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Central issues:

What controls the
pressure ice exerts
to cause damage?

Why does water
migrate to supply
ice growth?

What makes soils
"frost susceptible"?

What controls
segregated ice
growth rates?

How are ice lenses
initiated?



Thermodynamic constraints:
Premelting at equilibrium along a flat ice—liquid interface.

bath
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e

Gerber et al., 2022.
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Reversible perturbations to a system
immersed in a thermal bath satisfy:
* no change in total entropy
AS = 0 = ASpatn + ASsystem
* no change in total energy
AU = 0 = AUpan + AUsystem
The bath does no work, so AUp,tn = TASpath

AUsystem — TASsystem =0}




bath

Consider two reversible perturbations:

ice system i) melting a small ice mass

—Onn

o )

ii) transferring a small mass from the reservoir
to the premelted layer



cat i) Perturb system by melting small ice mass m:
AUsystem = wym —u;m + Pyym + oppvim
ASsystem = Sm — §im

ice system h
ence

—(Onnvi + Pvy) = (up —wy) — T(sp — sp).

—Onn

o )

Define reference bulk melting conditions by
T, and P,, = —oy,,, = P, to find:
(v —v) By = (u? — u?) - Tm(slo - Sio)-

Taking the difference, while neglecting shifts
to u;; and s;; from u;; and sp; yields the
"generalized Clapeyron equation":

T — T — p;
m _ (Pl . Pm) P1 Pi
Tm P1

—Onn — P = piL

where p;; = v;;" and L = Ty, (sP — 7).




bath

ice system
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ii) Perturb system by removing m = p;AAd
from reservoir and increasing d by Ad:
AUsystem = 0.

(No melting takes place so ASsystem = 0.)
Represent interaction of ice and substrate by
a potential” W;;s(d):

AUsystem = [Wys(d + Ad) — Wys(d)]A

—(P; + 0,,)AAd = 0,

hence

. dWils
dd

:H(d):_o-nn_Pl-

"Various sources can contribute to the
interaction potential (e.g. van der Waals
forces, screened Coulomb interactions, etc.);

At large layer thicknesses (d~0 (um)) the
potential vanishes and —o,,,, = P;.



bath

ice system

—Onn

o )

AUsystem - TASsystem =0

T =T P1— Pi
— (P, - P,
Tm (l m) o

—Onn — P = piL

H(d) = —0Onpn — P

Style et al., 2023 discuss 2" order effects

* What controls the pressure ice exerts to
cause damage?

Approximating p; = p;, as depicted (i.e. flat):
[1(d) = p;L

T
’"T ~ (1.1 MPa/°C)(T,, — T)

m

* Why does water migrate to supply ice
growth?

Darcy's law g = — SV(PI + p192.;), which

for —oun = ppg(zs — z¢y):

kpiL PB
=—— —VT+(1——) v ]
q ulT, Py P1gVie



* What makes soils "frost susceptible"?
Frost susceptibility depends on soil constitutive behavior (e.g. controls on S; and k).

Various probes (e.g. TDR, NMR, calorimetry) can be used to measure how the liquid saturation .5;

Undercooling (°C)

Liquid Saturation (%)
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varies with temperature; measurements of permeability & are more difficult and scarce.



* What makes soils "frost susceptible"?
Frost susceptibility depends on soil constitutive behavior (e.g. controls on S; and k).

With interfacial curvature X = V - 71, and surface

energy Vi -
T, — T
n(d) +yvu¥ ~ piL ———

Or RSO 30

colder

Idealized predictive treatments can be instructive.




Begin with a synthetic soil constructed from a specified distribution of spherical particles.

Strategy: determine equilibrium at a large number of points satisfying I1(d) + y; K = p;L T’;_T
) pore ice ) throat ice (c) crevice ice (d) film ice
p r ’ | ’ A
. . -
Q 2 Q @ 2
Ty rparticle

Appollonius' (of Perga) problem — finding tangent spheres is a long-solved problem.

Fraction of points in ice and liquid phases defines freezing constitutive behavior as function of 7.



The drop in liquid fraction with undercooling is dominated by curvature at high S,.
Premelted films are volumetrically significant once only a few percent liquid remains.
Experimental data can be matched at high .5; with no adjustable parameters.
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The drop in liquid fraction with undercooling follows a power law at high S,.
Once premelted films are volumetrically significant the power-law approximation is poor.

IOOL T T T
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Chen et al., 2020



Permeability drops as ice clogs pores. Treat curved ice surfaces as additional particles
obstructing a random walk, or with a modified Kozeny—Carman formulation:

K-C ice-free k 513(1 — TL)Z
permeability > ~ >
n3 2 Zrig kO 1 —n+ reffplL(Tm — T) n(l _ S )
0 2 Tetf 7 Teff =32 2vii T, :
o =1 LT e Yitdm
i o ... g A MANCHESTER (Horiguchi and Miller, 1983)
@® 4- 8um MANCHESTER ( ibid.)
s - floating random walk

=== modified Kozeny-Carman |

@® Tottori Sand (Watanabe and Osada, 2016)

1 10710

| o

10-91 | = floating random walk o
I | === modified Kozeny-Carman ) N
|
L ! ! ! ! ! | 10- 12
0.60 0.65 0.70 0.75 0.80 0.85 0.90

1-3,

- note: hydraulic conductivity and

' permeability are linearly related A

:through ky = P i .. ®

0 0.62 0.64 0.66 0.68 0. "I 0 0.‘1 2' 0.14
Ty — T (K)  chenetal, 2021



* What makes soils "frost susceptible"?

The "disjoining pressure" must be sufficient to produce deformation:

T
(d) ~ p;L ’"T—z (1.1 MPa/°C)(T,,, — T)

m
Water must flow to supply continued ice growth:

q= —Ii %VT + (1 — pi) plszel]
LTy, Pi

Require water to be present at moderately large undercoolings T,,, — T.

Approximating the liquid saturation as a power law:
5, ~ (T—m il )
T,,—T

And the relative permeability as a rapidly decreasing function of .5;:
k ~ koS

Need fine-grained soils to make Tr sufficiently cold, but not so fine that k( prevents transport.

B




* What controls segregated ice growth rates?
* How are ice lenses initiated?

Taber 1929/1930 - refrigerated experiments
Beskow 1935 - rails and roads

Everett 1961 - capillary rise (persistent, flawed idea)
Gilpin 1980 - surface interactions

O’Neill & Miller 1985 - rigid-ice

Fowler & Krantz 1994 - asymptotics

Peppin et al. 2006 - morphological instability

Style et al. 2011 - geometrical supercooling

“Something there is that doesn’t love a wall,
that sends the frozen-ground-swell under it,
and spills the upper boulders in the sun;”
Robert Frost 1915




Cooling temperature

In the "rigid ice" model of O'Neill and Miller, a fringe of ice connected to the 'active' warmest
lens regelates upwards at the lens growth rate I/, supplied by Darcy transport q.

Deformation between or below lenses is assumed negligible; .5; and k& are independent of V.



Cooling temperature Mass balance requires that p;q = p;[1 — n(1 — S))]V.

q depends on permeability k(S;) S

The force balance on the growing lens involves gravity |, the hydrodynamic pressure P; on the
ice surface |, and the net disjoining pressure [1(d) between the ice and particles of the fringe T.



Cooling temperature Mass balance requires that p1q = pl[l — n(l — Sl)]V

Ice lens . TV T
Frozen soil A |
D ( cold
low S,
v
he warmest ice lens .- ¢ —
Freezing fmnl/ e Zl = Q /
Frozen fringe B VT
e
Frost t‘rom/ f D
, Water migration
‘ 4 '
Unfrozen soil “ )\ / m W
warm

Groundwater
q depends on permeability k(S;) S =1

The force balance on the growing lens involves gravity |, the hydrodynamic pressure P; on the
ice surface |, and the net disjoining pressure [1(d) between the ice and particles of the fringe T.

1_Sl)]2 dZ
k

The net hydrodynamic force per unit area can be expressed as: P, (zf) + v fZZfl [1-n(



Cooling temperature Mass balance requires that pi1q = pl[l — n(l - Sl)]V

Ice lens

T A«
F S e
‘w P low S,
el ” g

3 S R
Frozen fringe ek
Frost ﬁ'onl/ I Q
' Water migration
| Y

= VK
Unfrozen soil “ ) ’\\ w _> '

%
| ' 2R,
Groundwater warm
S [ — 1

curvature =2/Rp
The force balance on the growing lens involves gravity |, the hydrodynamic pressure P; on the

ice surface |, and the net disjoining pressure [1(d) between the ice and particles of the fringe T.

T, —T
— YuX.

m

Frozen soil

The warmest ice lens
Freezing front

particle-ice interactions

The strength of ice—particle interactions varies according to I1(d) = p;L









Cooling temperature

Ice lens

Ve

Frozen soil
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curvature =2/Rp
The force balance on the growing lens involves gravity |, the hydrodynamic pressure P; on the
ice surface |, and the net disjoining pressure [1(d) between the ice and particles of the fringe T.

With ¢ Hdl' = 0, we have [I1dl = PiL (%l _ n(1 —S)]VTdz = A 7:f[l —n(1-S)]dT

Z]
Tim “2f Tm

The warmest ice lens
Freezing front
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Water migration
‘ Y 1\\
Unfrozen soil \ ) )

Groundwater

particle-ice interactions



* What controls segregated Energy (and mass) balance dictates thermal field.

? T T,(t) T
»|cegrovyth rate; — | ; _
ghad conductive <<t >
heat : Force (and mass) balance on
o° transfer ' | . .
. 2w [ ens the lens/fringe ice surface:
p;L T
- ﬁ [Tm - Tl + Tlf fl(l - Sl) dT] - O'eff(Zf)
- _ _ 2
. . plz J“Zl n(]I; Sl)] dZ
conduction constitutive P
and behavior
latent heat
release 51 (T)' k(Sl)
fringe
Zp(t) pr==q=====mmmmnu- Tf base
conductive
heat T=Tf
“eo transfer
Y Steady growth is possible if freezing and heave

depth rates match (e.g. needle ice, pingos?).




Steady growth is possible if freezing and heave rates match (e.g. needle ice, pingos?).
The fringe thickens if lens growth lags isotherm advance.

ice lens

r, radius
of curvature

Q

volume integral

surface integral

frozen fringe

water and sediments

For z; > z > z¢, the effective stress supported by particle contacts g, balances any mismatch
between gravity, hydrodynamic pressure and the net I1(d) transmitted through the fringe ice.



1ce lens .
* How are ice lenses

initiated?

20.0

17.5 1 e
Ooff INCreases as

k(S;) increases i) sediment contacts
new ice lens l Zn|  can be unloaded by

forming stress transfer through
the connected ice of

+
ﬁo 10.01 O.fr decreases as the fringe
<& 75 ,\H(d) increases .,
so4
2.5 - water-
0.0 —— finite volume enthalpy sediment
00 05 1.0 15 20 25 3.0

scaled local effective pressure, e/ 0ese(2f)
Meyer et al., 2023



sequential ice lenses: porosity advection

J 1ce
fringe
/.

10 1 — new ic§ lens e
forming sediments
Fowler and ——— travelling wave

O Noon (1993)
0.2 0.4 0.6 0.8 1.0 1.2

porosity, n



nondimensional lens spacing, ¢

scaling for ice lens spacing

: ice
10! 4 .
] .
'@ fringe
ice
n
% I i
ringe
EJ 12 g
100—: .g ice
=
E fringe
—
)
(@F
Q ® simulations water-
10-1 - E -~ 1/v sediments
— (Y[ +Va(l=5)]

101 10° 10! 102 103 10
nondimensional heave rate, V'



lens spacing, ¢ (m)

scaling for ice lens spacing: flux data
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scaling for ice lens

spacing: Wang data

ot
1

>~
1

lens spacing, ¢ (mm)

o
1

° {~ 1)V
° simulation
¢ Wang

® ¢
¥ )
®
o
)
®
I/ + . °
®
0.2 0.4 0.6 0.8 1.0

heave rate, V (um/s)

1.2

* How are ice lenses
initiated?

i) sediment contacts
can be unloaded by
stress transfer through
the connected ice of
the fringe

Data supporting the
idealized 1D treatment
isn't overwhelming.
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only allow deformation
during lens initiation.
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"geometrical supercooling", Style et al., 2011



scaling for ice lens

spacing: Wang data
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* How are ice lenses
initiated?

i) sediment contacts
can be unloaded by
stress transfer through
the connected ice of
the fringe

ii) ice growth that
initiates in large pores
can propagate cracks
that evolve into ice
lenses
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