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Motivation: climate change and energy demand

[NASA GISS]

[National Climate Assessment, GlobalChange.gov]

▶ NCA: average annual temperatures in Alaska are projected to rise by 2°F to 4°F by 2050
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▶ EIA projects nearly 50% rise in world energy usage by 2050, led by the growth of non-OECD regions 
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Motivation: climate change and energy demand
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Motivation: Engineering applications

Artificial ground freezing

Understanding Frozen porous media is important for 
1. ground freezing technique (for construction, sealing contaminated 

(e.g. Fukushima Daiichi nuclear power plant). 
2. Freeze-thaw damage of pavement under the influence of changing 

climate.

Freeze-thaw damage



• In northern climate areas (or permafrost area)
- Mechanical volume expansion of pore water: frost heaving  
- Changes of climate lead to substantial temperature increase:

(instability of structures, freeze-thaw actions, etc.)
- Pavement damage, under ground pipeline damage

<Pavement damage>

Ø Porous Media (Geomaterials – frozen soil.)

Motivation: Engineering applications
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<Frost Heave>

<Thawing Settlement>
https://www.neb-one.gc.ca/pplctnflng/mjrpp/archive/mcknzgs/rfd/rfdv1p3-eng.html



Motivation: Preparation for climate changes

From Wired Magazine, Oct 20th



Motivation: Crack forms within the shear band 
during thawing

Frozen soil specimen at the end of the undrained triaxial compression test (LEFT), immediately exposed to the 
room temperature (MIDDLE) and after 8 minutes at room temperature (RIGHT).
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Freezing-induced anisotropy in freezing clayey soil 
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Frozen soil as a three-phase material

Freezing induced anisotropy

Ø Premelting dynamics theory explains the physics
of freezing phenomenon in porous media
(Rempel, et al. 2004, Wettlaufer & Worster 2006)

Ø Soils are hydrophilic and prefer contacting 
unfrozen water rather than ice

Ø Interfacial premelting separating ice from solid 
skeleton.

Ø Cryo-suction effect is well explained.
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Multi-phase decomposition

VS

VC

VL

V
<latexit sha1_base64="AHvRPlxzaUeZ8Zj3FsKGuOogrCE="></latexit>

V

Ø Consider porous media with porosity
Ø The pores are saturated with the mixture of ice (C) and water (L).

Ø Degree of saturations for liquid water and ice:

<latexit sha1_base64="LswlDpJglPhzu2H8WG21JtA9wrQ="></latexit>

�

<latexit sha1_base64="O3rzWX9SrbsM6Sjupg9c5p81qTA="></latexit>

� =
VC + VL

V

Representative volume element

SL =
VL

VC + VL
, SC = 1� SL

<latexit sha1_base64="EFo9bUkJ11S0g8gyTNf4QKeTWlw="></latexit>

Freezing induced anisotropy
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X-ray tomographic experiments in freezing soil
Ø Experimental study shows the anisotropic deformation of frozen soil (Amato et al. 2021).
Ø Two potential reasons:

• Cryo-suction effect. Water flows from unfrozen to the frozen region.
• Preferred direction of ice growth.

Ø Transverse isotropy depends on the growth of ice.
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Freezing induced anisotropy
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Three fields to solve – Temperature, water pressure, and displacement

Fully coupled thermal-hydro-mechanical approach

Three governing equations



Component-based PDE for THM problems

Sun, IJNME 2015

• The computer model can be considered as a mathematical object called directed graph.
• Each vertex represent a physical quality
• Each edge represents a mapping or function that links the upstream and downstream physical qualities 

(vertices) 
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Balance of mass

<latexit sha1_base64="fDjes7lFgQskLZVQm2+lsyCxpxA="></latexit>

⇢L[�ṠL + SLr · vS] + ⇢C[�ṠC + SCr · vS] +r · [⇢L(�ṽL � �sTrT )] = 0

dS⇢S

dt
+ ⇢S r·vS = 0

dL⇢L

dt
+ ⇢L r·vL = �ṁL!C

dC⇢C

dt
+ ⇢C r·vC = ṁL!C

<latexit sha1_base64="iitOaVFo3wJcgheW7ublo0aquVA="></latexit>

Rate of phase transition
from liquid to ice. 

Soret effectPressure, temperature
related

Displacement related

Freezing induced anisotropy
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Balance of energy

<latexit sha1_base64="3WIIiP0EOCd531avikQQGoxmNyo="></latexit>

cFṪ = �r · qT +
�SLcFL

⇢L
⇢L(�ṽL � �sTrT ) ·rT +Dmech +RT

<latexit sha1_base64="+PTDc6tqHxVWftubknglKtuMc3A="></latexit>

cF = cFS�
S + cFL�

L + cFC�
C + ⇢C�l

@SL

@T

<latexit sha1_base64="tVJPtpb2yu3dBLpklPijCtqrQ6k="></latexit>

Dmech = ��0 : "p

Heat conduction Heat convection Mechanical dissipation

Specific heat

Effect of latent heat (Na and Sun 2017)

Freezing induced anisotropy
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Balance of linear momentum

<latexit sha1_base64="PfLxfnehRzUk8/loun5GF8yTkPs="></latexit>

r · �0 + ⇢g = 0

<latexit sha1_base64="/lg9Cr4L36iad/mKK5+TQtFI0g8="></latexit>

�0 = � + p̄I, with p̄ = SLpL + SCpC

Ø Bishop’s effective theory (Bishop 1959)

Effective pressure

Freezing induced anisotropy
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Constitutive laws
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Assumption/hypothesis to be tested

! Isotropic plane

Freezing induced anisotropy
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Ø We assume that the frozen part of the frozen clay is approximately transverse isotropic.
Ø We assume the isotropic plane is orthogonal to the largest temperature gradient component. 

n

Effective medium
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Anisotropic elasticity

<latexit sha1_base64="NItZjyxoXgYoGgsvXEeGkNiInaI="></latexit>
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⇣
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v

Cr

⌘
+ 3

2µ"
e
s
2

Ø Consider the isotropic elastic stored energy function for soil. (Na and Sun 2017).

<latexit sha1_base64="z8P7vvygxTZgXtyL9NLLegifakw="></latexit>

"e⇤ = P : "e

<latexit sha1_base64="eRcB37bpKHpGFAM2gZRMTMqhuaE="></latexit>

P = c1I+ c2
2 (m�m+m m) + c3

4 (I �m+m� I + I  m+m I)

Cryo-suction pressure

! Isotropic plane

<latexit sha1_base64="M92vMBd9e05x+EbQXr+tJ22RaQ4="></latexit>

m = n⌦ n

(Semnani et al. 2018)

Freezing induced anisotropy

Ø Projection of strain.

<latexit sha1_base64="9oEINHS6n63G4cWgVhP0NZoht4g="></latexit>

(•� �)ijkl = (•)jl(�)ik
<latexit sha1_base64="o7o7RGQsD6c7MXC5R85NO4H1Hog="></latexit>

(• �)ijkl = (•)il(�)jk



(b3) SC = 0 .5, θ = 90 o(b2) SC = 0 .5, θ = 45 o(b1) SC = 0 .5, θ = 0 o

(a1) SC = 0 , θ = 0 o (a2) SC = 0 , θ = 45 o (a3) SC = 0 , θ = 90 o

(c3) SC = 1 , θ = 90 o(c2) SC = 1 , θ = 45 o(c1) SC = 1 , θ = 0 o
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Anisotropic elasticity
Ø Freezing induced transverse isotropy
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<latexit sha1_base64="XKUoR/gBnDcBy8+TwsDqnJ28kF4="></latexit>

x = exp(mxS
2
C + nxSC), for x = c1, c2, and c3

<latexit sha1_base64="YQn/Rj8m7g/D8qu7jgOJTrEYZlQ="></latexit>

x = x(SC), for x = c1, c2, and c3
Introduce freezing
dependency

Freezing induced anisotropy

Ø Elastic stored energy becomes:

where

More ice
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Anisotropic plasticity

<latexit sha1_base64="JT8E18oT180OC2Y40Y1+AovadIo="></latexit>
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<latexit sha1_base64="EC0d3M5hkbWUVEceHH6kq7bBTWM="></latexit>

ṗc = � "̇p
v

Cc � Cr
pc

Ø Consider Modified Cam-Clay yield criteria.
Ø Consider cryosuction effect (Nishimura et al. 2009).

<latexit sha1_base64="OnRiOXyK+7J7GrgyLVtlrF4sTgE="></latexit>

�0⇤ = P : �0

Stress invariants

<latexit sha1_base64="ZHK68Rw/k68gpV7wwHNugizZCAA="></latexit>
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2
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2
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 0

Freezing induced anisotropy

Ø Use the same projection tensor to project the stress. (Zhao et al. 2018)
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Freezing retention curves

Freezing induced anisotropy

• The objective of the model is to link the degree of liquid saturation 
with liquid pressure and temperature (similar to the three-phase 
characteristic curve for water-air-solid). 

• Thermodynamic equilibrium of freezing soil (Clausius-Clapeyron
equation, Nishmura et al., 2009)

• Freezing characteristic function based on the van Genuchten (1980) 
model

Degree of saturation

Relative Permeability
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Numerical examples

T1

Cutting surface

Symmetric axis

Side surface

Y
X

Z

T = 5

Ø Boundary conditions.
Ø Compare isotropic and transversely isotropic models.
Ø Calibrate against experimental results: top displacement, lateral displacement, and freezing front.

• Multi-objective optimization using Dakota software.

Freezing induced anisotropy
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Results: Ice growth

0.0e+00 1.0e+000.5

T = -5

T = -12

T = -21

Saturation of ice T = 2h T = 4h T = 6h

Freezing induced anisotropy
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Results: Vertical displacement

Transversely
isotropic Model

Isotropic 
benchmark

Freezing induced anisotropy
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Results: Lateral displacement
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The prediction on 
the lateral 
deformation profile 
is wrong due to the 
isotropic 
assumption.
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Results: Lateral displacement
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Yin, Q., Andò, E., Viggiani, G., & Sun, W. (2022). 
Freezing-induced stiffness and strength anisotropy in 
freezing clayey soil: Theory, numerical modeling, and 
experimental validation. International Journal for Numerical 
and Analytical Methods in Geomechanics. 1– 28. 
https://doi.org/10.1002/nag.3380. (Cover)

The predictions on the 
lateral 
expansion/contraction 
improve but not yet a 
perfect match.

https://doi.org/10.1002/nag.3380


Climate-controlled triaxial compression test on frozen Nevada sand

Colder 
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Modeling the growth of of ice lens



Motivation

▶ Ice lensing and its consequences 

https://dmr.nd.gov

- In the U.S., ~$2,000,000,000 had been spent annually to repair frost damage of  roads.
- Frost heaving and thawing settlement that damages the infrastructure: mainly due to the growth and thaw of  ice lenses.

▶ Miller’s theory
- cf. Miller [1972], Miller [1977], Miller [1978], O’Neill and Miller [1985].

- Ice lens: a body of  ice accumulated in a localized zone.

→ Ice lens can be viewed as a segregated ice inside the freezing-induced fracture. 
- A new ice lens can form if  the compressive effective stress between particles is zero or negative.

35

https://dmr.nd.gov

Ice lens

EGU BLOGS (https://blogs.egu.eu/)



Modeling approach

▶ Diffuse interface approximation via phase field

▶ Frozen soil: three-phase material

- Heat transport (Thermo-)
- Water migration towards the freezing front (Hydro-)
- Frost heave and thawing settlement (Mechanical)
- Phase transition
- Brittle fracture

Ice

Water

Solid

Frozen soil Idealization
Macro-scale body (B)

<latexit sha1_base64="1/UP8Zn4wRuvUCRUra8Qk4RbUvk="></latexit>
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⇢s,�s
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Modeling goal:
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Sharp interface Diffuse interface

Reproduced from Miehe et al. [2010] 
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Modeling approach

Taber [1930] 

- Ice lens can be viewed as a segregated ice inside the freezing-induced fracture. 
Phase field: c
- Indicates the state of  the fluid.
- Solved via Allen-Cahn model:

Phase field: d
- Indicates the damaged zone.
- Phase field model for fracture:

� 1

Mc
ċ =

@fc
@c

� ✏2cr2c

<latexit sha1_base64="gnXCs1cgdRhKDURwTHU5XWS/HWA="></latexit>

,  where:

,  where:�
@gd(d)

@d
H

⇤ = d� l2dr
2d

<latexit sha1_base64="cWBgl15ctOV4nrEN1yw+tRweu3s="></latexit>

8
><

>:

c = 0 : frozen,
c = 1 : unfrozen,
c 2 (0, 1) : diffuse interface,

<latexit sha1_base64="rEoAlBKlRdp8dBvNjP24qE0anoY="></latexit>

8
><

>:

d = 0 : intact,
d = 1 : damaged,
d 2 (0, 1) : transition zone,

<latexit sha1_base64="S5Kfkids5bDggn7aRyjgoVfh1so="></latexit>

▶ Multi-phase-field approach: ice lens

Freezing 
front

Fracture

Phase field, c

<latexit sha1_base64="N7jXnOMvg1T2labKQqtko2TRPn4="></latexit>

Phase field, d

<latexit sha1_base64="jR+bjMPALF2MEKBWWGf0maYJO9g="></latexit>

Frozen

Unfrozen

Damaged

Intact

Intact

�i(c, d) = [1� Sw(c)][1� gd(d)]

<latexit sha1_base64="N5cv1GwKFtmC6KRM4fp2dxMQ1Bs="></latexit>

Ice lens, �i(c, d)

<latexit sha1_base64="ASUXxqckX3og7yZaiHcZRIgomsg="></latexit>

Segregated ice
inside fracture
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Modeling approach

▶ Effective stress principle
- Unlike crystallized ice inside the pores, deformation of  ice lens induces the deviatoric stress: 

Pore pressure Volumetric expansionEffective stress

▶ Freezing retention and relative permeability
- Freezing retention curve: describes temperature-dependent cryo-suction.

(van Genuchten [1980], DuWayne and Allen [1972]) 

- Relative permeability: describes the pore blocking due to in-pore crystallization of  the ice phase.

� = �̄0 � p̄I � �[1� Sw(c)]↵̄vKiI
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(Luckner et al. [1989]) 

(
�̄0

int : contribution from the solid skeleton
�̄0

dam : contribution from the ice lens
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pw : pore water pressure
pi : pore ice pressure
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↵̄v,int : expansion coefficient (pore ice)
↵̄v,dam : expansion coefficient (ice lens)
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ww : Darcy’s velocity
µw : water viscosity
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Undamaged (d = 0)
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<latexit sha1_base64="PZF6LEdhty14s3Twiz5DiPGMQbY="></latexit>

t = 200 s

<latexit sha1_base64="37JxL0KjqUm4p8+ox5AJbEsaj58="></latexit>

t = 400 s

<latexit sha1_base64="VVe6XKCH83+bfd4AgTuWs9qLyG4="></latexit>

t = 800 s

<latexit sha1_base64="s5gw1nIpuG/aKs0A27+YQ/H3DOE="></latexit>

0.001 m

<latexit sha1_base64="jL3c0/T/famkD/KIg5t3S4d7znM="></latexit>

0.001 m

<latexit sha1_base64="jL3c0/T/famkD/KIg5t3S4d7znM="></latexit>

Modeling approach

▶ Clausius-Clapeyron equation and Allen-Cahn model
- Phase field simulations for solidification (for pure substance):

1

Mc
ċ =

@fc
@c

� ✏2cr2c, where the driving force:

<latexit sha1_base64="FcgX2+OivGm6h/35FwmF/ML9BkA="></latexit>

(Boettinger et al. [2002]) 

while: Fc(✓) = ⇢iL✓

✓
1� ✓

✓m

◆

<latexit sha1_base64="aOT8LjDhfoR7Wo2ml12zPOLoJkY="></latexit>

fc = Wcgc(c) + Fc(✓)pc(c),

<latexit sha1_base64="x96qCQzJisNxLqBjF5Q/pyQT8WA="></latexit>

→ Clausius-Clapeyron eq.

(
gc(c) : double-well potential
pc(c) : interpolation function

<latexit sha1_base64="aAkwDDvn+y/8BT9aipaEXEX5YAM="></latexit>

(
Wc : height of energy barrier
Mc : mobility parameter

<latexit sha1_base64="81OyXQ3zevIvmBK+ARCrrh5NbIM="></latexit>

- To replicate the intense growth of  the ice lens, we replace           with              , Fc(✓)

<latexit sha1_base64="4aAo6byToRaxIdCoMCz9vbbyZIM="></latexit>

F⇤
c (✓, d)

<latexit sha1_base64="4qT5Aj7NN3HgTYr8VyHZO0pJ+dQ="></latexit>

K⇤
c , g

⇤
c : kinetic parameters

<latexit sha1_base64="oJQdGW48/lVjbtm1yeUBuZSlHdY="></latexit>

Additional kinetic term that describes: 
different growth rate between pore ice and ice lens.  
(cf. Espinoza et al. [2008]; Choo and Sun [2018]) 

F⇤
c (✓, d) = ⇢iL✓

✓
1� ✓

✓m

◆
+ [1� gd(d)]K

⇤
c

✓
1� ✓

✓m

◆g⇤
c

<latexit sha1_base64="jRIc2RObCZryoKCqe+RAdmRgGFo="></latexit>
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Multi-phase-field model for ice lens growth and thaw

- Balance of  linear momentum (solid displacement,    ):u

<latexit sha1_base64="oAdvtWiVIUvDcRl2Xozvuhgqgjw="></latexit>

- Balance of  mass (pore water pressure,     ):
�Ṡw(c)(⇢w � ⇢i) + {Sw(c)⇢w + [1� Sw(c)]⇢i}r·v +r· ⇢wṽw = 0

<latexit sha1_base64="h5ECkFqFF11U56ul6fJTAaVR5T8="></latexit>

- Balance of  energy (temperature,    ):
(⇢scs + ⇢wcw + ⇢ici)✓̇ + � [(⇢wcw � ⇢ici)(✓ � ✓m) + ⇢iL✓] Ṡ

w(c) +r· q = r̂

<latexit sha1_base64="h39SDLDsTLNvWzE49/OOhiO1oZs="></latexit>

pw

<latexit sha1_base64="EPfgwVwZvPQzoq/bo+iJsM4QsMA="></latexit>

✓

<latexit sha1_base64="pP1O+FEqT4kKUUvlNTIuvoFBwhY="></latexit>

THM

▶ Governing field equations

r·� + ⇢g = 0

<latexit sha1_base64="duPxyUlVakcQKXW4jcOy5BgyQ2w="></latexit>
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- Damage evolution equation (damage parameter,    ):

- Allen-Cahn equation (order parameter,    ):

d

<latexit sha1_base64="9BhOuUVAP0KCZ7Fp/31xRW91AMA="></latexit>

c

<latexit sha1_base64="TIPf0Ybcjqrns7xwniXQVCDEwCw="></latexit>

THM
+

Fracture

THM
+

Fracture
+

Phase 
transition

Homogeneously
frozen

Intact and
water-saturated

Ice lens
formation

(Hydraulically)
fractured

c = 1

<latexit sha1_base64="mw22+dnGTxpVpIqBaE5PfsqPkQM="></latexit>

c = 0

<latexit sha1_base64="Tc44A5nenJa6iJFJ0SNUfLTNePw="></latexit>

d = 1

<latexit sha1_base64="B8eYPo/bI+1MhVgmh272ZLVWytY="></latexit>

d = 0

<latexit sha1_base64="xBar1MwRIP8b4uf3qMReFN+TOF4="></latexit>

: Damage evolution (A)
: Phase transition (B)
: A + B

Homogeneously
frozen

Intact and
water-saturated

Ice lens
formation

(Hydraulically)
fractured

c = 1

<latexit sha1_base64="mw22+dnGTxpVpIqBaE5PfsqPkQM="></latexit>

c = 0

<latexit sha1_base64="Tc44A5nenJa6iJFJ0SNUfLTNePw="></latexit>

d = 1

<latexit sha1_base64="B8eYPo/bI+1MhVgmh272ZLVWytY="></latexit>

d = 0

<latexit sha1_base64="xBar1MwRIP8b4uf3qMReFN+TOF4="></latexit>

: Damage evolution (A)
: Phase transition (B)
: A + B

@gd(d)

@d
H

⇤ + (d� l2dr
2d) = 0

<latexit sha1_base64="4IcBvbDwUnlTYMLIRToKhwDqOqc="></latexit>

1

Mc
ċ+

@fc
@c

� ✏2cr2c = 0

<latexit sha1_base64="gx1UPc9rnoZgKAfpQvxM8hUzL6M="></latexit>



Numerical examples

0 60 120 180
260

265

270
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280

285

290

TC1

<latexit sha1_base64="5wInNpOZkbCz4z3w1RvcKmKmQsw="></latexit>

✓̂AA’ = 20.8e�0.1
p
t + 264.75 K

<latexit sha1_base64="ds7AbXgqS/Mvk/wpz9sK4JRdVM8="></latexit>

▶ Validation exercise: homogeneous freezing
- Benchmark experiment by Feng et al. [2015].
- Unidirectional freezing (from the bottom to the top), unlimited water supply.
- Does not involve fracture process: homogeneous freezing.
- Temperature measurements: TC2, TC3, TC4. 

Numerical experiment
Directly applied temperature 
recorded at TC1 as a Dirichlet BC
at plane AA’. 
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Numerical examples

0 60 120 180
260

265

270

275

280

285

290

0 60 120 180
0

0.01

0.02

0.03

0.04

0.05▶ Validation exercise: homogeneous freezing

Foam 2

<latexit sha1_base64="BhGQuoLJj8cqVl+uAsoecs+sCA0="></latexit>

Foam 1

<latexit sha1_base64="K6el+eUdpEWZI4ipoLiu+k0lhwA="></latexit>

Foam 2

<latexit sha1_base64="/2V+6ufCciquP0iVbeLdP+w84n8="></latexit>

- Benchmark experiment by Feng et al. [2015].
- Unidirectional freezing (from the bottom to the top), unlimited water supply.
- Does not involve fracture process: homogeneous freezing.
- Temperature measurements: TC2, TC3, TC4. 

TC2

<latexit sha1_base64="2Y0fqz8QUc1hNdHT0Jf3by5xkaA="></latexit>

TC4

<latexit sha1_base64="ZUkUo7YnE7/wEcBkue+rDKjbC8Q="></latexit>

TC3

<latexit sha1_base64="Y5/Rdx0AjZLUGxjAloZ3CHjQyX8="></latexit>
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Numerical examples

▶ Multiple ice lens growth and thaw in heterogeneous soil

0.2 0.4 0.6
0

0.02

0.04

0.06

0.08

0.1

x

<latexit sha1_base64="+r+6jZP7DgLnuIzSdy3jRGTBv9w="></latexit>

y

<latexit sha1_base64="t1lo9wUujzFBVB8BceLG3pLBo/o="></latexit>

p̂w = 0

<latexit sha1_base64="FjkplLuwcCGAXJK2OwIatMmBMfg="></latexit>

0.1 m

<latexit sha1_base64="Qcsy0AsaexAsy9+lkwYiDlHXX0o="></latexit>

0.04 m

<latexit sha1_base64="MhhUV9wDSdMahzOGMcFQrrns03w="></latexit>

✓̂ = ✓̂(t) ; p̂w = 0

<latexit sha1_base64="KjzpCKYjvlqjQaHp7AIKEyZNtBg="></latexit>

0 5 10 15
268

270

272

274

276

278

✓m = 273.15 K

<latexit sha1_base64="UGPLT7AACL9qUdp5SB78e70MOlk="></latexit>

freezing

<latexit sha1_base64="Gs9GK+PuTi9OboTi7gqJI9UUp90="></latexit>

thawing

<latexit sha1_base64="0VRbvpVC1fNJXrcfZjLrk2cSCg8="></latexit>

✓̂(t) = 273.15 + 3 cos (2⇡t/15) K

<latexit sha1_base64="u2uYcNLGgJw6scGXMh6OHrfIMJA="></latexit>

- Unidirectional freezing (from the top to the bottom), unlimited water supply. 
- Random porosity profile, porosity-dependent material properties:

Temperature BC 
at the top

Gd = Gd,ref

✓
1� �0

1� �ref

◆n�

<latexit sha1_base64="NRV/wmcMPQn8/dC14L2d4rVybHE="></latexit>

G =
3

2

✓
1� 2⌫

1 + ⌫

◆
exp [10(1� �0)]

<latexit sha1_base64="QidCkyiaSpObq/3XBRzqY709wVg="></latexit>

(Osman [2019]) (Wang and Sun [2017]) ;
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Numerical examples

▶ Multiple ice lens growth and thaw in heterogeneous soil
- Unidirectional freezing (from the top to the bottom), unlimited water supply. 
- Random porosity profile, porosity-dependent material properties:

Gd = Gd,ref

✓
1� �0

1� �ref

◆n�

<latexit sha1_base64="NRV/wmcMPQn8/dC14L2d4rVybHE="></latexit>

G =
3

2

✓
1� 2⌫

1 + ⌫

◆
exp [10(1� �0)]

<latexit sha1_base64="QidCkyiaSpObq/3XBRzqY709wVg="></latexit>

(Osman [2019]) (Wang and Sun [2017]) ;

0 2 4 6 8 10 12 14 16
0

0.2

0.4

0.6

0.8

Frost heave

<latexit sha1_base64="5RbvFT/dg8OEAOGSL8qdD1p8Gkc="></latexit>

Thawing settlement

<latexit sha1_base64="3nhqj15ZSvdWcccKk9VNk0S4YEY="></latexit>

Ice lens formation

<latexit sha1_base64="afjdOWYIlipFlv9dzL5TxEhbW+w="></latexit>

Ice lens formation

<latexit sha1_base64="afjdOWYIlipFlv9dzL5TxEhbW+w="></latexit>

Ice lens formation

<latexit sha1_base64="afjdOWYIlipFlv9dzL5TxEhbW+w="></latexit>
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0.04

0.06

0.08

0.1

x

<latexit sha1_base64="+r+6jZP7DgLnuIzSdy3jRGTBv9w="></latexit>

y

<latexit sha1_base64="t1lo9wUujzFBVB8BceLG3pLBo/o="></latexit>

p̂w = 0

<latexit sha1_base64="FjkplLuwcCGAXJK2OwIatMmBMfg="></latexit>

0.1 m

<latexit sha1_base64="Qcsy0AsaexAsy9+lkwYiDlHXX0o="></latexit>

0.04 m

<latexit sha1_base64="MhhUV9wDSdMahzOGMcFQrrns03w="></latexit>

✓̂ = ✓̂(t) ; p̂w = 0

<latexit sha1_base64="KjzpCKYjvlqjQaHp7AIKEyZNtBg="></latexit>

(scaling factor: x5) 



Summary and conclusions
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▶ Multi-phase-field approach for ice lens growth

- Ice lensing is modeled via combination of  two phase fields (state variable and damage parameter) based on Miller’s theory.

- Coupled with THM model, this approach can be viewed as a generalization of  a model for phase-changing geomaterials. 

▶ Freezing induced anisotropy for frozen soil

- We introduce an anisotropic critical state plasticity model for frozen soil.

- Compared with Micro-CT images obtained from a temperature gradient experiment, we found that the experiment results 
support the anisotropy hypothesis. 



Further readings
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Thank You! 

TRANSCENDING DISCIPLINES, TRANSFORMING LIVES

More information can be found at 
www.poromehanics.org
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http://www.poromechanics.org/

