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Geoenvironmental engineering
Desiccation (Laloui 2009)

15% 85%  Material lifetime

Damage in composite laminates
doi.org/10.1007/s10853-018-

Desaturation/cracks
developement of EDZ

(Excavation Damaged
Zone)

Deep nuclear waste
disposals

induced cracking in concrete Cracks in wood
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Multi-phase porous material

Composed by a solid skeleton with open pores containing one or more fluids

Microscopic view of a

liquid phase: three-phase material

water

Intergranular forces due to
capillary effects

solid phase

Pore pressure generation
Fluid viscosity

gas phase: dry air and water vapour

Heat transfer Fluid flow

Mechanics of multi-phase porous materials

solid-fluids interaction, liquid-gas interaction, non-isothermal conditions
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Multi-phase porous material

[Equilibrium equations (mixture; quasi-statics):] [Mass balance equation (solid, liquid water and water vapour) :]
n[pW—ngi{ag—tW} [0S, " [1-S,] ]dzv(aat] (1-5,]n {ﬁgﬂ
' e _ ¢ _
dW<G [P S.p ]1)+pg =0 _div[pg MAZAZW D gra d(%gwn+dlv(p k/’j—m[ grad(p®)+ grad(p*)+ p" g:IJ
+div[ P kl]j—;g[—gmd( P+ pgg:|]— B, aa_j _
Dry air mass balance equation: Energy balance equation (mixture):

a aSW a . au apga . 'MaMw a pg“ 8T wew kkrw _ ¢ w .
—np* [W}ﬂog [I—Sw]dlv(a)JrnSg v —dlv{p” TéDi grad[pg J] (Pcp)eﬁ,.EﬁLP C, P [ grad(p®)+ grad(p*)+p g} grad(T’)

7 kk’g . .
+div£pga k:j [_gmd<pg>+pgg]j [1-n] B, p“[1-S ]Z 0 +ng§(ﬂg [—gmd<pg)+pgg]j-gmd(T)—dw(zeﬁgmd(T))=—mmpAHW
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The Phase-Field Method (PFM) to fracture

Energy functional
min  €e(u,d)
uel,,d=dny_q
j [g(D)YPT(c(u)) + P~ (c(u))] dQ+—j [ +£|Vd|2] dQ) — j b, - udQ — J t, - udS
0N

Phase-field evolution equation —2[Ad + 3 d 2(g—d) H H(x,t):= Hl[g},f]qj+ (e (x,7))

g(d) : degradation function Y: energy storage function (y* refers to tensile and deviatoric energy; ¢~ is
compressive part)
G, : fracture toughness

:w(d) local damage function
¢: crack length scale parameter

Vd: spatial gradient of d
u: displacement field

c,,- hormalization constant
d: crack phase-field

b, : body force vector t,: surface traction vector
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The Phase-Field Method (PFM) to fracture

Key advantages

e Flexibility (initiation, propagation, merging,
branching)

e Variational framework

e Simple implementation

e No ad-hoc criteria to model crack initiation
and propagation

a) sharp crack

Disadvantages

e Fine mesh needed
e Efficiency/robustness of solution
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1. Develop a able to study the
nucleation and propagation of cracks induced by thermal effects in multiphase heterogenous
porous materials.

merging a thermodynamically consistent multiphase porous media model (and the
associated finite element code developed at the UNIPD) with a crack phase-field
model (and the associated code for brittle fracture developed at ETH Zurich).

2. Application to study thermal shock cracks and desiccation cracks in clayey materials and in
heterogeneous composite materials.

3. After validation with experiments, the model will be further extended:
a) from quasi-statics to dynamics

b) from brittle to ductile fracture
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Algorithm implementation

Describing the coupled problem of poromechanics and cracking under thermal conditions

in variably saturated porous media.

« Reference:

Initialization (t = tp = 0 0, t, p, ¢, d, H = 0;
forn=0:N-1do
compute ¥ (t = 1,41)
if ¥ = H, then
| Hps1 < (= Tit1):
else
| Hut+1 = Ha;
end
Hn]""enﬂ ):
solve(u-py, 3 Uy 1(dp+1):
end
Algorithm 1: Algorithmic solution procedure for the u-

Pu-d system

Previous algorithm

=

Initialization (t = t; = 0)
forn=0:N—1do
compute ¥ (t = t,41)
if ¥* > 7, then

| Hper = W = )
else

| Hppr = Hy,
end

solven+1):
solvelu=pe =Py —T:J= Upi1(dnya);

end

Algorithm : Algorithmic solution procedure for the u-p.-p,-T-d system

New algorithm
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time tn+1

THM fields

din-1) | THM fields phase field din) phase field dins1)

Pc(n)
Pg(n)

Pein+1)
Pg(n+1)

Tin) T(n+1)
¢ Usxn) Q¢ Uy
Uy(n) Uy(n+1)

—_

The illustration of solution procedure for five coupled fields.

The foun THM equations|are solved in a monolithic way; while the THM equations and phase field
equation are solved with a staggered scheme.

Zechao Chen Multiphysics modelling of thermal cracks in multiphase heterogenous porous materials 10



UNIVERSITA

cwaiseor 4, CUrrent results of the work

DI PADOVA

Validation of the implementation: tensile test ...

Pure Mechanical problem with crack phase-field
10 mm 07620

] 0.35101
Material Ml M2 0.31356

Tensile strength (GPa) 21 210 0.27612

0.23867

020123
012634
Internal Length (mm) 0.4 0.4 gggfji;

Number of Elements 625 625 0.014001

1.0e+00

1 mm

AR/

09
Phase-field Values from Giphfith and Comesgeo over Time

—=— Phase-field from Giphfith L 08

Tensile test of a bar, with a weaker T Pk rom Comesgeo
material in the middle of the bar to
trigger the cracking.
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Validation of the implementation: desaturation of a water
saturated restrained column

- - -
g Hydro-mechanical problem with crack phase-field
Phassfield WAT. SATURATION - GAPILL PR (Pa) YOLUM STRAIN
|> ‘4| bedam 1038 g - 10095 07787
- 10039 0.996 97067 074518
098976 099201 93185 071185
093564 0.98801 89302 067813
090152 0.98401 85419 06446
08674 0.08002 81537 061108
083328 0.97602 77654 057756
|b tq I 079916 | 097202 7377 054403
- -0.76504 . 0.06803 - 69888 051051
'O -0.73082 . 0.96403 - B600.6 0.47698
-0 6968 . 0.96003 62123 0.44346
3 -0 66268 . 0.95603 5824 0.40894
-0 62855 0.95204 54358 037641
| 058443 | 094504 | 50475 | 034289
ID: 1Q| 056031 0.94404 46592 0.30935
052618 0.94005 L4271 027584
-0 49207 0.93605 38827 024231
Sand C0| umn D 45765 0.93205 3494 4 0.20879
042383 0.92806 - 3106.2 0.17527
0.38971 0.92408 27178 014174
(0.365558 0.92008 23296 010822
| b | 0.32147 091606 18413 0.074684
0.28735 091207 1553.1 0.04117
y" 0.25323 0.90807 1164.8 0.0076458
021911 0.90407 77654 -0.025878
x 0.18499 0.90008 388.27 -0.058402
: h‘ 2 Y =< 015087 0.89608 0 -0.082926
outflow
HO o Phase-field Water saturation Capillary pressure Volumetric strain

Geometry and
boundary conditions
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Acceleration of the computational time

A (parallel) direct sparse solver using Cholesky factorization was applied to solve the phase
field equation instead of the original frontal solver by Bianco et al. 2003:

=PETSc

An open-source FEM code package named:
the Portable, Extensible Toolkit for Scientific computation

Time Consumed Comparison: Frontal Solver vs PETSc

I Frontal Solver

14001 B PETSc (use Serial solver here)

1200
1000

500
Reference:

600 4

400 1

Time Consumed (minutes)

200 1

25 min

0_
625 elems tensile cracking test 810 elems restrained desaturation test
Examples
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A numerical model able to study the nucleation and propagation of cracks induced by thermal effects in
multiphase heterogenous porous materials has been implemented.

. Validation performed solving: (i) a pure mechanical problem with crack phase-field (a tensile test in an

inhomogeneous solid material) and (ii) a hydro-mechanical problem with crack phase-field (a restrained
desaturation test).

. A more efficient solver (PETSc package) has been introduced to solve the phase field evolution equation.

. The THM crack Phase-field numerical model will be applied to study a thermal shock problem and a

constrained desiccation problem.

. The THM crack phase-field model will be extended to dynamics, and experimental tests will be studied

both in quasi-statics and dynamic loading conditions.

. The model will be also extended to ductile fracture.
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Conference submitted:

35th ALERT Workshop (30 Sep. to 02 Oct. 2024 ),
Aussois (France). Poster session: Multiphysics modelling
of desaturation cracks in non-isothermal multiphase
porous media. (Book of abstracts: in print, with ISBN)

Secondment completed:

3 months at ETH Zurich hosted by Prof. Laura De
Lorenzis has been done.

Conference planned:

5th International Conference on Computational
Methods for Multi-scale, Multi-uncertainty and Multi-
physics Problems, Porto, Portugal, 2-4 July 2025

Secondment planned:

Another 3 months at ETH Zurich hosted by Prof.
Laura De Lorenzis has been planned in 2025.
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TASK TITLE

Study of the state of the art

State-of-art report on experimental desiccation and thermal cracks and on modelling cracks in
multiphase porous media within the crack phase-field approach

Mechanics of non-isothermal variably saturated porous media
Fracture mechanics with the variational phase-field approach
Computational geomechanics and fracture mechanics
Update of the state-of-art report
Development a THM (Thermo-Hydro-Mechanical) crack phase-field numerical model

Implementation of the numerical finite element code

Implementation of Quad8 elementin Griphfith of ETH to be compatible with ComesGeo code in
Padua
Validation of the phase-field part of the code with analytical, numerical and experimental tests from
literature
Validation of the coupled phase-field THM model with analytical, numerical and experimental tests
from literature

Extension of the THM crack phase-field model
Implementation of the dynamics at low frequencies and simulation of experimental tests
Implementation of ductile fracture and simulation of experimental tests to study quasi-statics and
dynamics fracture

Educational activities

Exams
Conferences and seminars
Writing of the PhD thesis and reports of the research progress
Writing of the PhD thesis
Writing of the report of the research progress
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