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How do deformable porous media freeze?

TARMAC

SOFT FRUIT
HUMAN TISSUE
PLANTS

Water in pores
Soft, stretchy

matrix

(L/Lo)® =V /Vy ~ 1.09

e = (L — Ly)/Lg =~ 0.02
stresses must therefore scale like 0.02E

but, for a strawberry, E ~ 10° Pa yet the
fracture strength ~ 2 x 104 Pa
An et al. Food Res. Int. 169:112787 (2023)

Why does freezing cause damage?

- Thermal expansion?
volume ~9 er than that
of liquid water

- Freeze-thaw weathering?
repeated expansion and
contraction = damage

- Microscale damage? cells
burst when frozen and their
membranes are permanently
destroyed



Cryosuction

1. Ice doesn’t form
in the pores

Freezing temperature lowered
due to capillarity in pores

surface tension and
pore curvature

Tig =Ty [1— 7= ]

/" PiceE
2. Water driven to equilibrium freezing _ /
ice front, growing 3. Remaining (dried) temperature (~273 K) specific lat.ent
more ice material deforms by more heat of fusion

than thermal expansion

- lce growth and material-ice boundary conditions
- Deformation of the remaining material
- Flow of water due to cryosuction

Use hydrogels as a proxy material: tuneable and can ‘see inside’




How does ice grow from a hydrogel?

Stresses in the hydrogel modify the freezing point, but we must quantify these stresses

solymer volume fraction pervadic pressure isotropic elasticity + osmotic pressure

o=—[p+ H(qé)]l + 2u4(d)e = generalised osmotic pressure 1(¢)
/ pressure = ~ pore pressure, +
chemical potential
shear modulus
deviatoric strain
Freezing (liguidus) temperature given by the Clausius-Clapeyron relation
o normal stress in gel
liguidus temperature \,E T —T,,  n-o-m + Datm N Pgel — Patm T, =T [1 B H(qb) ]
- - m
/ Tm Pice Pwater pwaterﬁ

specific latent heat of fusion

“large osmotic pressure lowers the freezing temperature”



How does ice grow from a hydrogel?

HYDROGEL

T=Tc<Ty

Clausius-Clapeyron relation: temperature depends on how dry the gel is

H(¢) BC on polymer fraction BC on temperature
TL — Tm ]‘ o ¢ E Temperature sets the amount of How dry the gel is sets the
Pwater drying temperature

Stefan condition: growing ice uses up energy

Quasi-steady thermal problem implies T is linear (in ice),

da oT da K (Twm—Tc)—Tnll(9)/pwater L

_|_
Piceﬁa = = [ICE] )

dat Pice L a(t)
Mass conservation: to form ice, water must be drawn from the hydrogel
da pwaterk ap

picea = —PwaterW * T = 10 O

Darcy’s law u = -(k/u,) do/0z



How does ice grow from a hydrogel?

The gel problem

To describe the response of a gel, there are three material

The thermal problem
parameters:

or O*T  [intheice 0<z<a(t
R inthe gela(t)<z<h 11(¢) ps (@) k(o)

ot 022
osmotic pressure shear modulus permeability

T =Tc atz=0 /.
0T /0z=0 atz=h //
o9 O 'a/%_

¢
I I = = —|D —_— =0 H¢:pwaerETm_TL
whilst at the interface z = a(1), ot Ep [ (@) 5z 5, (#) ter £( )
T =T (1 — 1)/ pwate: L] inthe gel a(t) <z<h atz=nh at z = a(t)
da oT ™" _ _
piceca = — ICE Growth rate of ice governed by mass balance at the interface,

da _ D(¢) 8¢

dt ¢ 0z




The steady state

gel dries > freezing temperaturedrops > T, =T, > freezing stops

HYDROGEL

In this steady state...
- Polymer fraction is uniform (otherwise, flow from wet to dry)

- Temperature is uniformly equal to the liquidus value

h I1 ( h¢0 ) — pwaterE(Tm - TC)

h—a

New polymer fraction comes from mass conservation
Qoo (swollen value ¢,) [
0 / ddz = doh

This is the basis for Gel-freezing osmometry (GelFrO)

—teee Feng et al. J. Mech. Phys. Solids 201:106166 (2025)




The steady state

N 1 i = . .
HYDROGEL
0.8 I T
ZVhy;he plateau?“ ; =12 n
= ound water - usually , T 2.6 x 10=3 of
\8 0.6 measured with Raman K (IIp = 2.6 X pL)
S spectroscopy!
I p py 4 o H _ HO ¢_0 0
i (ITy =~ 4.8 x 1073pL)
h ——  [1/1] Padé approximation
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¢ 1—/(6.6¢9)

I1(¢) =

y ICE | First result: freezing gels lets us probe their internal structure, including
some microscopic properties that are experimentally hard to find!



How does ice lens growth damage gels?

Freezing leads to stress buildup in the dried gel that remains; in our 1D example, this stress is
uniform (eventually) through the gel. In 2D, however, the picture is more complicated
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Forming ice ‘lenses’

Freezing leads to stress buildup in the dried gel that remains. In our 1D example, this stress is

eventually uniform. In 2D, the picture is more complicated:

2. interstitial fluid is driven

—— {0 MoOre swollen to less

swollen regions

1. cryosuction
occurs to form

ice, compressing
the gel vertically
to a greater
extent further to
the left

T

I
c~

=T

3. reswelling
raises the
liquidus
temperature;
more cryosuction
OCCUrs

This feedback cycle only breaks when reswelling can’t occur any longer. What's missing?

drying (<) » osmotic stress (=) » pore pressure (7) > flow (¢)

OR drying (<) 2 elastic stress (<) = pore pressure (v) = flow () ?



Modelling displacement

Gradients in pore pressure balance those in osmotic pressures and deviatoric (shearing) stress
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Dynamics of lens growth

=102 "=5x10"% /o .
Two phases of gel deformation:

Contraction when the gel deswells,
driving fluid to the ice and shrinking
back in response
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Squeezing when the growing ice
compresses the gel and ‘extrudes’ it
horizontally to the right
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Stresses and strains
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Understanding and controlling damage

How can we minimise damage, then, to soft materials when freezing them?

Change the temperature:
dependent on whether we want to freeze water in situ or preserve cell
structures, choose a temperature either side of the ice-entry value

Change the confinement:
materials bound to stiff substrates build up more damage

Change the rate:
suction can cause damage, and our model quantifies the interstitial flow
velocities as a function of undercooling

IC T
a =~ \/p_E(Tm_TC) (1+COST)t
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