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.-\BSTH.ACT. The fund a menta l equat io ll for the long itud ina l stress a nd stra in-ra te g rad ient 10 1' ice masses 
with sma ll slope (Budd , 1968) has been deri ved exactl y ror a ny slope by Nye ( 1969) who shows tha t by using 
a va ri a ble longi tudina l axis inclina tion, pa ra ll el to the surrace, this eq ua tion ta kes on its simples t form . 
However for the integra tion of this equation a long the ice mass to obta in stress a nd strai n-ra tcs it is necessa ry 
10 use a fixed axis direction. H erc the eq uat ion is deri ved generall y for a longitudina l ax is or a rbitra ry 
inclina tion, from which the relation between the expressions ror the runda menta l eq ua tion wilh respec t to any 
longitudinal axis incl ina tion such as pa ra ll el 10 the surrace, pa rall ,,1 to the base o r hori zonla l, is readi ly 
discerned. 

An exp ress ion fo r the long itudin a l stra in-ra te is d eri ved to ob ta in the Aow law rrom longitudin a l stress 
a nd stra in-rate measurements. A single " genera li zed viscosity runc tion" is introduced to a"oid the compli ca­
tion of both the power Aow-Iaw pa rameters va rying with t ress . 

R ESUME. Th e French rewme will be round on p . '2 7· 

ZUSAMM ENFASSUNG. Die Gradimtell der Liingsspallllllllg lIlId der Diformatiollsgeschwilldigkeit ill Eislllf/SSell. Die 
Fundamentalgleichung rur d en Gradienten der Uingssp a nnung und de l' Derorma tionsgeschwindigkeit von 
Eismassen mit geringer OberAachenneigung (Budd, 1968) wurde von Nye ( 1969) exakt fur j ed e Neigung 
a bgele itet. Nye zeigt, dass bei Verwendung cin er ve ra nderli chen Inklination d el' Uingsachse, pa ra ll el zur 
OberAache, di ese Gleichung ihre e inrachste Form a nnimml. D ennoch ist es no twendig, bei der Integra tion 
dieser G leichung entlang der Eismasse zur Ermittlung der Spannung und Deformationsgeschwindigkeit e inc 
reste Achsri chtung einzuruhren. Hier wird die G leichung generell rlir cine Langsachse von beliebiger 
I nklination a urges tellt , wora us die Bezichung zwischen den Ausdrlicken rur die Fundamenta lg leichung mit 
Rli cksicht a ur irgendeine Achsneigung, wie etwa pa ra ll el zur OberA ache, pa ra ll el ZUm Un tergrund od eI' 
hori zontal , leicht hergeleite t werden kann . 

Ein Ausdruck flir die La ngsdeformationsgeschwindigkeit wird a bgeleite t, um die a us dem Fliessgese tz 
folgende Beziehung aus Messungen del' La ngsspannung und del' Deforma tionsgeschwindigkeit zu erhalten. 
Eine einzclne " generali sierte Viskos ita tsfunkti on" wird e ingeru hn, um del' K omplikat ion d el' beiden Pa ra­
mete r des exponentiell en Fliessgesc tzes, di e sich mit de l' Spa nnung andern , zu begegnen. 

I . I NTRO D UCTION 

Equations for the longitudina l stre s and strain-rate in ice masses have been d iscussed by 
many authors including Shumskiy ( 1961, 1963, 1967), Lliboutry (1964- 65, T om . 2 , p. 631 - 40), 
Robin ( 1967 ), Budd (1968, 1969), Collins ( 1968), and Nye ( 1969) . R obin ( 1967 ) showed that 
from measured ice thi ckn ess and accumulation profiles and an assumed Row la ,,' of ice, steady 
state longitudinal strain-rates, stresses and surface slopes can be calculated which a re in 
agreement with the m easured surface-slope variations. Budd (1968) showed how measure­
ments of surface strain-rate and ice surface and bedrock profil es may be used (0 d etermine the 
ice Row-law parameters. Furthermore it was shown that the longitudinal stra in-rate gradi ent 
varied with deviations of the local surface slope. Collins ( 1968) used a sys tem wi th hori zon tal 
and verti ca l axes to derive an exact equation for the 10ngilUdina l stress deviator to examine the 
conditions under which Robin 's result app lied . 

The present study arises from a valuable discussion with Dr Nye who examined the 
approximations used in the a uthor's original theory and showed (Nye, 1969) that an exact 
formulation of the equation for the longitudinal stress d eviator g radient is simplified by 
referring the components to a longitudinal axis inclined parallel to the surface. H owever, since 
the surface slope vari es a long the ice mass, several difficulti es a rise with such an expression. 
T o integrate this equation along the ice mass it is necessary, if curvilinear coordinates are to 
be avoided , that a system with fixed axes be taken. It is also necessary to take the surface and 
base coord inates variable a long the ice mass. In some contexts it is required to know the 
components of the stress deviator and strain-rate with respect to axes in o ther directions sueh 
as parall el to the bed , or horizontal and verti ca l. H ence the following approach aims at 
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20 J O U R NAL O F GLA C I OL O GY 

deri ving the equa tion for the longitudina l stress devia tor g radien t as genera ll y as possible for 
two di mensions with respec t to orthogonal axes (x, z), fi xed in space bu t with a rbi tra ry 
orienta ti on. 

2 . D E R IVATION O F LONG IT D INAL STRESS D EV IA T OR G RA DI E NT W ITl-I RESP ECT TO A LONG IT li DI :\ .-\L 

AX IS OF ARBITR A R Y I NC LI NATIO N 

2 . I . l ntegration qf the equations of motion 
T \\'o-dimensiona l m otion or " pl ane strain-rate" only is considered . 
We adop t a righ t-ha nd orthogona l system of axes , x, z such tha t the horizon tal is incl ined 

a t a n a rbitra ry angle X to the positive x direction . All a ngles will be ta ken positive for a n 
a nti clockwise rotat ion from lh e x-ax is (see Fig. I ) . 

z 

o 

ICE 

-fJ 

x 
Fig . I . Coordillate S)'stem alld d~fill ilio ll q[ qualltities. 

Let - a be the surface slope of the ice mass at posi ti on x, - (3 be the basal slope of the ice 
mass at posi tion x, z , be the ordi nate of the surface at position x, Z2 be the ordinate of the 
base at position x, write Z = Z , - Z2 for the ice thi ckness at x a nd - (J = - a- x. 
- </> = - f3 + x, for the slopes of the surface and base with respec t to the x-axis. T he sll·es,. 
com ponents at (x, z) are denoted by (a x, T X Z az) . W e cons ider an ice mass of constan t density 
p. Let g be the gravita tiona l acceleration , a nd wl-ite gx = + g sin X, gz = - g cos X fOl" it ;; 
components in the di rec tions of the axes. 

T he equat ions of equili brium for slow steady motion may then be writ te n as 

ou x OTxz 
2x+~+pg~; = 0, ( I ) 

2uz CT.c z 
Tz + Tx"" + pgz = o. 

T hese eq uations are true everywhere in the ice mass for a ny such system of axes so defined . 
W e require a n expression for the longitudina l stress deviato r u ; = t(u x- uz). H ence 

we di fferen tiate Eq ua tion ( I) wi th respec t to z and Eq ua tion (2) wi th respect to x and 
sub tl-act to yield 
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LONGIT U DINAL ST RESS AND S TRAIN-RATE GRAD I ENT S 21 

Th i~ l'Lj ualion a lso does not depend o n the choice of thc ax is orientati on, ] t is on ly \I'hen t h i ~ 

eq uatio n is integrated that it becomes necessal'y to sp ec ify the boundary conditions in term ,; 
of t he axis direction, 

W e int egrate Eq ua ti on (3) with respec t to z from z , to .:: 

fa z) cax) (' TU ') [ T :rz J" C' T U - -" +- +-,- - - + - ''- ' d.::, 
(X z, 2x z, rz z, 2z ex-

Frolll Eq uation ( I ) we not e a t the surface that 

, +" 2ax) 2T .'z ) 
ex z, rz z. 

- pgx , 

H ence, using thi s, Equa ti on (4) may be writt en 

0UZ ) - - a - --- P~:r ,..., 
ex z, 

(6) 
, . 

.\0\" integra ting again with respec t to z, thi s lime from z, to Z2, noting the first t,"o terms 
011 the ri ght arc constant with .:: and a lso ,( = z , - z" gives 

(7) 

This eq uation is exact and expresses the mean longitud inal stress deviator g radi ent in term 
of the boundary conditions a t the surface a nd base of a column of ice, We sha ll shortl y 
examine the surface a nd base boundary conditions in deta il. But first i t is often req uired to 
integrate thi s equat ion with respect to x, To do thi s we note that the left-hand side may 
be \lTitt en 

z, 

J
':' '( ) (' J (a ", - uz) dz 

r ax- az d _ <, _ Z _ ----':c...._-",, ___ _ 

(X ex 
(8) 

2, '2, B Ol/lldal) 1 cOllditiolls 

At the surface we make the assumj)tioll that the shear stress para ll e l to the surface is zero, 
a nd t hat the normal stress is the atmospheri c pressure p, 

H B is the angle between the x-axis a nd the surface, then using the standard formula 
for the rotation of axes, the normal a nd shear stresses are rela ted to the compon ent s in the 
,\' . .:: direc ti ons a t the surface by (cr. e.g , Jaeger (1962)) 

- f) = a :ts in2 8- 2T,f z sin Bcos B+ uzcos2 B, 

o = (a x- az) sin B cos B-+- T:tZ (sin: 8- cos2 B), 

h))' Eq ua ti on (8) lI'e r eq uire onl y Eq ua tion ( 10) in the form (di viding by cos: B) 

(a x- az)z , tan B = Txz, ( I - tan 2 B). 

(9) 
( 10) 

Similarly at the base, if - Tb is the basal shear stress pal'a ll e l to the bed , \I'here - </> is the 
angle between the base a nd the x-ax is, then 

- TiI = - (ax- az) sin cp eosrp+T,rz (cos' rp -sin 2 rp ) 
a ne! I hc- rcfore 

( 12) 
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" " 
S· 0"" ,/. d O"' , O · E . () ( ) d (8) E . ( \ d II1ce Tx = tan'f' an Tx = tan , USll1g ' quatIOns I I , 12 a n In qua llon 71 an 

z' 

\\Titing - Z (ux- uz) for J (ax- a z) d "" 

The term o::>a
z
) is zero for points where the surface is parall el to the x-axis. For Olher 

uX Z I 

slopes however this term depends on the longitudinal stress and stress-gradiellls and the 
curvature of the surface. We now evaluate this term in full to show under what condi tions 
it may be appl"Oximated by pgz tan O. 

lf s denotes the distance a long the curved surface, 

c a z cOz oOz I 
- -tan 0+---

C:'" 'Os cos O· 
( q ) 

Using Equat ion (2) this may be writ ten 

oaz aT xz oaz I 
::>x + pgz tan 0+ - ::>- tan 0+ - ,,- --0' 
u uX os cos 

Similarly expanding GTxz/GX a nd using Equation (I) gives 

oaz OTXZ GTxz sin 0 oaz I 

rx - + pgz tan 0+ 2", tan2 O+ ---a;:- cos' o+ Ts cos fJ 

oa x ihxz sin fJ oaz I 

= pgz tan 0- 'Ox tan' fJ - pgx tan' fJ + ---a;:- cos' 0+ & cos O· (15) 

:\ow at the surface if an, a] are the normal and longitudina l stresses and a; = t( al - an ) 

H ence 

and 

TXZ = a; sin 20 and az = an cos' O+ at sin2 O. 

" oa z 

cs 

OTXZ ca;. ' ofJ 
---a;:- = Ts Sll12fJ + a l 2 cos 2fJ as 

GO Gal GO 
- an 2 cos 0 sin 0 'Os +Ts sin' O+ a l 2 sin e cos e os' 

Substituting in Equation ( IS) and taki ng surface val ues 

oa z) oax) Ga; . 
= pgz tan 0- - ::>- tan' fJ - pgx tan' fJ + -

2 
2 Sill 0 tan 0 + 

2x z, eX z, S 

, 00 00 i'a, cO 
+ a,2 COs2etan O~- an s in 20-1' +~ sin 0 tan O+ a, sin 20-;:;-. 

uX s cs ( X 

Hence to take as the first approximation 

Gaz
) ~ pgz tan 0 ex z, 

it is necessary (and sufficient provided the longitudinal stress and stress gradients a re not 
I oe I aa, 

too large) that not only the slope e be small but also the slope g radien t, i. e. - - ~ - -e 'Os a l as 
or less. Since the longitudinal stresses vary with the surface slope this is usually the case. 
However abrupt changes of surface slope or so-ess (e .g. surface crevasses) will not be coyered 
by the approximate formula . 
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LONGITUDINAL STRE SS AND STRAI N -RAT E GRA DIE NT S 23 

Finally subst itu ting Equation ( 16) in Equation ( 13) and writing the componen ts or g in 
full gin:s 

cZ (u x- u z) ca x ) 
2 - = pgZsinX - pg,(cos xtanO - '(T tan'O -

.\ eX z, 

cal ' 00 ao 
- pgZ sin X tan' O+ Z ~ 2 sin 0 tan O+ al Z2 cos 20 tan 0 -;:;- - Za n sin 20-;;-+ 

cS ex cs 

Thi ~ equation is exact, it has a rbitrary orientation X for the x-ax is, and a pplies everyw here 
a long the ice mass with the same recti lineal' coordinates, and hence it may be directly integrated 
with respect to x, without resorting to curvilineal' coordinates. From thi s equation th e 
conditi ons requil'ed for various simplified forms may be determined. 

2. 3. Sfiec£al cases ~f longitudillal axis £nclinatioll 
( I ) Small slopes. 

For small slopes X, 0, </> and slope gradients (i. e. neglec ting second and hig her orders) . 
a ll except the first two and last two terms on the right of Equation (17) are negligibl e so that 
it red \lces to the form given by Budd ( [ 96S) 

azu~ [ [ ff 0
2 

TX7 ] -~ -' = - pgZ (a - f ) - --- dz dz 
rx 2 ox' 

where u~ = l (u x- uz), f = Tb / pgZ, a =, O- X' In thi s case only the surface slope is relevant 
a nd it is therefore imma terial whether the axes are taken horizontal , parallel to the sLl1·face 
or parallel to the base. The senses of the signs in Equation ( [ S) are such that an increasing 
tension in the direction of motion is required to balance either a smaller negative slope 
(downwards in the directi on of motion) or a greater basal stress against the direc tion of motion. 

Other simplified forms of Equation ( '7) may be readily obtained by choosing the longi­
tudinal axis horizontal (X = 0), parallel to the surface (0 = 0, X = a), or pa rall el to the 
base ( </> = 0 , X = fJ ), at som e particular position. 

(2) For the longitudinal axi s x para ll el to the surface a t some position we have X = iX , 

e = o. </> = iX - fJ , and Equation ( 17) reduces to 

az (u x - u z) . Tb fj' a' Txz a. = pgZSIl1a - Txz. tan 2 (a - fJ ) + --).. + - 2 .2 d zd z . x . cos' 't' X 

An alternative form may be obtained directly from Equation (7) 

Z: 

I a( a x - az) . 11 02 Txz "' . dz = pgZsIl1 a - Txz, + - ",-dz dz . 
ox ex' 

These results correspond to the form derived by Nye ( 1969) except that here ,( is no t 
necessarily constant, and the no-slip condition at the base is not required (i .e. (ax - az ) is 
not necessarily zero, and Tb is given in general by Equation ( [ 2)) . 

For small (a - fJ ) these results a ll reduce to Equation ( IS) above. However, since the 
x-axis here is parallel to the surface, whose slope varies a long the ice mass, this equatio n 
cannot be readily integrated with respec t to x without resort to curvilinear coordinates. 

(3) For the x-axis parallel to the base, X = fJ, 4> = 0,0 = rx - fJ· Equation (17) becomes, 
for ~mall (rx - fJ ), 
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2 G,(a; 
--~ -' = pg,(sin f3 - pg,(cos f3 tan (a - f3 )+ pg,(sin f3 tan' (a - f3 )+ 

ex 

.: ' ..:: , 

For both small (a - f3 ) a nd f3 this immediately reduces to the form of Equation ( [ 8) . This 
equation is also useful in the case o[ small (a - f3 ) but moderate va lues of f3 and if the x-ax is 
is chosen parallel to the average basal slope over the length , then it may be readil y integ ra ted 
with resp ect to x . 

(4) For the x-axis horizontal X = 0 , 8 = a , c/> = f3 . This form may be useful fo r con idering 
a wedge-type profile say nea r a terminus, with sma ll f3 and oa/ ox bu t moderate a. T n thi s 
case if the longitudinal surface stress and slope g radients are not la rge Equa tion ( 17) 
reduces to 

2 2,(a~ oal . ff 0' T XZ 
---0- = pg,( tan 8+ ,( --:;- 51118 tan 8+ T.OZ , ta n' 8+ Tb+ -,,-.,-dz dz . 

ux uS ( 'x-

Again even for moderate 8 this equation differs only slightly from Equa ti on ( 18) . 

3. A pPLICATION T O THE ST UDY OF LONG ITUDI NA L STR AIN-RATES 

3. I . Preliminmy comments 
T he theory so fa r, [or stresses, is exact and applies generall y (for slow creep) \I·ha tcn:r thc 

fl ow la\\". The appli cation of this equation to the study of fl ow properti es o[ ice masse from 
elevation and bedrock profi les a nd surface strain -I-a tes, requir'es some additi ona l less >uu­
stan tiated a ssumptions. 

Before examining the fl ow law, it is necessary to ma ke a comment concerning thc second 
term on the right of Equa ti on ( 18) viz . 

T = J J a~:2xz dz dz. 

T his term will be di scussed in a separate pa per concerning ice fl ow over undulations 
(Budd, (970), but it has a lready been indicated (Budd, 1968, (969) that T is import a n t fo r 
small wavelength undulations (,\ ~ 3..('). T is zero [or ,}, xz constant or increasing linea rl y 
with x, but for flow over undula tions it enhances the relative maximum ex tension on crcs ts 
and compression in troughs, su ch that Equation ( IS) may be writ ten 

aZa~ 
- ,,- = t p,, 7koa 

ex - " ,"" 

4
7T

' ( ,() ' where GC!. = a s - ex , k c:: I +3 I -»- I for long waves, as is the local surface slopc a nd ,t 

is the mean slope over c. 10 to 20,(. 

The assumption of replacing Tb by pg,(ex is la rgely empiri ca l (er. Budd , [ 968) but it is a 
good approximation provided ex is calculated over such a distance that the longitudina l stress 
is unimportan t (x > C. IO,() . Severa l earli er workers (R obin , [ 967; Budd, 1968 ; Collins. 
1968) have used a power law for fl ow, say 

Ex = (~r 
a nd replaced a~ in E quation ( IS) by BE xl/". This is in ma ny insta nces unsa ti sfactory since it 
neglects the effect of the ver tical shear. The ques tion a ri ses: is the longitudinal strain-ra tL' 
much higher in regions of high verti ca l shear fm- the same va lues of long i tudin a l stre, s dC\'ia to r 
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a nd ice temperatures? For Newtonian flow it would not be, bu t for a high power law for 
ROI.\- it would be. 

T he following analysis aims at devising a method to answer ques tions such as this by 
determining the Row law from m easurements of longitudinal stress and strain-rates in regions 
\I'ith diffel'ing degrees of verti cal shear. 

3.2. Derivation oJ the flo w law oJ ice from the lOllgitudinal stress and strain-rate gradients 
To convert the equation for longitudinal stress gradient to an equation in strain-rate 

gradi ent it is n ecessary to re-examine the flow law of ice . 
With a power law for Row it is only satisfactory to replace a; by B~xl / n if T XZ ~ Hax - a z) 

or if 11 :::::; I. In practice (M cLaren, 1968) T XZ is often much larger than 17;_ The majol" 
problem then is to consider the relation between a; and ~ x when T xZ is not necessarily sma ll . 

"Ve abandon the power- law formu lation of the stress- strain-rate relation for ice 

. Hn-r 
Eii = ~ aii (23) 

\I·herc a ; j is the strcss deviator and T the octahedral shear st ress, since 1/. and B are both found 
to vary with stress. r nstead we adopt a single-parametel" " generalized viscosity" relationship 
of the form 

Eii = -aij (24) 
'Y) 

where 'Y) ( T , B) is a fun ction of both stress and temperature. 
For the octahedral shear values of stress T , and strain-I"a te E, Equation (24) gives (cr. 

'[\:ye, 1953) 

H cnce 
T 

'Y) = -;-. 
E 

This may be regard ed as a n alternative definition of 7]- Equation (25) may be regarded as 
the fl ow law of ice, and for each constant temperature represents a single curve on the E 
versus T diagram. It is these curves we wish to determine . The important result is that [or a 
givcn stress state the longit ud inal stress and strain-rate have the sam e ratio as the octahedral 
value,. 

So, substituting for th e average longitudinal stress deviator through the ice column 
a.; = 7]E:r in the equation for stl"ess gradi ent ( 18) 

ca; 02 XX T XZ dz d z 
rx = tpg(a - J ) - ~ 2X2 

\I'C ob ta in 

(as a definition ofkoa*, cr. sect ion 3. 1) (29) 
x 

o r 'Y)E x r::. = tpgk f 8a* dx. 

,\, 

W e nO\I' defi ne a we ighted mean flow parame ter 'Y)* thro ugh a verti ca l co lumn by 

7]E 
'Y)* = -=; 

E 
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Then by integrating Equation (30) (for flu ctuations around a mean value, i.c. laking 
for Dex* = 0) 

or 

where 

i = -- Dex* dx - pgk J 
x, 2"'1* 

-: - I 

E x = -ax 
"'1* 

a~ = tpgk J 8ex* dx. 

EX , == 0 

(3 1 ) 

H ence from the ratio of the longitudinal stress deviator a~ to the longitudinal strain-rate Ex 
we obtain "'1* for that T and 8. We now use these values of "'1* and T to determine the flow 
law in terms of octahedral values. 

Since in terms of the octahedral values "'1* = f f;' we can now obtain the flow law of ice by 
ca lculating E from "'1* and f for each value and illustrate this by then plotting E against 1'. 

For two-dimensional flow the octahedral shear stress l' is calculated from 

taking and a ~ = t pgk J Oex* dx. 

H ere & is taken as the mean surface slope over a distance x about ten times the ice thickness. 
The approximation in Equation (34) is expected to be close since T XZ increases linearly with 
depth and a~ only varies slightly in the upper layers. 

These values of stress are derived directly from the m easured elevation and ice thickness 
profiles. The surface strain rate Es can be measured, but to obtain the average strain-ra te 
through the column something must be known about the ratio Es/7.x = A say. 

This normally requires information on the velocity- depth profile. However if the ice 
is not slipping at the base then we may expect the strain-rates to vary with depth in a similar 
way to the velocity V, i .e. 

For cold ice caps the velocity profile depends on the temperature profi le and estimates call bc 
calculated (cr. Budd, 1969). 

In the absence of a velocity profile the value of'\ can be assumed to lie between ~ (fOl­
viscous flow with no slip) and I (for block sliding) being near 90 % for typical ice cap tempera­
ture profiles. In terms of the m easured surface strain-rates, then , we may write 

Es = :::A J Oex* dx or YJ* = ~:. Cn ) 
From the measured variations in surface strain rates i s, and surface slope ex, the generalized 
viscosity YJ* (f , 8) can be determined from Equation (37) and then using the values of mean 
octahedral shear stress from Equations (34) and (35), and for the mean temperature for the 
column at that position, a point on the stress- strain-rate relationship i ( f , 8) can be estab­
lished by plotting 

versus f . 

Strictly "'1* (1' , 8) is not a unique single-valued function of l' and 8 because iL depellds not 
onl y on the m ean values but also on the vertical distributions of 8 and T . However until 
more is known about the vertical distribution of longitudinal strain-rate this method provides 
a useful m eans of analysing measured surface longitudinal strain-rates in regions of di ffe ren L 
mean temperaturc and stress. 
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LONG IT U DINAL ST R ESS AND ST RAI N -R ATE GRA DI ENTS 27 

T o obta in the complete se t of curves for E( f , e), many values of Es covering a wide range 
o f shea r stl"ess T a nd temperature e are required. For a typical cold ice cap the ice temperature 
(j and the sheal' stress f both generally incl"ease from the inla nd towards the coast a nd hence 
each contribute to higher l /ri* values (i. e. Ex/a; ratios) near the coas t. For tempel"ate ice 
masses (at pressure melting point throughout) we may expect the variations in the ratio of the 
longit udinal strain-rate to longi tudinal stress to d epend just on the variations in the magnitude 
of i he oc tahedral shear stress . 
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R ESUME. La collt ra illte longitudinale et le gradienllongitndinal de vitesse de d~forlllation dans les agglollleratiollJ de glace. 
I. ·equat ion ronda menta le de la contra inte longitudina le et du grad ient d e vitess" d e deforma tion pour d es 
Illasses de g lace it ra ible pente (Budel. 1968) a e te derivee exactement pour chaque pente pa r Nye ( 1969) . 
Cc demier montre qu 'en se servant d 'un axe longitudina l d ' inclina ison va ri a ble, para llele it la surrace. cette 
,equa tion prend sa p lus simple express ion . Cependa nt , pour l' integra tion de cette equa tion le long d e la 
lllasse de glace pour ob tenir les vitesses d es contraintes et des deformations. il est necessa ire de se se rvir d'une 
di rec tion d 'axe fixe. Ici I'equation es t de ri vee genera lement pour un axe longitudina l d ' incl inaison a rbitra ire. 
de laquelle est reel lement distinguce la rel a 1ion entre les expressions de I'equa tion rondamenta le en l.ena n1 
compte de toute inclina ison d 'axe longitud ina l te ll e que pa ra llele it la surrace. parallele it la base ou hori­
zontale. U " e express ion pour la vilesse de deforma tion longi tud ina le es t dh ivee pour obtenir la lo i d 'ecou­
lement des I11csures de la contra in1e longitud ina le et de la vitesse de deforma tion. U ne simple roncti on de 
vis,osite genera li see est introduite pour evite r h com plica tion a la ro is des pa ra metres de loi d '<'coul pment 
e t d e S3 puissa nce va ria nt /l vec la contraint e . 

https://doi.org/10.3189/S0022143000026769 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000026769

