroscopicStress 3 5.
Sij Cl'? i J |:UD (NI.I' - _H) + ULL{-,- + UMMF] dﬂ
2w |, 3
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Microplane formulation

MacroscopicStrain

&

l Kinematicconstraint

Strainson eachmicroplane
Q/! %l eNl er

Classica(tensorial)
models Microplane constitutive laws

Stresse®n eachmicroplane
Sv,Sp, SN, St

l Principleof virtual work

MacroscopicStress
ij
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Numericalintegration over the unit
sphere(half-sphere).

The numerical method must consider:
- the accuracy (degree of the formula);
- the inducedanisotropy;

- the symmetry.

(Krylov1962;Stroud 1971Ba&&ntand Oh
1985, 1986Neutsch1996;Fliegeand
Maier 1999 Hannayet al2004;Ehretet

al 2009)
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Microplane formulation

MacroscopicStrain

&

Kinematicconstraint

Strainson eachmicroplane
Q/! %l &\ll &

Classica(tensorial)
models Microplane constitutive laws

Stresse®n eachmicroplane
Sv,Sp, SN, St

l Principleof virtual work

MacroscopicStress
ij
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Themostefficient formulathat still yields
acceptable accuraapvolves 42 (21 with
the halfsphere)microplanesand is of @
degree with full symmetryRant and
Oh1986).
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Microplane models for concrete

M1 (Ba&antand Oh 19831985;Baant 1984;Ba@ant and Gambaroval 984)

ModelM1 wasfocused only on tensile failure.dtmulated smearednultidirectional
tensile cracking andostpeaktensile softeningf concrete. Intandem with the crack
band concept, model M1 sapable ofepresenting well all the fracture tests of
notchedconcrete specimensncluding the size effect, and was aésdended tofit
well the basic data on dilatant shear preexisting cracks concrete.
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Microplane models for concrete

M2 (Baant and Prat1988; Baant and Ozbolt1990, 1992; Carol et al. 19932asegawa and
Baant 1993;O0Molt et al 2001)

Model M2was able to model simultaneously tensiled compressive failures by
iIntroducinga volumetriedeviatoricsplit of the normal strains anstresses orthe
microplanes While the tensile failure is basicaflyuniaxiabehavior, describable
simply by a scalar relatidmetween thenormal stress and strain, compression failure
atriaxialphenomenon, in which failure is triggered layeral expansiomnd by slip on
inclined planes

Anonlocalgeneralization omodel M2 was developed to prevent spurious excessiv
localization of damage in structures and spurious mesfsitivity Ba@nt and Oolt
1990;OCMvolt andBaant 1992,1996).
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Microplane models for concrete

M3 (Baant et al. 1996a,b)

Model M3introducedthe concept ofstressstrain boundariegor softening strain
dependent yield limitsonthe microplanelevel. Asidefrom simplicity and claritythe
advantage of this approach is that several independent

boundaries for different stress components can be definedunctionf different
strain components. This is helpfor simultaneousnodeling of tensile, compressive,
and shear softening.

A softening stresstrain curve for shear employed model M2was replaced in mode
M3 by a strainndependentlinear frictionalcohesiveyield surface relating the norma
andshear stresgomponents on themicroplane
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Microplane models for concrete

M4 (Baant et al.2000; Caner anBaant 2000; Di Luzio 2007)
ModelM4 presents avork-conjugate definition of thesolumetricdeviatoricsplit and
iImprovedformulationsof boundary surfaces, frictional yield limits addmage.

The model M4 was also extendeddtrain-rate sensitivity,creep and to arbitrarily
large finite strain Ba@nt et al 2000).

A nonlocal version of the model M4 was presented§ant and Di Luzio 2004, Di
Luzio 2007.

However the volumetricdeviatoricsplit leads tcexcessive lateral expansion and stre
locking in fampostpeakuniaxial tension and unrealistic unloading and reloadirfm
overcome this deficiency a modified M4 wasfoemulated with a nesplit of the
normal component for dominant tensile failure and removing the tensile volumetri
boundary Ba@nt et al 2004; Di Luzio 2007).
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Microplane models for concrete

M5-M6-M7 (Baant and Caner 20054; Caner andBaant 2011;Caner andBaant 2013a, b)
The volumetriedeviatoricsplit, however, brought aboutther problems especially,
excessive lateral expansion and stressking infar postpeakuniaxial tension and
unrealistic unloading and reloading.

The expansion and locking problems were mitigatellitnby a series coupling of
separatemicroplanemodelsfor compression and for tension.

All these problems are overcometime modelM7, in which thekey idea is to abandot
the volumetricdeviatoricsplit for the elastic part amicroplanestrains and for the
tensile stressstrain boundary while retaining it for the compressive normal and
deviatoricstressstrainboundaries.

Giovanni Di Luzio, asst. prof. Civil and Environmental Eng. Dept. POLITECNICO MILANO 1863




Microplane formulation

Impact loadingBa@nt et al 2000h O 6 &t & A006;¢ NJ & hl 2009 Adleyet al
2012;Kiraneet al 2015

Large strain extension8&ant et al 2000; Carol et al 2004; Caner et al 2007)

Fiber reinforced concrete (Di Luzio a@ddolin2004;Beghiniet al 2007 Caner et al
2013;Vrechet al 2016)

ShapeMemory AlloygBroccaet al2000, Kadkhodaeet al 2007 Mehrabiet al2014;
Poorasadioret al 2015KaramooRavariet al 2015)

Composites: fibereinforceq\ polymer compositeOolt et al 2011)wovenfabric
compositegSalviatcand Baant 2015) or braided laminates (Caner et al 2011);
compositelaminates Broccaet al 2001 Cusatiset al 2008 Beghiniet al 2008)
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Microplane formulation

Bloodsoft tissue (Caner and Carol 2006

Geomechanicanaterials: rockRratet al 1997 Adachi andDkal995,Baant and Zi
2003, jointed rock mass (Chen et al 2014), cBgant andPrat1987), sand (Chang
and Sture2006).

Metal plasticity Broccaand Bant 2000,0Molt et al. 2016)

Micropolarformulation, ini K S & LIA OdsderatBedia Efse®t aldr003;Etse
and Nieto2004).

High ordemicroplanemodel Cusatisand Zhou 2013).

Themicroplanemodel has been introduced into various commercial programs
(ATENA, OOFEM, DIANA, SBETA, ANSYS, MARS, MASA, ..)).
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Over-nonlocal formulation of Microplane model

(Bagant and Di Luzio 2004; Di Luzio 2007)

nLocalization limiters 0

Nonlocal strains: €, (X):ﬁN(x, )Céij (3~)C'bIV(3~)

\Y

Refined nonlocal formulation q = mC'b:} +(1- m)C'bfg with  m>1
(Vermeer & Brinkgreve 1994)

: Micro-nonlocal Strains
Macro-nonlocal Strain Kinematic

q constraint E/ ; ag ; a| ; a

on each microplane

All the boundaries are function of the nonlocal microplane strains:

iy =F(8); G5 =R(8): 05 =F(&); a5 =03 (&)
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Over-nonlocal formulation of Microplane model

(Bazant and Di Luzio 2004; Di Luzio 2007)

Bar subjected tauniaxialtension

300

000 — T
0000 0004 0008 0012 0016 0020
£ (strain)
0.002 — o
|
bV 4 Elements 25000
00067 L 12 Elements 14 4
————— Elements
| 24 Elements 20000 1
= | e 48 Elements _ y T 12 Elements
E 00012 | z | 24 Elements
* : & 1so00- | |1 — ——- 48 Flements
- -
1 2 R
0.0008 — ' z [
1000.0 |
0.0004 — !
so004f | N
S
. ~_
0.00 T T T | — 1 0.0 T T T — ‘|
0.00 0.04 0o 012 0.0 0.04 0.08 0.12

coordinate [m]
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displacement & [mm]

Force F |[N|
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——— - 48 Elements

0.0

0.04 0.08 0.12 0.18
displacement &[mm]
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Over-nonlocal formulation of Microplane model
(Di Luzio 2007)

The double-edgenotched (DEN) specimen experimentally tested by

Nooru-Mohamend(1992: loading paths 4 tensile test under constant
shear force

4a numerical 4a experimental ®
4b numerical == m—= 4b experimental @ A
frame B * P 4 numerical  mm o mm s - 4c experimental %

-30000 —
_ Hax v x x * x
Z — N
w ’ **
o x _
3 20000 — . Z
S Iy -
D N - * E
3 1> ks
£ 10000 — #8 B-8 - BB
{p b L L L A B B 4000 ——— T T T T
0 50 100 150 200 250 [i] 40 80 120 160 200
displacement 8, [mm|] displacement 3 [mm]
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Over-nonlocal formulation of Microplane model

(Di Luzio 2007)

Double-edgenotched (DENfested by Noori-Mohamend(1992 load-path 4a:
evolution of the maximum principatrain.
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Over-nonlocal formulation of Microplane model
(Di Luzio 2007)

Double-edgenotched (DEN{ested by Noori-Mohamend(1992) load-path 4b:
evolution of the maximum principatrain.
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- P
632 € 0024733
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9¢. [ 00za8hT
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et
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| = \ e
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;;;,l 0 02038
e
000341 00107
a0sste.
0 002063
lood-path 4L 145-05) 177058,
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Over-nonlocal formulation of Microplane model

(Di Luzio 2007)

Double-edgenotched (DEN{ested by Noori-Mohamend(1992) load-path 4c:
evolution of the maximum principatrain.
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»
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Microplane model for fiber reinforced concrete

(Di Luzio and Cedolin 2004)

Genericmicroplanein the material

Sk + S%/S} + srT"
Pataltelaaoivoro ofifbet aantsixidion f A
S T +S T f m

SN

I

. — « Matri Fib .
i Sy=S Na " +s N' oy appropriate

stressstrain

M4 Fibers eN S, =S mat”x +S I'\:/:ber boundaries for
fiber effect
I — « Matrix Fiber ~ simulating the
= +
l SLTSL SL bridging effect,
S \ bending X @ o ¢
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Microplane model for fiber reinforced concrete

(Di Luzio and Cedolin 2004)

Simulationdour-point-bending tests with sharpotch of different

lengths:z=30mm;z=52.5 mmz=75 mm

Steel fibers Concrete 225mm | 150 mm, 225 mm
DRAMIX ZP 30/0.5 E =37000pa ) "‘P "‘P .
l;=30 mm f.= 32Mpa 1 1
l/d; = 60 d, max= 15 mMm
V;=0.38% and #0.76% w/c = 0.3

Z
> - D &
N 3 mm AN
1S I
75 mm 450 mm 75 mm

Experimental investigation @ TGltalcementi Group
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Microplane model for fiber reinforced concrete

(Di Luzio and Cedolin 2004)

Simulationdour-point-bending tests with sharpotch of different

lengths.
225 mm |,150 mm. 225 mm
Sk Sl >
[” P
z=30mm z=52.5mm -
S
=
— “w =
3 mm
kk k)
75 mm 450 mm 75 mm
Zz=7/5mm
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