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Introduction: State of Art
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Video 1: X- ray/Neutron images of a drying concrete
%gq sample. (S. Dal Pont 3SR)
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Figure 1: Sample tomography and drying Evolution.
(M.H. Moreira et al. 2022, C.S. Hani et al. 2024)
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Introduction: Research Motivation
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Figure 2: (A) TomoToFE Python pipeline: https:/github.com/ANR-MultiFIRE/TomoToFE,
(C.S. Hani et al. 2024, 10.21809/rilemtechlett.2023.184 ). (B) Imported mesh on CAST3M . A
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Introduction: Research Motivation
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Video 2: Shrinkage simulation on the mesh exported from the
real sample.

Figure 2: Snapshot of a shrinkage simulation with a
THCM model on the 1mported mesh with CAST3M.

Y = \
| W .
‘ ‘l_‘.’/ B a2

1 ). i - . g

[ (4] e, 4 y B N A



WS\ ] |V Xal | JOr) | o |

» Introduction
» Mathematical Model

o~ \ 1 1 9 a ] |



WS YV 1 1Y Xal |l JO 1 | A, |
Mathematical Model: Meso-Scale Equations

T,
Macroscopic region pgcpﬁa—f =V - (kgV1p)
TR Tg =T,

—n- (kgVTs) = —n - (k,VT,)

1. Non Thermal Equilibrium;
2. Fourier’s Law applicability;
3. Neglecting the interfacial resistance to heat transfer.

dT,
pgcpgﬁ =V- (kUVTg)

Averaging domain, V'

Figure 3: Sketch of a porous medium including a
sample of the averaging volume and the
characteristic length-scales. D. Lasseux _and
EJValdés-Parada2025.
https://doi.org/10.1016/].advwatres.2025.10489
9
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Mathematical Model: Volume Averaging Method (VAM)

1. Applying the intrinsic average operator
1
(T | Ot =g [ v a=po

Pﬁcpﬁa—f =V (kgVT}), in /s, Va I,
Ty =T, at s, 2. Separatign 9f the.length-scales: max({’ﬁ,fc) K1y K L;

3. The media is statiscally homogeneous at ry;

§ —n-(kgVIg)=—n-(k,VI,), at s, 4. The media is pseudo-periodic;
oT, . o ) 5. Spatial averaging theorems (Whitaker 1999, 10.1007/978-94-017-3389-2);
Potro—g =V (kaVTs), in 75 6. Decomposition (Gray 1975. https://doi.org/10.1016/0009-2509(75)80010-8):
To(r,0) = Tho(r) a=f,o. Yo = (o)’ + 0 a=p0.
2
7. trof >> Maxy, 1,178, 70}, Ta = %ﬂl“ a=f3,0.
TP
PECppdp (af) =V - (Kgg - V(T5)" + Kgo - V(T;,)7)
wh o
s V(T 4w VL) = T ((T5)° —(T,)7) ,
p Macroscopic Thermal
Non - Equilibrium
NT,)° . i
pocpote 5 t> =V (Koo - V(T,)° + K, - V(T5)") Equations
+ U4 - V(Ta>a T Ugg - V(Tff)ﬁ B a;h (<T0>U - (Tﬁ)ﬂ) )

1 ~T | ®YalTlJO0P]l &1
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Mathematical Model: Effective Coetficients

Problem b 1
Kﬂﬁ:kﬁ IJr? 1‘1®bﬂdA
(2 1 . B J s,
Vbg = — n-VbgdA in ¥ L
kVﬁ oo Ko —ﬁ/ n®bgdA
bs = —k—ﬁba at oy Ve Jets,
7 1 Dominant an 1
“n-Vbg=-n-Vb, +n at s, Koo = ko I——/ n@b,da || Dominantand Coupled
] 1 Vo Jo,, heat conductivity tensors
V?b, = —— n- Vb, dA in ¥, i
o Jolgo Kgﬁ = va n®b,dA
b.(r) =b,(r+ Lje;), i=1,2,3, a=pf,0 o J o
(ba)*=0 a=p,0 k
: ugg = ?’Z n- (Vbﬁ — 531) dA
Ba
g = kg f . ( sl — ko Vb,g) IA Dommal?t Conduction ar.ld Co-
Problem. s Ve Sty ks Conduction heat corrective
(<2 1 . Uy = ko n-(s,I—Vb,)dA vectors
Visg = A n-VsgdA in 73 Vo .,
p < dtee k kg
sg=1— 3, at @, Ugg = ?a n- (k—Vb,, — SJI) dA
o ﬂ'{;’a o
—1n-kgVsg=n-k;Vs, at 9o
Vis, = ; n- Vs, dA in A,,
S he e [ n.vsyada——te n-Vs, dA
Sa(r) = salr + Lie;), 1=123, a=p0 - Apo S, P T Ay L, 7
k(Sﬂf}ﬂ:ﬂ CB:‘B’O'

Effective interfacial heat coefficient

1~ [ YTl 7T 1= T
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Mathematical Model: Properties of Effective Coefficients

As showen in D, Lasseux and EJ_Valdés-Parada 2025 (https://doi.org/10.1016/].advwatres.2025.104899)

1) ¢sKgpe = 0. Kysp = K.

2) ¢pka (Kpp — kpl) = ook (Koo — kol)
3) Ppupe = —Polop = (kp — ko)uc

4) ugg = Uge =0

5) u,. = 0 if the unit cell is symmetric

6) Ko (a,k = 3,0) are positive definite and symmetric tensors.

1~ O alT oI T =TT
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Mathematical Model: Thermal Non - Equilibrium and Thermal Equilibrium

ITs)P
paconis (95K s - V{T4)? + Ko V(T,)°)

+ (kﬁ - kcr)uc : V<Ta>a - avh“Tﬁ)ﬂ - (TJ)J)

O(T,)°
po'cpo";bo' (8t> =V (qbﬂ'Kﬂ'ﬂ' ) V(Ta)a + K. - V(Tﬁ>ﬁ)

— (kg = ko)ue - V{Tp)? + ayh((Tp)” — (T,))

& @ =y =)
(T)

(pep)—5~ =V - [(9sKpp + 2Ke + 9o Koo) - VAT)]

Macroscopic Thermal
Non - Equilibrium
Equations (2Egs. Model)

Macroscopic Thermal
Equilibrium Equation

(1Eq. Model)

1~ O alT oI T =TT
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Numerical Simulations: Direct Numerical Simulation (DNS)

(9T, _
pocpp—, =V (kpV1p), in /3,
Tﬂ = To-, at ﬂﬁg,
{n-(kgVTy) = —n- (k,VT,), at s
oT, :
pc,cpaa—; =V - (k,VT,), in ¥,
kTa(r,O) = Too(r) a=[,0.
Table 1: Properties of micro-scopic domain (DNS). X Flg re 3: Sketch of the microscale
Quantity Symbol  Value Unit of Measure " \ \ \ domain considered for the DNS.
3
Volume fraction of phase §  ¢g 0.93 - \ \ \
Volume fraction of phase ¢ ¢, 0.07 —
Characteristic length L 0.1 m \ \ \
Height H 0.05 m \ AN
Radios of the inclusion T 0.015 m \\
™
i ™
Table 2: Initial and boundary conditions (DNS). .
I

Quantity Symbol Value  Unit of Measure \\‘\\k A3
Imposed temperature 1, a= 5,0 200 C _
Initial temperature Two 20 C Taa =0

S 1
oYY D 1 9 X al VL JO Tl ! .



PRO_ABSC = PROG:
PRO_ORDO = PROG;

REPETER BOU_TMOY (MESH REF*24);
DZ = 1./(MESH_REF*24);
SURF_MA1 = MAIL_IN PLUS (0. 0. (N1*DZ));
TEMPE_T = CHAN CHAM TAB1.TEMPERATURES.timel MOD_ACI:
T_SURF_MAl = PROI SURF_MAl TEMPE_T;
MOD BID = MODE SURF_MA1 THERMIQUE;
T_SURF_MAl = EXCO 'T' (CHAN CHAM T_SURF_MAl MOD BID);
INT_ T MA = INTG MOD BID T_SURF_MAl;
T_MOY MA = INT_T_MA / A_IN;
LIST T_MOY MA;
PRO_ABSC = PRO_ABSC ET (PROG (N1*DZ)):
PRO_ORDO = PRO_ORDO ET (PROG T_MOY MA):
N1 = N1 + 1;
FIN BOU_TMOY;:
EV_TIN1 = EVOL 'CYAN' MANU PRO_ABSC PRO_ORDO;

7NV 1 19 Xal i1l J0r) | . |

Numerical Simulations: Direct Numerical Simulation (DNS)

PRO_ABSC = PROG;
PRO_ORDO = PROG;
N1 = 0;

REPETER BOU_TMOY (MESH REF*24);
DZ = 1./ (MESH_REF*24);
SURF_MAl1l = MAIL MA PLUS (0. 0. (N1*DZ)):
TEMPE T = CHAN CHAM TABl.TEMPERATURES.timel MOD BET;
T SURF_MAl = PROI SURF MAl TEMPE T;
MOD BID = MODE SURF_MA1l THERMIQUE;
T_SURF_MAl = EXCO 'T' (CHAN CHAM T_SURF_MAl MOD_BID):
INT T MA = INTG MOD BID T_SURF MAl;
T MOY MA = INT T MA / A MA;
LIST T _MOY MA;
PRO_ABSC = PRO_ABSC ET (PROG (N1*D2Z)):
PRO_ORDO = PRO_ORDO ET (PROG T_MOY MA):
Nl = N1 + 1:
FIN BOU_TMOY;
EV_TMAl = EVOL 'CYAN' MANU PRO_ABSC PRO_ORDO;

1
B J¥s

1
T,)° = — T,d

T ~\1 ([®YallJOorl I & 1T
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Numerical Simulations: Closure Problems

Table 3: Properties of the unit cell.

Quantity Symbol  Value Unit of Measure

Volume fraction of phase 5 ¢p 0.93 -
Volume fraction of phase ¢ ¢, 0.07 -
Characteristic length l 0.01 m
Radios of the inclusion r 0.015 m

Problem b Problem s

( 1
( 1 : Visg = — -VszdA in ¥,
V’bg = — .VbgdA V7 Sp n-Vsg mn ¥
#T Ve m'ﬁan ’ e Ve Juts.
k 1 _
bs = _k—ﬁba at Hpo sp=1-5¢ al Ay

—n-kgVsg =n-k; Vs, at g,
s —n-Vbg=-n-Vb, +n at Wp, <
R A R A X L KR KRG

o ].
e I R R N
I = e
5 i

R 1 v? o= T - Vsg dA in A,

. V?b, =—— [ n-Vb,dA in 7, SO PR e
o dﬁo .

b,(r) =b,(r+ L;e;), i=1,2,3, a=f,0 Salr) = sa(r+ Liei), i=1,23, a=f0

(ba)*=0 a=40c [(3a)* =0 a=f0

oo

Figure 5: Periodic and symmetric unit cell for the
closure problems solution.
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Figure 6: 2D - Periodic and symmetric unit cell for the closure
problems.
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Numerical Simulations: Macroscopic Model

CAST3M procedure:
o CHARTHER  ah({Tp)"—(15)") o diffu2.dgibi

R s e e s

* CHARTHER A e MODELE / CARACTERISTIQUES ----===========—————mm *

e

* *
DEBP charther HTAB* 'TABLE' tt*'FLOTTANT' ;
TM—T:B; ;Er N * L'option 'INCO' de 'MODE' permet de definir le nom des inconnues *
* primales et duales du modele (CO / QCO par defaut). *
* Altri parametri * Attention ! limite a 2 caracteres pour le nom de l'inconnue primale *
Eraan MOD1 = 'MODE' MESH1 'DIFFUSION' 'FICK' 'INCO' 'C1' 'QCl'
' MOD2 = 'MODE' MESH1 'DIFFUSION' 'FICK' 'INCO' 'C2' 'QC2' ;
* Estrazione soluzione 1, w et 2 :
WORKTAB = PRECED . 'WIABLE'; R MAT1 = 'MATE' MOD1 'KD' (KD1 * (1. - V_FRACT)) 'CDIF' (RHO BET*C BET*(l. - V_FRACT)):
ore T RORRIAD | rCor  ATION THETA'S MAT2 - 'MATE' MOD2 'KD' (KD2 * V_FRACT) 'CDIF' (RHO ACI*C_ACI*V FRACT) ;
= . 'col'; = - — e
SOLU_2 = WORKTAB . 'COZ';
SOLU = SOLU 1 + (THETA W * (SOLU 2 - SOLU 1));
RS S S S S S S S S S S S S S S S S S S RS S S S S E S SRS RS S S SRR SRR SRS SRS R R EE R R R R RS E
* Estrazione variabili primarie al passo w : o : %
C1SCO = ('EXCO® SOLU 'C1') 'NOMC' 'SCAL' ; Construction mTRICES de.COUPLAGE.. o
€25C0 = ('EXCO' SOLU 'C2') 'NOMC' 'SCAL' : * 1. on construit les matrices de diffusivite de chaque espece : 9
DC6QCE = 'COND' MOD1 MAT1 :
* Estrazione variabili primarie al passo n : chch = 'COND' MOD2 MAT2 :
C1sCl = ('EXCO' SOLU_1 'C1') 'NOMC' 'SCAL' ; » "3 s +
C2SC1 - ('EXCO' SOLU 1 'C2') 'NOMC' 'SCAL' ¢ 2% On r@:'nomme les noms d'inconnues sur lesquelles elles agissent
- * Pour DC6QC6, on a : C6 -> QC6, on veut : C8 -> QC6 *
* Estrazione variabili primarie al passo (n+l) * Pour DC8QC8, on a : C8 -> QC8, on veut : C6 -> QC8 .
¢lsc2 = ('EXCO' SOLU_2 :Ci:’ OHCT TSEALT * Attention ! il faut ajouter le mot-cle 'QUEL' pour indiquer a Cast3M *
C25C2 = ('EXCO' SOLU_2 'C2') 'NOMC' 'SCAL' i * que les matrices assemblees formeront un systeme qui ne *
MO_THM = WORKTAB. 'MOD DIF'; A sera pas symetrique (QUELconque). *
ME THM = 'EXTR' MO_THM 'MAIL'; DC8QC6 = 'CHAN' 'INCO' DC6QC6 ('MOTS' 'C6') ('MOTS' 'c8')
. (c1sc0 25C0) ) ('MOTS' 'QCé6') ('MOTS' 'QCé') 'QUEL' ;
SOUR_C = ((C1sCO - C25C0) * AV * HTRAN) 'NOMC' 'SCAL'; =4 V. B A MOTET PRt IMOTST 'R
FCOC1 = 'CHAN' 'CHAM' ((-1.) * SOUR_C1) MO_THM; D(,:sgcs, ,1,-€HAN, T}vfphl,)fi?QCG”( Mk: 2 WY e ad
SOURCE_C1 = ('EXCO' 'QC1' ('SOUR' MO_THM FCOCl)) 'NOMC' 'QC1' ; ('MOTS' 'QC8') ('MOTS' 'QC8') 'QUEL

EE S S S SR S S S S S S S SRR S S S R RS S SRS S E SRS SRS S S R RS S EE S S EE RS SRR R R R R R T T R R T

FCOoC2 "CHAN' 'CHAM' ((-1.) * SOUR_CZ) MO_THM:

SQUR_C2 = -1 * SQUR_C1l;
SQURCE_C2 = ('EXCO' 'QCc2' ('SOUR' MO_THM FCOC2)) 'NOMC' 'QC2' ;

V- (¢pKpp - V(T5)” + K - V(T5)7) V- (0o Kao - V(T5)” + Ko - V(T5)")

* sortie du second membre
TAA . 'ADDI SECOND' = SOURCE_Cl ET SOURCE_C2;

FINP TAA;
B e

I~ \ |1 1 9 0 al




Numerical Simulations: Macroscopic Model
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Table 4: Properties of macroscopic domain.

A

L

Figure 7: Macroscopic 1D representation of the considered

geometry.

v

Quantity

Symbol  Value

Unit of Measure

Volume fraction of phase 3 ¢g
Volume fraction of phase ¢ ¢,

Characteristic length L

0.93 —
0.07 —

m

PBCpRPB

PoCpo Do

O(Tp)"?
ot

NTy)°
ot

=V - (ppKpp - V(Tﬁ)ﬁ + K- V(T5)7)

+ (kﬁ —ky)u. - V{T,)7 — avh“Tﬁ)ﬂ —(15)7)

=V - (¢s Koo - V(T5)7 + K¢ - V(Tmﬁ)

— (kg — ko)ue - V(Tp)? + a,h((Tp)" —(T,)7)

Macroscopic No-Thermal
Equilibrium Equations
(2Eqs. Model)

1~ O alT oI T =TT
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Numerical Simulations: Summery

Microscale Equations (DNS)

Closure Problems

Macroscale Equations

1
=— | n.Vbgda

1
Vgsﬁ = -5 n- VS[-} dA

oT,
ﬂﬁfpﬁaitﬁ V- (kgVT5)
Ty =Ty,
§ —1n- (kﬁVTﬁ = —n- (kJVTg),

pocpa% =V- (kUvTa )

\To: I',O = Ta(](r)

in %3,
at A,
at .,
in 7,

sy 6 Sty

bﬁ = —k—bg LY 1-— So
“n-Vbs=-n-Vb, +n —n-kgVsg =n-k; Vs,
7 1
1 = Vs, dA
Vb, =~ n-Vh, dA Vo Ju, 7
r)=b,(r+L;e;), i=123 a=p0
=0 a=p0c

(8a)*=0 a=80c

FAR PR RR R TR
v.v.vvmv.vvmv.vmv

e} 5 .v»‘" %a)
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KR
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e Ll
iy

LE,
O

i

T

Ty T e
K DO OOk
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HYSICS® €

Sa(r) =sa(r+ Lie;), 1=1,23, a=p0

8
VY (65K g - VTl + Ko V(T,)°)

+ (kb' - ka)ur: . V<Ta)a- - a’vh“Tﬁ)ﬁ - (Tcr)a)

el
PBCpads 8?

W) G ($eKoro - VIT,) + K, - V(T5)P)
(kg — ko)u. - V{Tg)? + a,h({Tg)’ — (T,)7)
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Numerical Simulations: Test Cases ~2 k = 10,¢p = 0.93,¢, = 0.07
B

Table 5: Thermal properties Low Contrast (LC) case.

Quantity Symbol  Value Unit of Measure
Thermal conductivity of phase 8 kg 1.5 WmC!
Thermal conductivity of phase ok, 15 WmC!
Initial temperature T(0) 20 C

Imposed temperature Th 200 C

Density of the phase ps 2300 Kgm™?
Density of the phase o Po 1800 Kgm™*

Heat capacity of the phase 3 Cpj 900 JKeg=1C!
Heat capacity of the phase o Cpa 700 JKg 1C™!

Table 6: Effective parameters for (LC) case.

Quantity Symbol Value  Unit of Measure
Dominant conductive component of phase 3 Kgg,, 1.5 WmIC!
Dominant conductive component of phase o Ko, 15 Wm1C!

Co - Dominant conductive component of phase ¢ K., 0 Wm!C!
Interfacial area per unit volume Ly 9.379 m~!

Effective interfacial heat coefficient h 127.45 Wm 2C!

T~ T O YallJo7] &
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Figure 8: Direct Numerical Simulation (DNS) at different time of (T, )* for a« = 8, o in LC-case.
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Numerical Simulations: DNS - Test Case LC -

=

[

w
L

=

o

o
L

~
v
L

O DNS (Tg)?
O DNS (T,)°

00

02

0.4

X [m]

0.6

0.8 1.0

T~ T O YallJo7]l &




WS\ ] |V Xal | JOr) | o |

Numerical Simulations: DNS vs 2 Eqgs. vs 1 Eq. - Test Case LC -
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Figure 9: Comparison between Direct Numerical Simulation (DNS), 2Egs. and 1
Eq. at different time of (T, )* for a« = B, 0 in LC-case.
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Numerical Simulations: Test Cases -2 k = 38.6,¢p = 0.93, ¢, = 0.07

B

Table 7: Thermal properties Medium Contrast (MC) case.

Quantity Symbol  Value Unit of Measure
Thermal conductivity of phase 8 kg 1.4 Wm1C!
Thermal conductivity of phase ¢k, 54 Wm-tC!
Initial temperature T(0) 20 C

Imposed temperature To 200 C

Density of the phase 3 Pp 2100 Kgm™3
Density of the phase o Po 7800 Kgm—3

Heat capacity of the phase 3 Cpg 900 JKg=1C!
Heat capacity of the phase o Cpo 500 JKg tC!

Table 8: Effective parameters for (MC) case.

Quantity Symbol  Value Unit of Measure
Dominant conductive component of phase 3 Kgg, . 1.4 Wm—1C!
Dominant conductive component. of phase o K, . 54 Wm—1C!

Co - Dominant conductive component of phase ¢ K, 0 WmC!
Interfacial area per unit volume Ay 9.379 m~!

Effective interfacial heat coefficient h 121.814 Wm2C~!
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Numerical Simulations: DNS - Test Case MC -
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Figure 10: Direct Numerical Simulation (DNS) at different time of (T, )* for a = [, o in MC-case.
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Numerical Simulations: DNS vs 2 Eqgs. vs 1 Eq. - Test Case MC -
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Figure 11: Comparison between Direct Numerical Simulation (DNS), 2Egs. and 1 Eq.
at different time of (T, )% for a = [, o in MC-case.
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Numerical Simulations: Test Cases z—“ = 176.5,¢pp = 0.93, ¢, = 0.07
B

Table 9: Thermal properties High Contrast (HC) case.

Quantity Symbol Value Unit of Measure
Thermal conductivity of phase kg 0.17 Wm-C!
Thermal conductivity of phase ok, 30 Wm-1C-!
Initial temperature 7(0) 20 C

Imposed temperature To 200 C

Density of the phase /3 pp 1150 Kgm™?
Density of the phase o Po 3900 Kgm™?

Heat capacity of the phase Cpp 1100 JKg='C!
Heat capacity of the phase o Cpo 880 JKg 1C!

Table 10: Effective parameters for (HC) case.

Quantity Symbol Value Unit of Measure
Dominant conductive component of phase 3 Kgg, ., 0.07 Wm—1C-!
Dominant conductive component of phase ¢ Koo, 30 Wm!C!

Co - Dominant conductive component of phase ¢ K,__ 0 WmC!
Interfacial area per unit volume y 9.379 m~!

Effective interfacial heat coefficient h 1489 Wm2C™!
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Numerical Simulations: DNS - Test Case HC -

2001 @ o  DNS (Tp) 2001 @ o  DNS (Tp) 2001 @ 0 DNS (Tg)
a a a
175 O DNS(T,) 175 | O DNS (T, 175 ] O DNS({Ty)
[m]
150 | - 150 = 150
S) 9 S o
g 1251 g 1251 o v 1251 u]
=]
g g | o :
g 1001 o 9 100 EJ_IUO* o
g 5 . g °
il o o F 5 5 5 F s o o
[m]
50 5 o 50 c o 50 ©
o o m} o o
o o o le) o [m] o [0} o [m] E
| 1 1 (o]
= °cB8Peenoooooooan 2 ®ocUEsoboooooao 2 Ueeeonoooooao
0.0 02 04 06 08 10 0.0 02 04 06 0.8 1.0 0.0 02 04 06 08 10
x [m]

x [m] x [m]

Figure 12: Direct Numerical Simulation (DNS) at different time of (T, )* for a = f, o in HC-case.
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Numerical Simulations: DNS vs 2 Eqgs. vs 1 Eq. - Test Case HC -
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Figure 13: Comparison between Direct Numerical Simulation (DNS), 2Egs. and 1 Eq.
at different time of (T, )% for a = [, 0 in HC-case.
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Numerical Simulations: DNS vs 2 Eqgs. vs 1 Eq. - Test Case HC -
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Figure 14: Comparison between 1 Eq. model and (0) at different time in HC-case.
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Conclusion: Objectives Achieved and Future Perspectives

I.  Estimation of the effective parameters;
II.  Good agreement between DNS and homogenized model,;

I11. Assessment of the applicability of the two-equation vs one-equation model.

I.  Relax the time constraint hypothesis —» (Unsteady macroscopic one and two-

equation models for equilibrium and non-equilibrium diffusive process in
heterogeneous media, IN PREPARATION) .

Promote the implementation of periodic
boundary conditions in CAST3M to solve
closure problems.
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