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Introduction
and context

Introduction & context

Sealing has to be guaranteed for 40 years.

Diffuse damage (microcracking) and/or localized
(macrocracking)

Estimation of the evolution of transfer properties
(structural durability analysis)

Objectif:

Propose/validate numerical tools to predict/estimate leakage rate
in a cracked structure.

2125
. - Mohamad Dandachy Alert Geomaterials 4/10/2016




Numerical coupling between transport
and mechanical properties

Numerical modelling

HXR
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Here we focus on studying the effect of mechanical damage on the
permeability of concrete.
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b) fracture permeability estimation via the
experimentally corrected parallel plates model

= Correction factor is adopted in the numerical simulations 6/25
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Continuous modelling: damage model

Isotropic damage model

Local model
3
Eeq = Z < &; >+ Mazars 1986
=1

Nonlocal integral model
Pijaudier -Cabot and Bazant 1987

-l
™~

R

S

Can be applied at the scale of the structure.
Simple, time cost is reasonable and accurate
mechanical description.

Crack opening can be calculated.

No need before mechanical description
information about the crack.

Stress based nonlocal model
Giry et al. 2011

4z — s||”

bo(x,8) = exp (_ (zg(a:, apm<s>)))

/

Jo @0, 8).ccq(s)ds

Eeq() =

&

4§ o do(z, s)ds
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Coupling between permeability and mechanical state
(Continuous approach) (pijaudier-Cabot et al, JEM (2009)]

(For each element i)

logK; = DlogKp + (1 — D)logKj

Poiseuille’s Permeability:
(Mean Permeability of a cracked element)

AL)?
Kp =¢ (12l) (F~1(D) — Ypo)?

In(1—-—D
P«\ F1(D) = Ypo — ¢ . )

‘\

.+ q

¢ : correction factor for Poiseuille’s Law
(Roughness, Turtuosity, etc..)

Picandet’s Permeability:
(Permeability of a microcracked element)

Kp = Kof (D) = Kpexp ((CYD)B)

K, : Permeability of a sound material

a, [: Fitted parameters

D : Damage Field
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Numerical coupling between transport and
mechanical properties

Coupling by means of two approaches

Fully continuous (FC)
Matching law

Non local K(e.D)
damage model

(€.D)
%%Q Crack pm‘h?\_’ [V] I

Semi discrete (S:)) PermeabiliTy (K)

a Poiseduille's law (k,)
Crack openings

calculation
l QU
‘\

R

= FC approach can be directly applied once the mechanical problem is solved.
= SD approach requires crack tracking and crack opening assessment
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Numerical coupling between transport and
mechanical properties

Coupling by means of two approaches

Fully continuous approach Semi discrete approach
Diffuse damage
kS = kof (D) = kgexp ((ape)ﬁ) Picandet et al. 2001

D€ < [ (1=015 forinst ; iseui
( forinstance) ) oealized damage (Poiseuille kp)

. (le)Z—yT . . e — [uze]3—)/r
kp = 128 (Ene — €po)° 717 P "121ep,
r e Crack path (Topological search,
%%Qene : Maximum principal strain Bottoni et al. 2015)
Epo : Strain at first crack initiation (ere* D) (x0) Ji B(xo — x)ds
P [uﬁe]strong = 2(0)
‘ [ : Average length of the FE (3/V¢) Dufour et al. 2008

‘\ 6 — f([ll], ,Br; y‘r') Rastiello et al. 2014 Sum of fluxes Q = Qpuir + Qcrack

ed [Ka= k)0 x (k) K5, = k§1 + kiRT(I — n°®n)R
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Numerical coupling between transport and
mechanical properties

Physical experiment (Hydro-mechanical behaviour)
(Controlled by COD)
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Gas permeability of mortar under splitting test determined
when partially unloaded. Dufour 2007 (HDR)
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Numerical coupling between transport and
mechanical properties

Physical experiment (Crack opening assessment)
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Crack Opening Displacement [microns] Relative Displacement [mm]

Face S

S, : surface with larger diameter

P:on S, disp. sensor

= 3D effect seen on the cracking patterns due to geometrical effect.

14/25
. ~ Mohamad Dandachy Alert Geomaterials 4/10/2016




Numerical coupling between transport and
mechanical properties

Outline

- Bibliography

- Hydro-mechanical modelling

- Application: Brazilian test
Physical experiment

FE simulation
- Conclusions

- Perspectives

15/25

Alert Geomaterials 4/10/2016




Numerical coupling between transport and
mechanical properties

Staggered scheme i
(weak)

Calibration of the

damage model Local permeabilities

calculation
Crack path /Determination of the\

(SD approach) total flow rate by

solving a diffusion
%%Q Y \ problem )
"

Mean Permeability
(Darcy’s Law)

Crack opening (SD) i

Principal strain (FC)
e 4
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Numerical coupling between transport and
mechanical properties

Calibration of 3D mechanical model

Arc-length control by maximum strain
(Force-Disp snap back)

x 10 :
3 E — Expérimentai
—— Numerical NL
28 ~— Numerical NLSB

Force in (N)
=
tn [\®)
——— e
D s

0 0.01 002 003 004 005 006 0.07 0.08 0.09 O.I
2*Displacement of P (mm)

e Better behavior after the splitting phase.

e More realistic damage field. | =0.83
mmm)p NLSB y sy 17/25
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Numerical coupling between transport and
mechanical properties

Damage Profiles

NLSB model ] ]
S, : surface with larger diameter
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= The 3D simulation highlights the damage (crack) propagation in the

M longitudinal direction. 18/25
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Numerical coupling between transport and
mechanical properties

Crack opening assessment

Crack opening evolution (T.Disp.=33 microm) Crack opening evolution (T. Disp.=60 microm)
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Numerical coupling between transport and
mechanical properties

Local and structural permeabilites calculation

Calibration of the .
damage model Local permeabilities
calculation
—
Crack path
(SD approach) Determination of
\ the total flow rate
by solving a
F diffusion problem
—

Crack opening (SD)
Principal strain (FC)

Mean Permeability
(Darcy’s Law)

Solving the dif fusion problem by applying a pressure gradient.

AP
- b\ ‘ Q is computed and k,,, = ,Ltﬁ (Ax)
20/25
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Numerical coupling between transport and
mechanical properties

Couplina between permeability and mechanical state
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R . o

- o ““|--MLD (Rastiello's parameters)

g - SD ( Rastiello's parameters) -

= I SO S .~ YRR — —2—S8SD (Non modified Poiseuille's law) |.
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2 X Disp. of P (mm)

=

Damage (permeability) stabilizes around 1 and do not evolves when
unloading (MLD)

. Poiseuille’s law (ksi=1) overestimates the crack permeability

Good agreement between the proposed models and experimental data
. Rastiello’s parameters are valid for an OC/mortar up to COD of 0.1 mm

A WN
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Numerical coupling between transport and
mechanical properties

Mesh sensitivity

Average element size: 2 mm
Nb. of nodes: 4511
. ‘ . , ‘ , ‘ , ‘ . . Nb. of elements: 20807

----------------------------------------

15@ i 3 ; 3 g : T Average element size: 3.3 mm
) o Experimental Nb. of nodes: 1183
Nb. of elements: 4585

B

| ——SD-Average element size 2 mm
,,,,,, _|—=—SD-Average element size 3.3 mm/
PO S NS | A (S— S— —+FC-Average element size 2 mm

- el | i —E—FC A‘erage element51ze33mm
Bk s i e e e e

0 0.01 0.02 003 0.04 0.05 006 007 008 009 01
2XTotal Disp. (mm)

Mesh independent results obtained with the proposed approaches
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Conclusions Perspectives

Conclusions:

vV V VvV

>
>

b

"ie

>

» Other applications (steel-concrete interface for instance).
» Generalize the approaches to structure elements.

R

The NL stress based is proven to be better than the original NL on the Global scale as
well as on the local one.

With (MLD), damage (permeability) stabilizes around 1 and do not evolves when
unloading.

The crack opening assessment is obtained accurately using the Strong Discontinuity
approach applied in the post processing phase.

It is shown that the proposed parameters of Rastiello that intervene in the relation
between the correction factor and the crack opening, ¥ and 3, are valid for an
ordinary concrete/mortar.

The coupling using two approaches is validated on the splitting test.
Mesh independent results are obtained.

rspectives :

Coupling permeability with thermal and/or creep damage.

Consider slip flow (apparent permeability) in the hydraulic models. o405
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Numerical coupling between transport
and mechanical properties

Crack location and opening

Crack path
* Trivial in the actual test (Plane of symmetry parallel to the loading).

Crack opening along the path

N X Strong DiscontinuityApproach :

— —_ Equalityof numericaland
L analytical profiles at their
maximum x,

= ' Esa(Xp) = Eeq (%0)
(U]

© Crack opening

(b)

Displacement u
<

Strain €

_ (erE *9)(20) Jp o(zo — x)dx
[U]strong o Qb(())

Regularized strain € o

(d)

—
>

Dufour et al. 2008
26/25

. ~ Mohamad Dandachy Alert Geomaterials 4/10/2016




properties

Numerical coupling between
transport and mechanical

Evolution of the localization at failure

Original
nonlocal model

Strain field

... Dama

ge diffu;io

Evolution

 Wide strain profile
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Evolution =

x 1078 T
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Evolution o4
o %2 X(m
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Numerical coupling between
transport and mechanical
properties

Applying the SD Method

- Crack path is taken as the green crack
surface

- Convert the medium to 1D profile along a
line orthogonal to the crack surface.

—> Projection of strain field on the 1D profile.

23k g =N.eN

Equality of numerical and analytical profiles
Wat their maximum x

Esda(Xg) = Eeq (x0)

28125
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Numerical coupling between transport
and mechanical properties

Coupling by means of two approaches
Pijaudier-Cabot et al, JEM (2009)

| s Matching Law impses
5 . K(D) i -
Damage (D) — — Permeability (K)
B3R dagopenbhiog wlrﬁpo.s@ﬁh% Koo(k,)
R Ulserons = (epe* @) (xo) J. B(xo —x)ds Dufouretal. 2008 Kp = EL;]a

?(0)
ﬂf (EFE*Q)(S)OIS Dufour et al. 2012

[ A(x—xp)ds

LU weak=
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Numerical coupling between transport and
mechanical properties

Correction factor for Poiseuille’s law

1E-12

(0] 20 40 60 80 100 120 140
1E-13 H © 5B 7\ =__—
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0 4B
LE-14 1« 4B-DIC /&y T

— Poiseuille =

S
1,E-15 55 2
PR !
&0

1,E-16 7

.ANn
Sstruct: Y-V
&struct: 0.046

Permeability (m?)

D

A 4

Estruet: 0.038

1,E-17
%%Q COD (microns)

Poiseuille’s law (permeability of a crack)

R

[ulm- @ _ Sstruct [u]mg-go
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- Structural or mean permeability K, = Kp =
\ SStT'U,Ct Sstruct 12
: : 1 B =5,625x 107"
- ‘ struct 'Bmy y = _1’19
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