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Two scales — two pavts

|/ nnicvo—meso scale: friction law fovimmulation

7/ voacvo scale: grounding line sensitivity to
the dhoice of the fviction low



A unidue modelling tool: Elrnev/Ice

Open Source Finite Element Software for Ice Sheet, Glaciers and Ice Flow
Modelling

http.//elmerice.elmerfem.org/



Concept of fviction law
n Glaciology
and vole of watev



Bed topogvaphy / voughness

Bed topogvaphy

Bed voughness

Friction law

B N0 P

N = Pi — Pw (: —Onn _pw)



Concept of fviction law

havd bed
fvee dlip

[Weertman (1957), Fowler (1981), Gudmundsson (1997)]



Effect of watey

If water pressure and/or velocity increase

Ice up,

Water network
under pressure

Low normal stress High normal stress
‘ What is the form of the friction law 7

Ty — f(ub,N, ) =0



A bit of histowy..

Journal of Glaciology, Vol. 56, No. 200, 2010

Weertman, Lliboutry and the development of sliding theory

A.C. FOWLER

read more: https://saussure.osug.fr/-History-



Johannes ‘Hans’ Weertman (1925-2018)

ON THE SLIDING OF GLACIERS
1957, JoG 55 LB

By ]J. WEERTMAN
(Naval Research Laboratory, Washington, D.C.)

ABSTRACT. A model is proposed to explain the sliding of any glacier whose bottom surface is at the pressure
melting point. T'wo mechanisms are considered. One is pressure melting and the other is creep rate enhancement
through stress concentrations. Neither of the mechanisms operating alone is sufficient to explain sliding. If both
mechanisms operate together appreciable sliding can occur.

REsumE. On propose un modéle pour expliquer le glissement d’un glacier dont le fond se maintient au point de
fusion. On considére deux mécanismes : le fusion de pression et 'augmentation de la vitesse de déformation causée
par les concentrations de tension. Ni I'un ni 'autre en agissant seul ne suffit a expliquer le glissement. Mais ensemble
ils occasionneraient un glissement assez important,

7 nechanisns:
- pressuve nnelting/vefveezing
- cveep vate ennancennent

read more: https://saussure.osug.fr/-History- B ¢, Db it fad



Louis Lliboutry (1922-2007)

1958, CRAS (in French)

GLACIOLOGIE. — Contribution a la théorie du frottement du glacter sur son lit.
Note (*) M. Lours LrBourry, présentée par M. Léon Moret.

L'introduction d’un troisiéme mécanisme de franchissement des protubérances
permet d’expliquer 'indépendance du frottement dynamique vis-a-vis de la vitesse, la
valeur plus élevée du frottement statique (et donc le mouvement par saccadu),l accé-

lération du glacier aux époques chaudes, et enfin 'usure zald(‘tt'lleuquc qm conduit
a des to(‘hcq moutonnées.

Wd rnechanisnns
opening of cavities on the lee side of bed burmps

read more: https://saussure.osug.fr/-History-



Lliboutry will publish more than 20 papers on that specific subject!

This one in 1968 :

Journal of Glaciology, Vol. 7, No. 49, 1968

GENERAL THEORY OF SUBGLACIAL CAVITATION AND
SLIDING OF TEMPERATE GLACIERS

By L. LLIBOUTRY

(Laboratoire de Glaciologie du C.N.R.S., Grenoble, Isére, France)

followed by one from Weertman in 1972:

Reviews ofF GeopHYSICS AND Space Puysics, Vor. 10, No. 1, pr. 287-333, Fesruary 1972

General Theory of Water Flow at the Base of a

Glacier or Ice Sheet

J. WEERTMAN

Scott Polar Research Institute
Cambridge, England CB2 1ER

read more: https://saussure.osug.fr/-History-




10 march 2005, SHF, Grenoble

S.H.F. Section de Glacologic-Nivologie. Réunion du 10 Mars 2005

Glissement et hydraulique sous-glaciaires

Louis LLIBOUTRY
3, Av. de la Foy, Corenc, 38700 La Tronche

Llibourty : "..., on en est resté aux théories grossieres, incompletes et
erronées emises dans les annees 60 par Weertman, moi-méme, Nye,
Rothlisberger, et Budd, qui n'ont plus qu'un intérét historique aujourd’hui.’

He presented a new theory (in 10 minutes) which should be published in
3 papers that he was about to submit to Journal of Glaciology

These papers will never be submitted... and the manuscripts are lost...



Fowler, 1981, 1987

Schoof 2005
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Al these fovmulations ave based on stvong assurnptions:
- two-dimensional hed @QOVY\QWH see Helanow et al., GRL 2019

- puve sliding at he intevface
wait for Roldan Blasco et al. , in preparation
- steady watev pvesswe  This talk!
and
- have not yet been validated against veal data

wait for Gimbert et al. , submitted

- Hheiv link with basal hydrology is still uncleav

wait for Gilbert et al. in preparation



How these laws ave moditied it
watey pvessuve af the base is
unsteady?



nd watey pvessuve is not steady..

water pressure (bar) at Argentiere glacier
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@Piard 2018
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Iken’s bound (1981)

Weertman type friction




Ty Yeav and Day peviods
= how the friction law is modified?

2 4 6 3 10
up/ (C*N™A,)




Ore yeav peviod

6
up/ (CN"A,)




Ore doy peviod

up/(C"N™Ay)




Yeav + day peviod

6




Gvounding line

Grounding line




Types of basal conditions
Th — f(ub7 N)

N = ngh — Pw




Which fviction laws?

Isovalues of 7, [MPa]

Weertman

Weertman law Budd law

Ty — Cwu};”

Coulomb
T, = fcN
Budd

Ty — CB/LLZ%N

Lliboutry

Csuy®
1/m m
(1 o) )

Tp = min [Cwug”,fCN]

Ty —

Tsai

m:1/3, Cw = Cp = C, Chax = fc

[Weevtrman 1457, Budd et al, 1954, Schoof 2005; Gagliavdini et al, 2007: Tsai et al, 2015] (Brondex et al. 2017]



20 exp — NISNIP

Time = 1000a

1000 1200 1800
x(km)

Assurve N = pigh — pug(Za — Zs)
Use Lliboutvy solution ds “obsevvations”
Cornpave Weevtman, Budd, Tsai to Lliboutvy




20 exp - GL vetveat speed

Weertman|~ 100 m/a

Lliboutry |/| Tsai
~ 500 m/a

Budd ~ 9000 m/a

10

time (ka)

(Brondex et al, 2017




Adnnundsen

kilometers
[ ]
0 50 100 150

Linear Weertman Lliboutry Cmax = 0.4
-~ Non linear Weertman Lliboutry Cmax = 0.6

(Brondex et al, 204]




Adrnundsen - Results

VAF loss (Gt)
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Linear Weertman Lliboutry Cmax = 0.4
Non linear Weertman ——— Lliboutry Cmax = 0.6

[(Brondex et al, 2014]




Conclusions
- The ice dynannics stvongly depend on the
choice of the fovrmn of the fviction law...

- and we ave ot yet sue what is the dppropviate
fovinn fov such fviction law..

- move wovk- 1o be dore... on the path of
Lliboutvy and othevs
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Objectives : evaluate, improve and validate various friction laws in a natural,
geophysical scale configuration

Methods : Observation combined with theoretical and muodelling works

Site study : Argentiere glacier (French Alps)

Involved lab : IGE, IRSTEA, IsTerre

www.saussure.osug.fr



~ meters

ffect (double sinus)

water cavity
under pressure

30 40
ub/(C"N”AS)

C value lowey : peak- veached fov loweyv watev pvessuve
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