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Introduction
[ 1o}

Context

Ice Memory Project

ICEAEeMORY

"Our goal is to create a global ice archive sanctuary in Antarctica, a continent devoted
to science and peace, in an effort to preserve ice cores from the world’s key endangered glaciers."

—>» Organisation of drilling missions on several glaciers of interest around the world
® 2016: Col du D6me, Mont-Blanc (France)
® 2017: lllimani, Andes (Bolivia)
e 2018: Belukha, Altai (Russia)
e 2018: Elbrus, Caucasus (Russia)

—> Drilling missions involve extracting two or three full ice cores from each glacier

® One for immediate analysis based on currently available techniques
® One or two for storage in the archive

—> Bring archive cores to Antarctica for long-term storage

e Storage facilities burried into the polar firn

Need for a perennial storage solution !!
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Introduction
oe
Context

Questions raised by the ice cores storage at Dome C

General goal: Design of a storage solution for the ice cores, which will be buried in the
firn at Dome C with the aim of lasting over a hundred year period.

What is the typical lifetime of a cave dug into the firn ?

—

=3 \What are the mechanical interactions between the compressible firn and a rigid container ?
e How does the density evolve around the container ?
e What are the loads supported by the container ?
e How does these loads evolve over time ?

e What is the relative motion between the container and the top surface ?

Does a usual shipping container could bear these loads ?

b

If not, what kind of reinforcements would be required given the numerous constraints (budget,
climate conditions, transport, limited technical means on site, ...)
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Initial steady state
o
Model Description

Production of an initial steady state

Model Presentation

Stokes Equations:

z(m) . /
( w =1 Momentum conservation
p(z=0) = 336 kg M3 2244 ‘h\ "”’ +/g
o 9p ,
— +div(pv) =1 Mass conservation
ot
Firn is compressible! —> p depends on depth and time
B = 0.078 MPa?a
u=0 et u=0 S=0+ pI Deviatoric stress tensor
T=55C ., div(v) . _
e =€ — —,I Deviatoric deformation rate tensor
o)
Constitutive law of firn/ice:
2 Lingil=n)/n
S= ;B o AL where a and b functions
] | . of [) = 2 Piex
2504 = === o =1/mgll=n)/n ot
1- T -[ l l l l l- 1- I = _TB ) Mdiv \v) (Gagliardini and Meyssonnier, 1997)
v=-29cma’ 4
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Initial steady state
o
Model Description

Production of an al steady state

STEP 1: Get an initial density field

2(m) Solve...
p(z=0) = 336 kg M 2244 divio) + pg = lJ=—
X (M) :
New velocity
field New density
i field
{')/l ¢
— +div(pv) =0
B = 0.078 MPa’a’l ot
u=0 corresponding to u=0 |

T=-55°C
... until a steady state is reached —» after ~10 ka

Requires:
@ Initial conditions
p(t=0) = pice - 586 exp(0.017 z)

With pie = 922 kg m? (Leduc-Leballeur et al., 2015)
ice ©

@ Boundary conditions

- 1- T -[ _l -l-l- r l- 1- I Hypothesis: o8 0 —— Pf2 ={) = P2 = -2
v=-29cma’ ot

with 1z =0)= T a"" (Parrenin et al., 2007)
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Initial steady state
o

Results

Modelled vs observed density profiles

Relative density field Vertical velocity field
8cma’ 16 cma’t 41cmat
01— b ' . =
=3
ki g 0a
@1ka S @Y
@10k
a\\~ @
50t
-100 |
-150 | Initial density profile -150
fit of Leduc-Leballeur et al., 2015
4+  Measurements FireTrack core (1999)
2001 A Measurements Volsol core (2010-2011) 200
In situ measurements core 1 (2012-2013)
In situ measurements core 2 (2012-2013)
250 L 250
04 0.5 0.6 6.7 0.8 09 b | 0 01 0.2 03 0.4 05
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Initial steady state
o

Results

Modelled vs observed density profiles

Relative density field ' Vertical velocity field
Steady state !
gcma’ 16 cma’t 41cmat
01— b ' . =
&
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50t
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Snow Cave
o

Construction

A polar snow cave in practise: a construction recipe

1/ Dig a trench !

Photo Credit: J.P. Steffensen, NEEM 2012 report
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Snow Cave
o

Construction

A polar snow cave in practise: a construction recipe

1/ Dig a tr 2/ Place a ballon
i in the trench!

Photo Credit: J.P. Steffensen, NEEM 2012 report
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Snow Cave
o

Construction

A polar snow cave in practise: a construction recipe

Photo Credit: J.P. Steffensen, NEEM 2012 report
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Snow Cave
o
Construction

A polar snow cave in practise: a construction recipe

Photo Credit: J.P. Steffensen, NEEM 2012 report
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Snow Cave
o
Construction

A polar snow cave in practise: a construction recipe

flate the ballopn !

4/ Fill-uin #ha #vanch 1

N 5/ Wait for natural sintering of blown
snow !

Photo Credit: J.P. Steffensen, NEEM 2012 report
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Snow Cave
o
Construction

A polar snow cave in practise: a construction recipe

4/ Fillsundhal¥esn? 6/ Deflate the balloon

5/ Wait for na' and remove it

snow !

Photo Credit: J.P. Steffensen, NEEM 2012 report
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Snow Cave
L]

Model Description

Simulations of an ice cave

STEP 2: Snow cave

Free surface with accumulation a; = 7.79 cm a1

- - -3
p(z=0) = 336 kg m 1 reference simulation with initial steady density @10ka

z(m) 3 simulations with various initial densities arround cave
7.72 14.72 ~22.44
0 % x (m)
2.2 > % 1 ——Free surface
474 3m §
72 Reference simulation

Simulation narrow trench
B = 0.078 MPa~a™! Width of trench = balloon diameter
corresponding to

T = -55°C Initial densities

att=0a

Simulation large trench
Trench 2m larger than balloon on both side

{EEH

Simulation trench D6me C 2018/2019
T-shape trench based on field test:
I 7m

: 7.5m I I
SITTTTIICT

w=-29cma’
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Snow Cave
L]

Results

Cave shape over time
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Rigid container
o
Model Description

Simulations of a rigid container

z (m) Free surface with accumulation a; = 7.79 cm a™!
p(2=0) = 336 kg m'i/m )
//— Perfectly rigid container
7.1 /
2. \ e 3 simulations without accounting for weight of container:
1o “2aam’ 1 reference simulation with steady density field @10ka
1 with narrow trench with initial density p = 550 kg m3
. 1 with large trench with initial density p = 550 kg m™3
° B = 0078 MPa™ ! °
I corresponding to I e Same 3 simulations with weight of container + payload (26 tons
s T=-5%°C B
e What is the rate of sinking of the container ? Does this
sinking rate increase significantly with weight ?
e What are the stresses that the container walls willl have to
support over time ?
-2504 = -
FTTTTT
v=-29cma’
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Rigid container
o
Model Description

Simulations of a rigid container

z (m)

Free surface with accumulation a; = 7.79 cm a™!
p(2=0) = 336 kg m3,/

44 (m)
|_—— The Boundary Condition here is problematic : No flux condition

- // but the boundary is moving at a velocity that is part of the

’ solution of the flow problem !

2.
10 T — Implicit Dirichlet BC for the flow problem
B = 0078 MPa ™!

o ) (=}

I corresponding to I
s T=-5%°C B

-250
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Rigid container
o
Model Description

Simulations of a rigid container

z (m) Free surface with accumulation a; = 7.79 cm a™!
336 kg m'ié

p(z=0) = .44

x (m)

|_—— The Boundary Condition here is problematic : No flux condition
// but the boundary is moving at a velocity that is part of the

7.1 N
solution of the flow problem !
2.
-10 ! T,
2.44m — Implicit Dirichlet BC for the flow problem
We use Lagrange multipliers to force the vertical velocities of all nodes
B = 0078 MPa~ s | belonging to container roof to be equals to each others
- A
corresponding to
I P . g I Periodic BC are imposed for normal and tangential velocities between
o) T -55 S container roof and floor

On container sides, we force the normal (i.e horizontal) velocity to zero and
we do not impose any condition on the tangential(i.e vertical) velocity (free slip)

UTTTII17T
2.9
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Rigid container
[ 1]

Results

Normal stress on container roof

Reference Large trench _ Narrow trench

No Weight L

,l"
{0 .
\ - \ |
| W ] .
wll | = ' [ Time (a)
\ " ’ | = ?l ‘ 200
Reference . Large trench . Narrow trench 100
pm——— R < [ |
\ ¥ 1
! | — ‘.
Weight Eat | |‘ i { s
Container l e o | | 0
+ payload ’ ‘ ] l w
| 0 ‘ | »):j
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Rigid container
[ 1]

Results

Normal stress on container roof

Reference Large trench _ Narrow trench
18 —— 10
No Weight & 1
‘ i Time (a)
Stress
! e , 200
0 .~\J concentration
. _ | atangles! [
2 | 1 1 ‘I* i I. | 1 1¢ I 11 113 v
Reference ,__Large trench .__Narrow trench

100

o=l == S .
Weight = x
Container Y v 0
+ payload
B s 1 W 10 105 11 13 1 g T
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Rigid container
[ 1]

Results

Normal stress on container roof

Reference Large trench _ Narrow trench

Y
|

1e(0 ’ ‘
No Weight e |
| [ Time (a)
200
Slighly higher
stresses for s T ) -
higher Ref . . . . )
- . .
initial density ! o reE o —Large trenc .. Narrow trenc 100
| ‘,’ o 1 1
Weight Ca | v
Container | | 0
+ payload
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Results

Normal stress on container roof

Reference

No Weight L

Normal stress
on middle roof:
@100a: ~90 kPa

@200a: ~120 kPa

Stress
concentration
at angles:
~350 to 400 kPa

Weight £
Container
+ payload
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Reference

Large trench

Large trench

—
—_—

|

Rigid container
[ 1]

Narrow trench

Y

4—»1
100 \
1%0 ‘
. Time (a)
v!l 200
,__Narrow trench 100
et

| ' 0



Rigid container
oe
Results

Normal stress on container floor

Reference Large trench Narrow trench
z — : - S
12¢ \ wo | == ¢; 10 P 2 ll
B 14 I 10|y 1 1 A7
No Weight - I I \|
‘ | = |l | Time (a)
| 0|
|
' ‘ N w ‘ 200
W 0
1 Y TRRTE) i 1 6 105 11 1is 0

_Large trench o arrow trench

\» 100
U E = ‘ 1 :I Z ‘
| { .,
Weight [| o \ 1 .l
Container | ‘ I 0
+ payload J ‘ ‘ |
ol o | x|
| | oo
% s 1 nus 3 0 105 11 15 13 1 T

Julien Brondex Elmer/Ice Users Meeting



Rigid container
o] ]

Results

Normal stress on container floor

Reference Large trench _ Narrow trench
No Weight 5
Time (a)
) Stress 200
“| |/concentration
A at angles !
| 1 1 e ¥ 11 148
_Reference __Large trench optiarrow trench 100
1l = % ' = E
Weight < x
Container i | 0
+ payload ¥ )

3 11 11t 1
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Rigid container
o] ]

Results

Normal stress on container floor

Reference Large trench _ Narrow trench

No Weight \I l T (@)
Ime (a
N \ ‘ 200
Slighly higher
stresses for
higher
initial density, o
especially 1{
atangles! 1

1 5 1 [T TEY 1 1 1 10 11 148

100

Weight £ e
Container § '
+ payload
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Rigid container
o] ]

Results

Normal stress on container floor

Reference Large trench Narrow trench
No Weight A= — § o = R [
Normal stress £ \

on middle roof:
@100a: ~90 kPa - ]|

@200a: ~120 kPa~

)
]

— v —
l Time (a)
Stress ‘ 200
concentration

at angles:
up to 430 kPa

Weight . Reference . .. oiarrow trench 100
Container ——— -
+ payload -
Normal stress 1 o
on middle roof: 1}
@100a: ~90 kPa = '
@200a: ~125 kPa

Stress

concentration i oo
at angles: o R S B ) | 77%
up to 450 kPa L b n 05 1 1 ; r TRETTE
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Conclusion
°
Conclusion

Conclusion and perspectives

@ Results regarding the ice cave must be confirmed by in situ tests, but it appears that:
-3 The size of the trench in which the ballon is placed is very important

== Particular conditions prevailing at Dome C seems to induce low closure rates

@ The sinking of the container is slow and not very sensitive to initial density and weight
(the roof is below 7.1m of snow initially, ~11.8m after 100yr and ~16.2m after 200yr
of simulation)

® Normal stresses after 200yr of simulation are of ~120 kPa on the middle of roof and floor
and of up to 450 kPa at angles due to strong stress concentrations

@ Maximum normal stresses after 200yr of simulation are of ~60 kPa on container sides

@ These results depart significantly from the ones obtained when considering hydrostatic pressure
only
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Conclusion
°
Conclusion

Conclusion and perspectives

Thank you !

.... Questions ?
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@000000

Narrow trench

Snow Densification over container roof
Large trench .

Reference
s ol
/ o351 | i
A |
No Weight : { d ' =
: | Y | nes) Time (a)
- L —
—) 200
1 11 i » ‘l‘f 10 11 1 12 :1 wa 1 1.8
Reference Large trench Narrow trench
. 100
L 2
al J ,
| 1 |
} A 1
|
ue { 0

Weight
Container | onst
+ payload |

>3 s 11 1 : ".‘1‘: ws 1 1 .1 0 1 $



@000000

Snow Densification over container roof

Reference Large trench ~ Narrow trench

" _+ Hard points |
|1} atangles ! .
No Weight : ) = =
14 S ne Time (a)

200

s 1 n 1z 10 104 1T o1xy

Reference ... Large trench Narrow trench 100

Weight
Container 4
+ payload -

I
|
o
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@000000

Snow Densification over container roof

Reference - Large trench ~ Narrow trench

No Weight : i 1) |
ren : ves | | Time (a)
- = S 200

Not much 5 | ose 055
influence of ‘
weight for
densification _,. Reference .y Largejtrench ._Narrow trench 100

on roof !

s ul n 1z 1w s oy o1 1 w3 11 funs w

o | il

\ \ |
\ 0] i
Weight ) | ) !
Container pra |  ossf |  uss
+ payload

S s
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@000000

Snow Densification over container roof

Reference - Large trench ~ Narrow trench

No Weight : i /’_’ |
s Time (a)

! = =4 o 200
Sensitivity to — T 05|

initial density !

l 1 11 1 | 1 1 1 ] 1 1 1
Reference Large trench Narrow trench
o 9 i, 100
decreases |, | |
over time... | Al
{ A |
11\ )
Weight —_—_—)’___> | p 1

Container S | |  uss 0
+ payload -

\
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Snow Densification over container floor

Reference
No Weight
1"
Reference
Weight
Container
+ payload
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Large trench

0@00000

Narrow trench

Time (a)

caal ! 200

Narrow trench



0@00000

Snow Densification over container floor

) Reference Large trench ) Narrow trench
' .n Hard points B
at angles ! )
No Weight y )
0 ‘ Time (a)
ot a6 | et 200
b 1 1" 1 M s 1 1 0 1l 1
. Reference Large trench Narrow trench
05~ - p—y—— ns .._..,gA e —— VA Whah St 100
Weight i : ; '
Container 0 = u = o 0
+ payload . e .
:”‘ ) 1" 12 ::'H s ] ILS 1 :“‘H 1 ns 1
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0@00000

Snow Densification over container floor

Reference Large trench ) Narrow trench

|
No Weight ! i' ‘| I J
; ‘ Time (a)
= i 200
Weight has an 5 —= o = !
influence for " s TR w s i 10 TER]
densification )
on floor ! ;o Reference \l Largejtrench .‘{‘rm, F,r_e"E'l( 100
e N ’ ol A |
! \ ,I ' I 'I‘
Weight \ A \ . "‘ \ |
Container = url = | 0
+ payload ol ,. / |
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0@00000

Snow Densification over container floor

Reference Large trench ) Narrow trench

No Weight ! \ | )
; —> Time (a)
- “h ; 200
Lower 08 1= = = 6|~ — |
sensitivity to ..,
initial density ! A e ’ ' ’
Reference Large trench Narrow trench
-~— b - ns il g seeggem———— T eemseyuagen ey 100
A ‘
’ || I ;
l’ \' / "‘ ‘\ 'I\
Weight > |13
Container ol > : 0
+ payload Sl _,..
= p— ‘
> <
1"n 1 " 1 1 n 1
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[e]e] le]elele)

Firn/container interface: Free slip or no slip ?

z(m)
o 2244, ()
| BC used for previous simulations: Free slip
1 — Relative motion between container sides and snow
: is allowed
2.9m
-10 —
2.44m
What if we change this BC for: No slip ?
— Snow is sticked to container walls, i.e. the velocity of snow
B = 0078 MPa= ! at the container/firn interface equals the container velocity
(ﬁ corresponding to ? (no relative motion between snow and container walls)
S T=5°C 5

PErTTIr

v=-29cma’
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[e]e]e] lelele)

Sensitivity to firn/container BC

Free slip No slip
4
Normal Stress ’ ot Time (a)
on container roof = ‘ ‘
( ‘ ! 200
! .
100

Normal Stress 0

on container side
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[e]e]e] lelele)

ity to firn/container BC

Free slip No slip
4
Normal Stress ’ ol Time (a)
on container roof £ ‘ ‘
( ! 200
! |
Low sensitivity of
stresses to BC at
firn/container interface ' 1 '
100
Free slip condition < T = =
is the safe side !
Normal Stress 0

on container side
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[e]e]ele] lele)

Is using Elmer really necessary ?

z(m)
0 22.44 ()
| Hydrostatic pressure: puatc(2) = - Pmean 9 2
-
7.1
2.9m
-10
2.44m
E E
- B = 0078 MPa ™! o ::‘ é
I corresponding to I S §
3 T=—5° 5 8 5
S S
Prean (kg/m’) Time (a)
How much calculated normal stresses
depart from hydrostatic pressure ?
PUTTTI7Tr
v=-29cma’
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[e]e]ele]e] o)

Using Elmer is really necessary !

Ratio between normal stress on roof and hydrostatic
pressure for reference simulation (no weight)

From @20a, the ratio
does not evolve in time

Time (a)
200 . ' ‘ Modelled normal stresses always
r ’ higher than hydrostatic stresses

; \
= l

100 & || ‘
& 1

0

x(m)
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[e]e]ele]e] o)

Using Elmer is really necessary !

Ratio between normal stress on roof and hydrostatic
pressure for reference simulation (no weight)

From @20a, the ratio
does not evolve in time

Time (a) 0 0
200 ' ‘ Modelled normal stresses always
(‘ ’ higher than hydrostatic stresses
: \ l
100 : ‘ |
~ /
s | | By a factor ~1.4 in the middle
{ e — =l By a factor ~4 at angles
0
Firn rheology must be taken into
x(m) account when calculating stresses
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000000e

Using Elmer is really necessary !

Reference Large trench Narrow trench
-
=
o | ‘ I | ‘
7] h | { | I
; | \ I
2 | P ) =
N '
]
£
g3 | 3
5 '
oz h 1 ; | |
22 R A 1S
Bt s — e
S
| 1 - 1 \ ]
Time (a)
| |
0 100 200
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Using Elmer is really necessary !

Reference Large trench Narrow trench

No Weight

g / N
53 .~ N T N |
§_:‘ h 1 ' | ]
2 N\ s ,; N
o == = = —

2 -

2

The gap between modelled normal stresses and hydrostatic
loads is even higher for other considered cases
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