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What iIs frost heave?

Ice lenses
forming

Water movement by |
capllary rise

Schematic of ice lens formation and frost heave development
(Ingeman-Nielsen, 2017)
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Modelling Concept
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Coefficients
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Ow = _Lll(va _,Owg) + LlZVT_l

dy =L, (Vp, —0,9) + L,VT -

L, = KK where k = @[1—(1—33& )12

My,

L,=T ‘ (ﬂsl_n -/R'JSW -jflnSi )

For the coupling coefficient L,,:

From energy balance: d, =-q,.l.0,=L,V(p,)l.p

water

From Transport equation: 0, =L,V(p,) flow

: > L,= L11.|.pi — i 2

No gravity effect

heat
flow
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Mass Transfer

nSWWW = qw = _Lll(va _ /Owg) + LIZVT -
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Heat Transfer

O +(2C8,) T +V ) =0

(,oC )eﬁ =1-n)p,C,+ns,C,+nsC. ice mass balance:

D’s
—np.—2+soVv.—-m . =0
IOI Dt IIOI S W=l

S

- . D’s,
=L, (Vp, — p,9) + L,VT ' =M, =-Np, Dt +50 V.Y,
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Force Equilibrium

M} pg=0

T1<273.16
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Pu2 = pugh T,>273.16
and constant
Time=t;

Continuum domain:
water pressure will
increase to cancel the
temperature induced
flux.
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Crack Criterion

—

de = D°.de
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Puz = pugh

T,>273.16
and constant

Time =t;

Discontinuous
domain:

If water is available,
water pressure will
release and swelling
will start.
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Q}VV

Assumption:
Crack will appear normal to temperature
gradient.



Weak form of Continuity Eq.
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D°s,,
Dt

(pW 10|) '(pwnswww)+(swpw+Sipi)v'vs :O

5}

jépw[ Pi)DD }dQ j (6py)-(Pu0,)dQ2 - j SPy-P F

+jrqw 5pw-pwqwd1“ B jgépw Spr + Sipi gv:IdQ =0

Could be calculated by writing continuity equation in the crack
Assumptions:
» Water pressure is continuous

» Water flux is discontinuous; i.e. there is a jump
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Weak form of Continuity Eq. in the Crack ; Porelab
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S

[ op.|(p —p-)Ds
Q' W w | Dt

+L2,5pw [(Swdpw +S, 0, )V.Vs]dQ =0

}dﬂ [.v(5p.)(pu00) dQ+I Py, AT

S

_ Ds
J.Fdé‘pw'pwqwddr:_J‘Q,é‘pwli(pw_pi) Dt :ldQ+I 5pw) (pwqw)dgzl

-~ Integral Il
Integral |

—.[Qﬁpw [(Swd Pu S, P )V.vs}dﬂl

Vv
Integral 11
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Weak form of Heat Transfer Eq.

S

(oC)., DDtT +(2,C.0 ) VT +V.4, —Li, , =0

IQ5T(pC) DT dQ+j 5T(p.C.0,) VT dQ - V(5T )q, dQ-

[ 5TF+L5T G, dT— [ oTIm, ; dQ=0

Could be calculated by writing heat transfer equation in the crack

Assumptions:
» Temperature is continuous

» Temperature flux is discontinuous; i.e. there is a jump
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Weak form of Heat Transfer Eq. in the Crack
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Weak form of Equilibrium Equation

Vo—-pg=0
—[ v(su):e'dQ-] V( ( 1)dQ-
_[ su .(p,1)n; dl“+_[ su (1) nddl“jr 5u.fdr—j95u.png:0

Assumptions:
> Traction is continuous

» Displacement is discontinuous; i.e. there is a jump
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Approximation of the primary variables &8 p- al3b
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Displacement field:

u(x.) = YN, (@i )

Discontinuity
(ice lens)
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Approximation of the primary variables Porelab
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Displacement field: (=0
®(E)<0 : ¢(&)>0
N ) .1 Ic € ;
u(x,)= DN, (@i (1) + |
Moo - ! H(@(8)=+1
Z[Nuj (é’)(H((ﬁ(f))—H((P(fj)))"rd]éj(t):thdf‘Jfoand Ho(E)=0 | HE
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Approximation of the primary variables &8 p- al3b
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Pressure field: ©(c)=0
¢(£)<0 | @()>0

PO=YN, (95, 0+

Z ij (é)l//p (6)61 (t)= N;td i’w i NgnrbA ./:\.
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Approximation of the primary variables &8 p- al3b
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Temperature field: ©(C)=0
¢(£)<0 | ¢(€)>0

Tu0 = 3N, (T 0+
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j=1

ey
)
Je
N

1 : w(&) 2
Ni©) | N (&)
1 1]
|
1 : 2
|
N
| ®
1 Nn\yl(i) 2
|
|
/I\
1 2

09.09.2019 GO NTNU 16



PorelLab

NTNU-UiO Porous Media Laboratory

— KUU Kua Cup Cub O 0 1 O 1 I 0 O O O O 0 7 u B O b _Fuext_
K au K aa C ap C ab 0 a 0 0 0 0 0 0 a Fal nt Faext
0 0 0 Qu Gy C|fl €, Cu 00 G GullB| [ [RE|
0 0 Qp Qu Gy G|l b bu w 0 0 Cr Co|l b Ft;”‘ o
0 0 Cp Cp Hy He| T 0 0 0O H_TT H_TC _|: F{ nt F
0 0 C e C b H T H c ¢ 0 0 0 0 H o H “ . Fclm Fcext
L 4t ] L 4 @ L 4 L i

: ™ : [0 0 ¢, C, 0 o T o
Jn+1'A>< n+l — _Rn+l o o ¢ C 0 0 :’91
R~ Cp Ch AQ, AQ, C,+AIC, C,+ALC, |
" w Cr AtQ, AtQ, Cy +AC, C, +AtC, b
0 0 AtC, AtC, Hy+AtH; Hy +AtH, T
| 0 0 AC, AC, Hg;+AtH; H, +AtHCC_n+1_ ¢ .
[(B)eda | o 7 [E=] [0 0o 00 0 o [0]
() wan| | F [ E 0 000 o o
0 J|AMET AR 1C C 00 G C ‘
0 AR AR w C 00 Cp Cy b
0 AtFT::: AtF 0 0 00 Hy He| |T
0 n+1 _AtFC -n+l —AtFCeXt_m-l L 0 O 0 O HCT Hcc—n+l_ é —n

09.09.2019 EONTNU 17



1-Dimensional Test
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20 cm

initially at +2 °C
20cm
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1-Dimensional Test (1% ice lens) Porelab

NTNU-UiO Porous Media Laboratory

|
20 - \
20— |
1
1
18 i
1
1
16 i
1
1
14 :
1
1
12 :
1
1
10 H
1
1
1
‘
1
6 '
© 1
o]
4 g\
5!
2 =
@ !
: S !
8 ! -100 -80 -60 -40 -20 0 20 40
-0.012 -0.01 -0.008 -0.006 -0.004 -0.002 0 0.002
. Water pressure (kPa
Displacement (cm) P (kPa)
—_— 2
18 ¢
16 f
14 |
12
10
8
6
4
2
| ~ L
-1.5 -1 -0.5 0 0.5 1 1.5 2 2.5
09.09.2019 19

Temperature (°C)



PorelLab

NTNU-UiO Porous Media Laboratory

I
| E—
poeee * B
1
20 ¢ R 18 i
N B 1
o !
18 r S 16 } i
. R :
16 G 14 | i
o !
1
14 r R 12 | i
RaRe :
12 10 i
i
8 i
1
1
6 i
1
6 £ |
4 cl
82
=
4 2 _“::
o1
2 o S|
N -100 -80 -60 -40 -20 0 20 40
-0.04 -0.02 0 0.02 0.04 0.06 0.08 0.1 Water pressure (kPa)
Displacement (cm)
\1-
16 |
14 |
12
10 |
8
6
a4
2
I
09 09 2019 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5 20

Temperature (°C)



PorelLab

NTNU-UiO Porous Media Laboratory

I
OOOUOOO 20 -
20 ¢ —
// B 18 (B
s 16 |
14 |}
12
10
8
6
4
4
2
2
g 1 L L L ) -90 -70 -50 -30 -10 10 30
-0.05 0 0.05 0.1 0.15 0.2 0.25
Water pressure (kPa)
Displacement (cm)
I
-1.5 -1 -0.5 0 0.5 1 1.5 2 2.5
09.09.2019 21

Temperature (°C)



"""

? PorelLab

NTNU-UiO Porous Media Laboratory

Thanks for your attention!
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