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Creep Problems in Soils, Snow and Ice1)

Problèmes de fluage (rampement) dans les sols, la neige et la glace

by Prof. R. H a e f e l i , Laboratory for Hydraulic Research and Soil Mechanics, Swiss Federal Institute of Technology, Zurich, 
Switzerland (VAWE)

Sommaire

E n  m an ière  d ’in tro d u c tio n  o n  sou ligne  le rô le  de p rem ier  p lan  

jo u é  p a r  la rhéo log ie  d an s les recherches su r le fluage e t l ’o n  esquisse 

u n e  brève co m p a ra iso n  en tre  les ph én o m èn es de  fluage observés 

d an s  la  co u ch e  neigeuse, les so ls e t les g laciers. S ous la  ru b riq u e : 

essais en  lab o ra to ire s , d ifférentes m éth o d es s o n t passées en  rev u e  

ainsi q u e  les ré su lta ts  o b ten u s  d an s  les récen ts  essais. U n e  c o m ­

p a ra iso n  so m m aire  e s t é tab lie , su r  la  base des co u rb es  d e  fluage, 

e n tre  les phéno m èn es de fluage observés d an s des m a té riau x  divers. 

O n  sou ligne en tre  a u tre  q u ’en p rin c ip e  rien  ne  s ’o p p o se  à  l ’é tu d e  de 

l’é ta t de  c o n tra in te  d an s  les co rp s p la s tiq u es au  m oyen d ’é c h a n til­

lons c o n s is ta n t en u n  m a té riau  ap te  à  fluer. P o u r  les phéno m èn es 

de  fluage (ram p em en t) q u i se m an ifesten t dan s les m o n tagnes , on  

d ém o n tre , en  se fo n d a n t su r  la  fo rm a tio n  des avalanches, q u ’un  p ro ­

cessus de fluage a b o u tit  p rog ressivem en t à  u n e  ru p tu re  a insi q u ’on

p e u t l’ob se rv er dan s les ébou lis e t les g lissem ents de  te rra in . P a r ­

ta n t  de  q uelques o b se rv a tio n s faites en  Suisse, o n  co m m en te  les 

p rocessus de fluage e t  de  g lissem ent d an s des sols m eubles, d an s  la 

ro ch e  e t enfin  dan s u n e  co u lée  rocheuse .

P o u r  co n c lu re  o n  tra c e  u n e  brève rev u e  ré tro sp ec tiv e  d u  déve­

lo p p em en t de  la  th é o rie  des g laciers au  co u rs  de 200 dern ières a n ­

nées. P re n a n t co m m e exem ple le g lac ier d ’A le tsch , o n  ten te  u n  ap erçu  

so m m aire  e n g lo b a n t la  g ra n d e  varié té  des ph én o m èn es d e  ra m p e ­

m en t, de  fluage e t de  g lissem ent e n tra n t  en  je u  d an s  le m o u vem en t 

des g laciers e t l ’o n  c o n s ta te  q u e  la  n o tio n  de  v iscosité a p p a re n te  en 

facilite l’ap p réc ia tio n . L a  fo rce  érosive  du  g lacier, qu i a  g ran d em en t 

co n tr ib u é  a u  m odelé  des rég ions alpestres , est é tro ite m e n t liée au  

g lissem ent de la  glace su r  sa  base.

In tro d u c tio n

In the Alps we are always coming across the manifold effects 
of creep phenomena which appear in the snow cover, in the 
soil or in the glaciers. They reflect not only the fact that these 
natural phenomena are ruled by time, but also the general 
characteristics of the creep and flow process which is closely 
related with the most diversified fields of materials engineering 
and of natural sciences. Creep is a process which affects, to 
some extent, not only all loose aggregates, but also all solids. 
Research on this process, which has barely started, requires 
the co-ordination of long-term laboratory tests and field ob­
servations.

Unlike elastic deformations, creep means the slow change 
in shape which takes place continually as a consequence of 
constant or continually changing shear stresses. In nature the 
shearing stresses which are an essential condition of creep are 
primarily a result of the force of gravity. Rheology is a branch 
o f physics which deals with deformation and flow of materials, 
and is therefore competent for the estimation of the pheno­
mena in question since it has worked out a basis for investi­
gation, theoretical as well as experimental. According to the 
international rheological nomenclature, the scientific notion

')  Revised and supplem ented version.

“ creep” is restricted to cases of temporary deformations which 
slowly re-form after the removal of the load, whereas lasting 
deformation is termed “ flow” .

Although fundamentally the introduction of the rheological 
terminology is highly desirable for the study of the phenomena 
investigated here, a t present it is almost impossible to  dis­
tinguish strictly between “ creep” and “ flow” as defined by 
the nomenclature mentioned. The term “ creep” is so widely 
used in soil mechanics as well as in geotechnical literature or 
in the publications on snow and concrete research in the mean­
ing of continuous and permanent deformations tha t it would 
be misleading, particularly for the engineer, to replace it by 
the term “ flow” . Only the glaciologist does not apply the 
term of “ creep” when speaking of the motion of the glaciers, 
but terms it “ flow” in accordance with the new rheological 
terminology. In the following article both terms are used as 
synonymous.

I should like to say a few introductory words to outline some 
facts and problems concerning the creep process within diffe­
rent materials. Creep or flow processes within the snow cover 
are particularly distinct and therefore suitable for observation 
purposes (Fig. 1). The internal deformation that occurs con­
tinually within an inclined layer of snow yielding under its own
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weight, which is due to the metamorphosis of snow, clearly 
shows two com ponents: i.e. a settling com ponent which is 
perpendicular to the surface of the slope, and the creep com­
ponent proper, caused by shear stresses, which appears as a 
displacement parallel to the slope. Furtherm ore there fre­
quently occurs a slow sliding of the whole snow layer along 
its base.

Creep movements are of great magnitude in the glaciers 
(Fig. 2). The “ flow” of the glacier results not only from the 
continuous internal deformation of ice, but also from the co­
ordination of creep process proper with slides which chiefly 
occur at the glacier bed, or less often along discontinuity planes 
and planes due to shear failures inside the glacier. This de­
monstrates again the affinity with similar processes observed 
in soils and in the snow cover.

The following relationship shows that the creep phenomenon 
should be considered not only as an interesting characteristic 
of the material, but also as a factor contributing to the creation 
of loose rocks; by creep-flow and slide of the ice, in turn 
considerable quantities of morainic material are carried inside 
the glacier and on its surface. In saying so I have in mind 
the glaciers of the ice ages which once covered the Swiss Central 
Plain and gave it a new shape, partly through erosion and 
partly through the enormous glacial deposits they left. Certain 
loose rocks owe their origin to the creep motion of the glaciers. 
On the other hand, W . P e n k  (1924) proved that the upper soil 
layers, exposed to  weathering, creep slowly towards the valley 
just as a glacier does, even when the inclination of the terrain 
is slight.

The technical and physical problems thus arising are no 
less complex than creep itself: for example, the creep move-

Fig. 1 Creep Profile o f  the Snow Cover—Test Tim e 66 Days, 2660 m 
above Sea Level
Profil représentant le fluage (ram pem ent) dans la couche neigeuse 
-  D urée de l’essai 66 jours, a ltitude 2660 m au-dessus du niveau 
de la mer

Fig. 2 T he G éant— or Tacul— G lacier and M ont Blanc seen from  the
Aiguille du D ru
Le glacier du G éant -  ou T a c u l-e t  le M ont Blanc vus de l’Aiguille
du D ru (photo A. Roch)

ments of natural slopes affect their stability and may endanger 
the structures built on them. Such structures must either be 
capable of adaption to these movements or made secure. In 
the latter case, the question arises as to the magnitude of the 
creep pressure. The determination of creep pressure is there­
fore the fundamental problem in avalanche protection works 
in the areas of release of avalanches, in other words, the ques­
tion arises how to support the creeping snow layer by resistant 
structures in order to prevent the release of avalanches (Fig. 2a). 
The problem is much more difficult in the case of a structure 
“ suspended” in a creeping soil. The structure has to be made 
stable, as was the case with the bridge built across the river 
Landquart at Klosters (H a e fe li , S c h a e re r , A m b e r g , 1953) (Fig. 3). 
The left abutm ent o f the arch had to be braced against the 
right abutment by means of a horizontal strut of reinforced 
concrete the size of which had been determined so as to with­
stand the creep pressure. Once the bridge had been recon­
structed, we tried to establish the magnitude of the creep 
pressure, and its changes with time. This was.done on the basis 
of the measured changes in the length of the horizontal strut. 
However this is possible only if creep within concrete, that can 
be considered as an artificial rock, has been taken into con­
sideration. With due regard to the basic preliminary work of

239



Fig. 2 a Avalanche Protection W ork in Breakaway Z one— Light Metal 
Snow Bridge
O uvrage de protection dans la zone d ’arrachem ent -  Pont de 
neige en métal léger (photo Lehner, Sirnach)

the rheologists (B in g h a m  and R e in e r , 1953) it is largely thanks 
to the recent development in pre-stressed concrete that we have 
become better acquainted with the creep processes in concrete 
(B irk e n m a ie r , 1952).

N atural rocks are also subject to certain creep processes, the 
investigation of which is of practical as well as of scientific 
interest. On the one hand, the evaluation of the pattern of 
stresses in large concrete dams, which changes with time, con-

Fig. 3 L andquart Bridge (R haetian Railway C om pany) after Recons­
truction  in 1944
Pont de L andquart (Com pagnie des Chemins de F er Rhétiques) 
après reconstruction en 1944

Fig. 5 Device for Creep M easurem ents W ithin the Snow Cover (Slope 
o f  the Snow Layer 45°, Dial Gauges fA and [/,) see M it­
teilungen N o. 2, Versuchsanstalt für W asserbau und E rdbau, 
Eidgenössische Technische H ochschule Zürich 
D ispositif pour la m ensuration du fluage (ram pem ent) dans la 
couche neigeuse (inclinaison de la pente 45°, com parateurs U, 

et Uz) cf. M itteilungen N o 2, V ersuchsanstalt fü r W asserbau und 
E rdbau, Eidgenössische Technische H ochschule Zürich

Fig. 4 Form ation  o f  Folds in the Snow Cover Sliding Slowly on a 
Grassy Slope— Davos, December 1936
Form ation  de plis dans la couche neigeuse glissant lentem ent sur 
un versant herbeux -  Davos, décem bre 1936 (photo R. Haefeli)
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fronts the civil engineer with problems in which not only creep 
within the concrete, but also possible creep processes in highly 
stressed zones of the rock foundation have to be taken into con­
sideration. On the other hand, it is quite probable that the 
slow and rupture-free deformations of the earth’s crust are 
partly attributable to creep processes which, for very high 
temperatures, near melting point, are related to those of gla­
ciers, and for norm al temperature, to those of a concrete 
whose long hardening process is completed. Also the magni­
ficent structure of the Alps, and of other m ountain systems 
all over the world, bring the geologist and the mineralogist 
closer to  creep and flow problems in rocks (C a d isch , 1953) 
which are i elated to the whole tectonic of m ountain for­
mation ( T e rza g h i, 1953; L u g e o n , 1922). On a small scale, 
even the snow layer demonstrates how, for temperatures close 
to the melting point, the combined actions of slide and creep 
processes can lead to the form ation of folds (Fig. 4). Creep 
processes bring theoretical science as well as practice close to 
complex and fascinating problems which call for the increased 
co-operation of geologists, rheologists and engineers if they 
are to be solved.

L ab o ra to ry  Tests

The possibility of investigating independently in laboratory 
tests certain phases of the creep process, or certain influences 
contributing to this process, should be evaluated in full aware­
ness o f the fact that these phases are merely components of the 
natural process as a whole.

One of the simplest ways to carry out creep tests is to use dry 
snow with which the most im portant natural conditions can 
be relatively easily imitated, and which already creeps inten­
sively under the sample’s own weight.

A possible arrangement o f a test which permits the obser­
vation of the deformation of an inclined snow cover evenly 
loaded on its surface is exemplified in Fig. 5. The results of 
such tests show that, with a given inclination of the layer, the

creep angle 0—i.e. the angle formed between the movement 
direction of a  point on the surface and the latter—as well as 
the rate of creep, diminish with increasing settlement and soli­
dification of the snow. This process is accompanied by a 
change in the stress pattern in accordance with known laws 
(H a e fe l i , 1942).

Considerably more difficult and time-consuming are the 
creep tests with fine-grained saturated soils such as clay and 
loam. As a result of an additional liquid phase in a highly 
dispersed system, the number of the variables increases when 
compared with dry snow. Therefore it is imperative to dis­
tinguish between creep tests in an open system (drained), in 
which pore water can flow away freely, and tests in a closed 
system (undrained). Furtherm ore it should be noted that the 
degree of water saturation connected with the vapour phase 
plays an im portant part. Since all possible combinations are 
to be found in nature, the field covered by this branch of basic 
research in soil mechanics extends accordingly. The effect of 
temperature on the creep process within unfrozen soils, which 
is still almost unknown, should not be neglected a priori. On 
the other hand, it is obvious that soil creep in permafrost 
regions raises problems which can be solved only in research 
closely linked with soil mechanics, ice mechanics and glacio­
logy ( T e rza g h i, 1952).

The ring-shear principle can be applied in investigating 
creep processes in clayey soil samples, consolidated and drained 
(open system), but then the disturbing effects exerted by the 
lateral friction should be taken into account and reduced as 
much as possible (H a e fe l i , 1942).

When after consolidation a soil sample is subjected to a 
continuous shear stress with unchanged vertical stress, the 
m ajor to tal principal stress increases, which results firstly in 
pore water being stressed again, i.e. in a change in the neutral 
stress. The subsequent stress metamorphosis comprises the 
relaxation of the pore water pressure and a corresponding 
change in size and direction of the effective principal stress. 
As is the case for an inclined snow layer and all open systems,
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AG - 2Tmax ,n -——>
C± - Consolidation pressure , Konsoiic/aHonsc/ruck 

Temperatur = 16°C 

x mit Seitendruck, 7- '  Tag Ge = 2.0 kg/cm1 
o otine Se/tendruck jedesmat neue Probe

Fig. 6 a Creep Tests in Triaxial A pparatus (in Outline)
Essais de fluage dans l’appareil triaxial (schématique)

the creep process is accompanied by settlement (Fig. 6). In 
plotting the displacement components in a horizontal, respec­
tively in a vertical direction, we obtain the true movement of 
a point on the surface (creep angle ft), whereas from the con­
tinuously decreasing inclination of the original vertical line 
A -B , the angular velocity a> =  D , and so the apparent mean 
viscosity fi of the material, can be approximated by calculation. 
Accordingly Fig. 6 shows (top) the true creepage path A 0 — A i 
of the clay samples No. 4002, consolidated under o c =  2 kg/cm2 
in the ring-shearing apparatus, which underwent a creep pro­
cess with different shear stresses r  for 56-60 days. From  this 
representation we see, on the one hand, that the creep curve 
becomes gradually steeper in the course of a single creep test 
(increase of the creep angle ft during approximately 2 months). 
When comparing the creep paths thus obtained for different 
shear stresses (r =  0,2 — 0,8 kg/cm2) we see on the other hand 
that their mean inclination decreases with the shear stress be­
cause the horizontal component of the creepage path (A 0 — A t) 
shows a more substantial increase with r  than its vertical com­
ponents.

We have shown elsewhere how, on the basis of this exposition, 
the stress metamorphoses connected with the creep process,
i.e. the change in size and direction of the principle stresses, 
can be approximatively computed (H a e fe l i , 1942). Particularly 
worth observing is the fact that the apparent viscosity of the 
saturated clay investigated (No. 4002) strongly increased in the 
course of a 2 m onths’ creep process (under water) in spite of 
the relatively slight change in water content. In order to illus­
trate this fact Fig. 6 a (bottom) shows the strain rate, as well 
as the change in the apparent viscosity versus time for the above 
mentioned tests in the ring-shear apparatus. So far, it has not 
been satisfactorily explained to what extent the striking in­
crease in the apparent viscosity calculated from the test data 
is attributable to thixotropic effects or other influences.

Special attention should be accorded to the fact that in an 
open system, the normal increase in the rate of skin creep 
versus shear stress is valid only in the beginning of the creep 
process when the various samples have the same void ratio. 
As a result of increasing consolidation during the first period 
of the creep process, the rate of strain of the sample with the 
highest shear stress, after some time, is the smallest [cf. n  curve 
in Fig. 6 (bottom) for different shear stresses]. This fact 
exemplifies one of the fundamental differences between creep 
process in open and in closed systems.

We are indebted to E . C. W . A .  G eu ze  and T a n  T jo n g -K ie 
(1953) for considerable improvement in the method of investi­
gating creep processes. They have developed a torsion plasto- 
meter which renders it possible to test the resistance to  tor­
sional stress of a sample in the form of a hollow cylinder, as 
we have proposed for creep tests with ice (H a e fe l i , 1948). This 
experimental set-up which is particularly suitable for constant 
volume deformations (closed system) renders it possible to 
create an unvarying and relatively homogeneous state of stress. 
The state of stress in the triaxial test is less homogeneous but, 
on the other hand, this test is remarkable because of its simp­
licity and general applicability. Fig. 6 a shows the basic arrange­
ment of such tests in the triaxial cell: after consolidation a 
cylindrical soil sample enclosed in a rubber sleeve is loaded 
under a vertical stress a I  that is smaller than the consolidation 
pressure <sc. These tests are carried out with or without lateral 
pressure a n l . The settlement curve obtained with unconfined 
lateral expansion and constant volume of the sample provides 
a criterion for the creep process. The specific rate of settle­
ment (a) can be taken as an indication of the rate of creep. 
Otherwise the change in volume of the sample has to  be meas­
ured on the spot, and should be taken into account in plotting 
the test. Creep—or flow—starts with a certain critical shear 
stress r 0 which may am ount to a small fraction of the shear 
strength, and the rate of deformation increases with increasing 
shearing stress. As illustrated in Fig. 6a, the increase depends 
on the phase of the creep process under investigation, i.e. on 
the stress history and on the deformation prior to testing. With 
increasing water content, the flow curve becomes steeper and 
the critical shear stress accordingly smaller. A t the liquid limit, 
the material behaves like a viscous liquid (r0 =  0).

A saturated sample consolidated under a c =  2 kg/cm2, with 
gradually increasing shear stress r, showed the relatively pro­
nounced flow curves 1 and 2; the first corresponds to the 
average rate o f settlement during the period A  7i (5th-7th day), 
the second to the period A  T i (7th-14th day). In another series 
of experiments carried out with uniform consolidation under 
a c =  2  kg/cm2 a fresh sample was used for each creep test 
with constant shear stress. These tests, like G e u ze  and T an 
K jo n g -K ie 's  (1953), showed an almost rectilineal flow line (3); 
the extrapolation towards the left side indicates an extra­
ordinarily small critical shear stress t 0. Subsequently two paral­
lel samples were tested for each shearing strength: one with 
lateral pressure of 0.75 kg/cm2 and the other without. N o 
noticeable effect of the lateral pressure a n i  on the rate of flow 
was observed. We must take into consideration tha t up to 
now the stresses were chosen in such a way that no stressing 
o f the pore water took place, the maximum value of the first 
principal stress during creep being still sufficiently below the 
consolidation pressure. On the basis of the measured specific 
rate of settlement a , the determinative angular velocity (strain 
rate) yields co =  1.5 a for samples of a  constant volume, whereas 
the apparent viscosity may be computed with the formula 
( i  =  t / w  (H a e fe l i  and S c h a e re r , 1946). F or the point P  on the
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curve 3, we arrived, for example, a t the following values, 
among which the viscosity coefficient >i proposed by G eu ze , 
corresponding to the gradient of the B in g h a m  straight line, 
is indicated:

Numerical examples: Residual clay 4002.

Plasticity index =  34%
Consolidation pressure =  2 kg/cm2 
Aa =  0.8 respect, r 
a  =  0.04% o/day 
a> =  D  =  1.5a 
fi = r/co 

V =  T  —  TolT  ■(“

— 0.4 kg/cm2 
=  0.465 • 10-0 sec- 
=  0.7 • 10-° sec-1 
=  5.6 • 1014 Poise 
=  4.8 • 1014 Poise

The apparent viscosity n  of the consolidated sample thus 
determined is almost identical with the value obtained in the 
ring-shear-apparatus after the corresponding creep time (see 
Fig. 6).

G e u ze  and T a n  T jo n g -K ie ’s  tests carried out in clay by means 
of the torsion plastometer indicated that between the critical 
shear stress r 0, on the one hand, and a top value r 2, on the 
other hand, the strain D  =  a) increases linearly with r. This 
behaviour which was confirmed in the tests carried out by the 
Laboratory for Hydraulic Research and Soil Mechanics at the 
Swiss Federal Institute of Technology (Fig. 6a, curve 3) cor­
responds for r  < r 2 to  the so-called “ Bingham body” the flow 
curve of which is shown in Fig. 7 together with other typical 
curves. Such a com parison reveals the close Theological affinity 
between viscous liquids, clay and ice. This affinity appears 
also in the so-called “ recovery” of the material after unload­
ing, as shown in G e u ze  and T a n  T jo n g -K ie ’s  investigations on 
clay (1953) and, in another form, it is also noticeable in the 
elasto-plastic behaviour of ice.

O f importance for the stability estimation of natural and 
artificial slopes, particularly of earth dams, is the question of 
the effect of the creep process upon the strength of the material 
in a closed as well as in an open system. I t appears from  the 
investigations carried out by A . C a sa g ra n d e  and W ilso n  (1950) 
tha t this effect is often considerable and tha t it may be either 
favourable or unfavourable according to the type of material. 
I t  is reassuring to know that for an artificially compacted dam 
material, a slow load increase causing creep previous to rup­
ture results, as a rule, in an increase of the shearing strength 
of the material. A clayey subsoil may behave quite differently. 
Corresponding tests have been carried out at H arvard U ni­
versity since 1948.

F or the sake of comparison, the effect of the creep process 
on the strength of the clay tested (No. 4002) was subsequently 
investigated. The individual tests yielded the results compiled 
in Table 1. Regarding these values it should be noted that the 
slight differences found in the ring-shear apparatus between 
the shearing strength before and after 2 m onths’ creep are 
within the range of possible scatter. On the other hand, the 
triaxial experiments showed a certain increase in the compres­
sion strength in the course of the 14 days’ creep process. This 
increase am ounted to approximately 20-30% for a maximum 
shearing stress of 0.5 kg/cm2, applied during the creep process 
(see Table I, max. deviator stress d k — ^ I n ).

Triaxial tests are also suitable for investigating creep in ice 
samples; we shall refer only briefly to  this point. The types 
of ice encountered in nature are polycrystalline solids, the 
temperature of which is relatively close to the melting point. 
As emphasized by the late Prof. P . N ig g li , creep, or flow, in 
ice is, as a rule, a heat-conditioned deformation which is com­
parable to those taking place in metals of hexagonal structure,

such as zinc and magnesium, at high temperatures. The lower 
the temperature, the stiffer the ice becomes. According to 
S .  S te in m a n n  (Internal N ote No. 145, Federal Institute for 
Snow and Avalanche Research, Weissfluhjoch), besides tem­
perature, impurity plays a decisive part since a clear ice behaves 
more rigidly than a dirty one. Further, experiments carried

Table 1 Effect of Creep on the Shearing Resistance of a Clay

R ing -Sh ear T ests

Open  S y s te m  
(  D ra ined)

T ria x ia l Tests

C losed  S ys tem  
(  U ndrained)

T T Sk a m T r d k ~ ai n

0 14 0.2 1.08
16 0.2 1.02 0 14 0.35 1.18
56 0.4 0.95 0 14 0.4 1.17
64 0.6 0.97 0 14 0.5 1.29

0.75 14 0.2 1.02
0.75 14 0.3 1.08
0.75 14 0.4 1.12
0.75 14 0.5 1.21

Test m aterial: d a y  4002 from  the talus at the bottom  o f the Uetli- 
berg, Zurich

Liquid lim it =  40.9% ; Plastic limit =  16.9%; Plasticity index =  34% 
Pore w ater content = 2 5 % ; C onsolidation pressure = a e = 2  kg/cm! 
W ater content after shearing ~  21% (saturated sample) 
t  =  Shear stress during the creep process in kg/cm! 
an I  =  Lateral pressure in triaxial apparatus in kg/cm s 
a =  Vertical stress in ring-shear apparatus =  2.0 kg/cm! 
s  =  Shear strength (drained) in ring-shear apparatus (approx. 8 h) 

=  1.03 kg/cm1
st  =  Shear strength after creep in ring-shear apparatus in kg/cm s 

Resistance to compression (triaxial test, 8 ' with an l  =  0.75 
kg/cm !); d  — o j j j  =  1 .0kg/cm !
Resistance to compression after creep (triaxial test) in kg/cm 1 
D uration o f  the creep test in days

d  =

T  =

Fig. 7 Typical Flow Curves
Courbes typiques de fluage (ram pem ent)

1 =  N ew tonian Liquid -  Liquide N ew tonien
2 =  N on-N ew tonian Liquid -  L iquide non Newtonien
3 =  Bingham Body -  Corps de Bingham
4 =  Ice -  Glace
5 =  Clay -  Argile

Apparent m cosify 
Y/seos/té apparante 
Sctieinóare Zähigkeit

tg /¿ ‘ —  -  J— 
^  us 2>
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Fig. 8 Barn Lifted ofT by Creep (Glide) within the Snow Cover (Gulmen 
near Am den, 1953)
G range soulevée par le ram pem ent de la couche neigeuse (G ul­
men près d ’Amden, 1953)

out on this subject at the Laboratory of the Federal Institute 
for Snow and Avalanche Research at Weissfluhjoch, Davos, 
showed that we ought to distinguish, for monocrystalline as 
well as for polycrystalline ice, between the “ undeform ed” 
and the “ deform ed” state. As a result of deformation with­
out failure, ice apparently becomes more rigid while a struc­
tural stabilization is taking place, especially in polycrystalline 
ice. The experimental evidence brought by English investi­
gators that creep and flow velocity in ice increases exponen­
tially with shear stress {G lenn, 1952; P e ru tz , 1950) was con­
firmed by the Weissfluhjoch experiments (compare Fig. 7, 
curve 4). According to other experiences gained up to now 
it seems that an additional hydrostatic pressure, which in­
fluences the melting point, accelerates the rate of deformation, 
and diminishes the apparent viscosity; nevertheless this effect 
is one of the numerous and still unsolved questions in the field 
of creep research (R e n a u d , 1949).

A comparison between creep processes in snow, soil and ice, 
including also W in te r k o r n 's theory, i.e. that the water film 
adsorbed by the soil particles presents ice-like properties, due 
to its high pressure, deserves special attention ( W in te r k o r n , 
1943; T sc h e b o ta r io ff, 1951). Accordingly increased attention 
should be devoted to the investigation of the effect exerted by 
temperature on creep-flow processes in fine-grained soils, such 
as clay and loam.

The future development of soil mechanics will be closely 
connected with creep research, for creep plays a part, open or 
•hidden, in almost all soil mechanics phenomena. Creep takes 
place as long as the critical shear stress r 0 is exceeded. This 
applies universally: to the loading tests on a small as well as 
on a large scale, to the settlements of shallow foundations as 
well as of pile foundations. Even to day very little is known 
about the part attributable to creep processes during the con­
solidation which takes place in the oedometer and in the tri­
axial apparatus. It is necessary to consider that even the mere 
fact that two individual grains come nearer to each other, which 
is a very elementary deformation process in soil mechanics, is 
rendered possible only provided that a local deformation, 
partly due to creep, takes place at the contact zone, either in 
the solid phase or in the viscous water film. So also the slow

three-dimensional decrease resulting from a hydrostatic ex­
ternal pressure is partly due to local creep processes between 
the individual grains. In this case there are no external but 
only internal shear stresses, i.e. in the contact zone of the grains. 
Even more, a settlement taking place slowly in a vertical direc­
tion only, as e.g. in the oedometer, or in a horizontal soil layer, 
includes internal creep phenomena. These hidden creep pro­
cesses which may also play a part in the so-called secondary 
time effect are closely connected with those changes in the state 
of stress versus time, which are not controlled by the hydro- 
dynamic stress phenomena (porewater pressure).

The above problem which includes the continuous changes 
in stress due to creep is not w ithout importance for the future 
development of earth-pressure theories, for the determination 
of the stability conditions of earth dams and slopes or the 
stress distribution under concentrated loads.

For example, the horizontal pressures acting on the vertical 
planes of symmetry of a central dam core built of plastic ma­
terial depend to a great extent on the compressibility and on 
the creep tendency of the embankments on both sides of the 
impervious core. The more rigid the embankment subjected 
to horizontal stresses, the higher are the lateral pressures in 
the plastic core, and thus the shearing stresses in the dam 
foundation. Similar conditions apply to retaining walls with 
clayey backfilling where the variation in the earth pressure with 
time depends on the rigidity of the wall. It is well known that 
retaining walls founded in loose rocks undergo a noticeable 
rotational movement in the course of decades.

The considerations mentioned above show that future labo­
ratory research on creep should include also long-duration 
observations on cohesionless soils such as those used for the 
construction of embankments. Besides the creep process within 
weathered and unweathered rocks should be further inves­
tigated; this would be of interest from the geological as well 
as from the technical point of view ( T e rza g h i, 1953). A com­
parative study of creep processes in completely different m a­
terials, such as snow and ice, clay, loose and hard rocks, con­
crete, bitumen, etc. would provide welcome information.

It has been demonstrated elsewhere that there exists a well- 
defined relationship between the creep vectors of a two- 
dimensional creep process and the direction of the principal 
stresses (R . H a e fe li , 1942). Therefore, it should be basically 
possible to investigate the state of stresses within creeping 
bodies of any shape, as well as its changes in the course of the 
creep process, by means of tests providing that the critical shear 
stress of the material under investigation either is zero or is 
sufficiently small, and that methods are devised which render 
possible accurate measurement of the creep vectors in the in­
terior of the test sample.

Furtherm ore, valuable contributions with a view to supple­
menting laboratory tests could be furnished by field experi­
ments; precise measurements of creep and settlement observed 
in completed constructions, particularly earth dams, and in the 
subsoil of concrete dams as well as in natural slopes would be 
useful. Im portant in the three-dimensional displacement meas­
urements of individual points is, first of all, the exact determi­
nation of the horizontal component, of the creep angle and of 
possible yearly rhythms.

C reep Processes in  th e  M ounta ins

The parallel that follows is intended to  throw light on the 
common features in the natural creep processes which—partly 
combined with slides—take place in snow, soil, rocks and glaciers.
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S n o w  cover

Depending on roughness and temperature conditions of the 
ground surface, the creep of the snow layer takes place either 
combined with, or w ithout any sliding movement over the sub­
soil. The creep pressures exerted on fixed objects are greatly 
increased when sliding occurs. Fig. 8 shows a small building 
which has been lifted off its foundations and shifted downhill 
for 8-10 m by the sliding snow cover.

The natural snow cover, which as a rule consists of layers 
parallel to the slope with widely varying properties in space and 
time, is particularly suitable to dem onstrate the interplay of 
creep, state of stresses and stability. The loose intermediate 
layers, which are of primary importance for the stability of the 
whole snow cover, are clearly visible in the dynamic penetration 
diagram of Fig. 9.

The stability conditions become particularly unfavourable 
if the slope flattens towards the top or if it changes into a  ridge. 
On account of the creep process being impeded at the upper 
end of the slope, additional longitudinal stresses develop in the 
wind slabs above the plane of discontinuity. The gradual in­
crease of the tension Z  with increasing creep may cause cracks 
if it is not accompanied by an adequate increase in the tensile 
strength of the corresponding layers. The fact that tensile 
strength up to  10 tons/m2 have been measured at the crack face 
furnishes evidence that the snow cover is partly anchored on 
the top.

As a result of the force displacement due to the formation 
of a tension crack, the shearing resistance is suddenly over­
come in the plane of discontinuity parallel to the slope; this 
is often combined with a structural breakdown of the sliding 
layer. The compressive strength in the zone of pressure is 
almost simultaneously overcome, whereupon a clearly visible 
shear crack appears (Fig. 10). The wind slab avalanche is 
therefore a striking example of progressive rupture. Further­
more it gives us some indication of the natural interplay be­
tween creep process and stress metamorphosis within the snow 
cover, that gradually leads to the critical state o f stresses which, 
a t the slightest disturbance, causes the form ation of cracks. 
The process is very adequately called “ the m aturing” of the 
avalanches. This biological term strikingly expresses how an 
avalanche, like a fruit from the tree, falls when it is fully ripe.

Fig. 9 G raph  Representing a W ind-Slab Avalanche (Longitudinal 
Section)
Schéma représentant une avalanche en planche de neige (coupe 
longitudinale)

Fig. 10 Breakaway of a W ind-Slab Avalanche (Niillisgratli)
N iche d ’arrachem ent d ’une avalanche en planche de neige 
(Niillisgratli) -  Photo E. M eerkam per, Davos

On this fact are founded not only long-distance launching of 
avalanches often observed, but also their release by acoustic 
phenomena and by mortars.

S lo p e s  o f  lo o se  a n d  m a ss iv e  r o c k s

Rupture processes similar to those in wind slab avalanches 
often occur on rock slopes with stratification parallel to the 
slope. A tragic example is the rock slide which occurred at Arth- 
Goldau on 2nd September 1806 where a 30 m thick conglo­
merate (Nagelfluh) layer, inclined at approximately 24°, which 
lay on marly sandstone with intercalations of a bituminous 
marl layer, 2-3 m thick, slipped down to the valley. Besides 
the causes mentioned by T erza g h i (1951), the overcoming of 
the tensile strength of the upper layers of molasse-sandstone 
in the tension zone may have played a considerable part. The 
development of tensile stresses in the relatively rigid rock 
layers can be explained as a tendency to creep exhibited by the 
intermediate marl layers, as is the case with the formation of 
the tension zone in wind slabs which lie on loose intermediate 
layers and are anchored in the upper part. The general view 
of the rupture zone illustrated in Fig. 11 makes evident the 
external similarity of rock slides and wind slab avalanches. 
The volume of the rock mass involved in the Rossberg slide 
was estimated about 15 million m 3 from the size of the break­
away, which is 320 m in width and approximately 1500 m 
in length. The total length of the slide path is about 4.5 km 
and the total slide area about 20 km2. As far as the climatic 
conditions are concerned it should be noted that the year 1806 
had been preceded by some exceptionally rainy years and that 
the rainfalls during the months of July and August had been 
heavy. This is the largest rock slide recorded in Swiss history; 
it claimed 457 lives, and 111 houses, 2 churches and 200 stables 
and barns were destroyed {A lb . H e im , 1882; S c h w e iz e r  A lp e n - 
k lu b , 1911).
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Fig. 11 Breakaway o f  G oldau Rock Slide—2nd Septem ber 1806
N iche d ’arrachem ent de l’éboulem ent rocheux de G oldau -  
2 septem bre 1806

In slides on natural slopes of cohesive material, which flatten 
towards the top, we generally observe bowl-shaped sliding 
planes (Fig. 12). As according to the rupture theory, the first 
principal stress forms a known angle a  with the plane of rup­
ture, the shape of the sliding plane gives valuable indications 
about the local stress pattern which started the rupture. We 
notice that even here a t the upper edge of the slope, not only 
compressive, but also tensile stresses have been effective, while 
at the foot of the slope relatively flat first principal stresses 
prevail. The vertical earth cracks often observed at the upper 
edge of the slope are the results of the combined action of 
shear and tensile stresses.

The creep process which precedes the slide depends on the 
original stress pattern, but, on the other hand, it causes a

fr = Angie of true interna/ friction  = Winket der wahren innern Reibung 
C = Cohesion = Kohäsion = ^  , Gĵ J

0}, djj, typ = Effective principal stresses = Wirksame Hauptspannungen 

6i -  u = Pore water-pressure -  Porenwasserspannung

Fig. 12 Shear and Pressure Zones on a Slope with F orm ation  o f  Slide 
Planes
Zones de cisaillement et de pression avec form ation de plans 
de glissement

Fig. 13 View from  Piz Beverin over the Slide and Creep A rea o f  H ein- 
zenberggrat
Vue prise du Piz Beverin sur la zone de glissement, respective­
m ent de fluage (ram pem ent) de H einzenberggrat (photo  D r 
H. Jâckli)

change in the state o f stresses with time as well as in the 
strength of the material. When the shear o r tensile strengths 
are overcome at the weakest point, a sudden displacement of 
forces takes place with a local loss of cohesion. This process, 
even under the most favourable conditions, i.e. when the m a­
terial was completely consolidated before the rupture, may 
develop local pore water pressures at the foot of the slope. 
The intensity of the forces displacement resulting from the 
rupture proceeding from the top downwards is in proportional 
ratio to the part played by cohesion in the shearing strength. 
Therefore the danger of progressive rupture is particularly great 
in highly cohesive materials (D . W . T a y lo r , 1948).

Often, when tension cracks are formed in the sagging area, 
the slides do not proceed rapidly, but slow movements take 
place over years, decades and even centuries. They mostly 
result from  a com bination of creep and slide processes, similar 
to those within the snow cover. Fig. 13 shows the sagging zone 
of a soil movement at the Heinzenberg, described by H . J à c k l i 
(1948, 1953), which covers an area of approximately 40 km 2 
consisting of “ schistes lustrés” . Such creep and slide move­
ments often take place when the strata are parallel to the slope 
or, as in the mentioned region, when the inclination of the 
strata is flatter than that of the slope surface. In the latter case 
erosion at the foot o f the slope brings one after the other a 
series of new sliding planes into action. The surface move­
ments measured in the years 1910-1931 by the Federal G eo­
detic Survey and the Federal Inspection of Public Works 
at the southern Heinzenberg, which is exposed to marginal 
erosion by the powerful Nolla torrent vary on the average 
between 10 and 26 cm a year at a mean slope of about 25%. 
These relatively high creep velocities indicate a deep-seated 
movement which is thought to be a com bination of creep and 
slide processes. The magnitude of the strongly distorted strata 
at the foot of the slope involved in the movement has been 
estimated at 50-150 m by the geologist H . J à c k li .

It is particularly striking that such creep and sliding pro-
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cesses—with the exception of some velocity fluctuations—often 
take place with some regularity over several decades. This 
fact accords on the one hand with our knowledge of the almost 
constant creep velocity observed in undrained clay samples sub­
jected to constant shear stress; on the other hand this seems 
to indicate that the loamy water-lubricated layer surfaces com­
bined with the lamellar structure of the “ schistes lustrés“ 
facilitates the progress of the movement.

The Heinzenberg slide comprises creep and slide movements 
of rock masses which consist mainly of distorted rocks. The 
Klosters slide, to which reference has been made in the intro­
duction, exhibits the slow movement of a loose rock with 
mixed grain size due to its origin in a post-glacial mountain 
slide (Fig. 14). Besides m inor quantities of clay slates, breccia, 
cellular dolomite with gypsum and crystalline rocks, the m oun­
tain slide material, consists predominantly of dolomite and 
lies probably on moraines. The order o f magnitude of the 
coefficient of permeability k  of the material found round the 
left abutm ent of the Landquart Bridge near Klosters is about 
10-4 cm/sec. The observations covering a span of more than
50 years as well as the measurements taken for some years of 
the creep movements that endanger different constructions, 
the more im portant of which after the Landquart Bridge is the 
connected loop tunnel, indicate tha t the movement is rather 
deep-seated and steady, but relatively slow. The maximum 
rate of creep at the surface hardly exceeds a few centimeters a 
year, and diminishes substantially round the left abutm ent (ap­
proximately 0.5 cm a year) (M o h r  and H a e fe li , 1947; H a e fe li , 
S c h a e re r , A m b e r g , 1953; S k e m p to n ,  1953) (Fig. 14). The deep­
est point o f the tunnel involved in the movement lies a t a depth 
of approximately 60 m under the surface. Its creep velocity 
was measured under the direction of F . K o b o ld  and was found 
to be about 2 cm a year (1952-53).

Considerably quicker creep movements have been observed 
in “ rock glaciers” which set high m ountain morphology very 
complex soil mechanics and rheological problems. By this we 
mean considerable masses of detritus material which, although 
moving at a slower rate, behave in a manner similar to that of 
the glaciers with which they are often genetically connected 
(H . B o e sc h , 1951). Fig. 15 shows such a rock glacier with an 
average inclination of 1 :4 . It is one of the areas put under 
observation by the Swiss N ational Park Commission (D o - 
m a r z k y ,  1951).

According to measurements taken by E . C h a ix  and J . D o- 
m a r z k y  the creep velocity along the axis of the most rapid flow 
at the surface am ounts to about 100 cm a year. H . B o e sch  
(1951) assumes that a rock glacier, as a rule, comes to a stand­
still when the moisture supply which predominently depends 
on the melting of dead ice masses stops. The creep process of 
the lowest zones of the rock glaciers, which are allegedly free 
o f dead ice, sets still many unsolved problems. The transitional 
phase between soil and glacier movement is probably after all 
an interplay of various influences. Beside the solifluction of 
the surface layers, also the occurrence of permafrost ( T e rza g h i,
1952), water and air circulation in relationship with tempera­
ture conditions have to  be considered.

The examples presented in this chapter illustrate two cases 
o f creep in loose-rock masses (Klosters and the Val dell’Aqua 
rock glacier), and two others where considerable stratified rock 
masses were carried by the movement. T e rza g h i has em phas­
ized tha t a  distinction should be made between two kinds of 
creep, i.e. the creep movement within the crust of weathered 
material (skin creep) and the creep movement within the under­
lying hard rocks (mass creep) (T e rza g h i, 1953). On the other

Fig. 14 View over the Creep A rea below G otschnagrat, near K losters 
(Post-G lacial Slide)
Vue de la région de fluage (ram pem ent) au-dessous de G otschna­
grat près de K losters (glissement post-glaciaire)

(1) Bridge and Tunnel entrance o f the R haetian Railway 
P ont e t tête du tunnel des Chemins de Fer Rhétiques

(2) Slide Area
Zone de glissement

(3) G otschna Cableway 
Funiculaire de G otschna

(4) T rack o f the R haetian Railway Line
Tracé de la ligne des Chemins de Fer Rhétiques

Fig. 15 Rock G lacier in Val dell’A qua— Swiss N ational Park. A erial 
P hotograph Federal T opographic Service, Berne, 28.9.48. All 
Rights Reserved
Coulée rocheuse dans le Val dell’Aqua -  Parc N ational Suisse. 
Photo aérienne du Service T opographique Fédéral, Berne, 
27.9.48. Tous droits réservés
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hand, we observe in mountains with a thick snow cover that 
solifluction and skin creep is activated not only by climatic 
effects such as frost, temperature, weathering, etc., but in the 
first place by the creep pressure within the snow cover. The 
forces transm itted from the snow cover to the subsoil attack 
first the salient points on the soil surface, e.g. the edges of the 
paths, the blocks, etc. ; this often results in an anchoring of the 
snow cover by the soil obstacle. Thus relatively considerable 
tangential forces develop which crack the soil surface and cause 
the melt water to enter the interior of the subsoil. Therefore 
when observing creep within the upper soil layers of snow- 
covered mountains influenced by solifluction, it is necessary to 
take into consideration creep and slide within the snow cover, 
the same applies to the glacier bed which is subjected to the 
powerful tangent forces transm itted by the large ice masses. 
Together with these tangent forces, the erosion power of the 
glacier depends widely on whether the ice is sliding on the soil 
or not.

Creep movements in the deep-seated rock masses affect 
loose as well as hard rocks. A link is formed by the strongly 
distorted and w'eathered shales (e.g. the schistes lustrés) whose 
creep tendency is decisive not only in extensive mountainous 
regions, but, in connection with the problems concerning 
erosion and bed load transport, also in the zone consisting of 
erratical deposits carried by the river as for example in the upper 
course of the Rhine down to the Lake of Constance. Accord­
ing to J à c k l i  (1953), approximately 2800 km 2 of the Rhine area 
in the Grisons, i.e. almost a half, is formed by impermeable 
rocks with a slight resistance to erosion and a pronounced 
tendency to slow creep movements. These rocks, which are 
known suppliers of sedimentary material, consist mainly of 
Flysch and of “ schistes lustrés” whose lamellar structure and 
considerable clay content occasion differential movements in 
the creep process. Since the intrusion of moisture into the 
layer and cleavage planes causes the formation of clay minerals 
apt to swell and to creep, drainage, particularly in sagging 
areas, is still one of the most im portant measures to be taken 
in the prevention of soil movements.

Creep in massifs of hard rocks constitutes one of the pro­
cesses which extend over geological periods and therefore 
escape observation and go beyond human imagination. G la­
ciers exemplify creep visually, the creep processes progressing 
in their interior dem onstrate the continuous deformation of a 
polycrystalline solid subjected to shear stresses which relatively 
seldom attain shearing strength.

If, for example, a zone of the ice mass is subjected to the 
damming pressure acting along the flow direction of the glacier, 
the mass, being a body of constant volume, undergoes a cor­
responding transverse strain which causes a local heaving—in 
the form of a wave— on the surface of the glacier. If the in­
tensity of the damming pressure is not permanent, but responds 
to yearly fluctuations as is the case e.g. at the toe of a steep 
step (H a e fe li , 1951), a pressure wave develops every year and, 
with increasing glacier movement, gradually widens and forms 
a wonderfully curved ogive (Fig. 2). The distance measured 
in the flow direction of the glacier between the crest of two 
consecutive waves indicate the average yearly velocity of the 
glacier surface at this station. The question as to the extent 
to which (in m ountain formation) analogous processes of 
transverse expansion in rock masses involved in a creep pro­
cess leading to  local heavings will have to be solved by geo­
logists. Such a question may prove of some interest in respect 
of the slow heaving of “ younger” mountain ranges like the 
Himalayas which is now often discussed.

G lac iers

In the ice covered parts of the earth the circulation of the 
water is rendered possible only by the flow of the glaciers. 
Exploration of glaciers was initiated by J .  J .  S c h e u c h ze r  (1672- 
1733) and M . A .  C a p p e ler  (1685-1769). These investigations 
were put on to a new track under the influence of A g a s s i z 's 
classical work on the U nteraar Glacier (1841—46), and led after 
following many side tracks to the theory of gravity which is 
still valid to-day (P . N ig g li, 1946; R . H a e fe li , 1948; W . J o s t ,

1953). Already B . d e  S a u ssu r e  (1740-1799) came to the con­
clusion that the force of gravity was the only driving force 
activating the movements of the glaciers; F o rb es  is to be 
thanked for proving the validity of the theory already advanced 
by B o rd ie r  in 1773 and supported by R e n d u , i.e. for proving 
that ice behaves like a viscous liquid (R iit im a y e r , 1881).

The assumption that ice behaves like a Newtonian liquid of 
very high viscosity, which is the basis of S o m ig lia n a ’s theory 
(1921), has led to a simplified but very clear conception of the 
continuous phase of glaciers’ motion. These assumptions have 
been confirmed in numerous observations of flat ice streams. 
However, since the more recent laboratory investigations have 
shown that ice viscosity is not constant in N ew ton’s sense, even 
this view requires some modification. F or example, we could 
imagine a  liquid, the apparent viscosity of which depends 
—among other factors—on the state of stresses, so tha t its 
viscosity changes from point to point. We see from Fig. 7 how 
the apparent viscosity of the ice ( j i  =  tan / i *  =  t / oj )  diminishes 
with increasing shear stress. As a result o f this dependency 
the term of viscosity loses its original meaning of a constant 
of the material. The most recent and promising development 
pursued in particular in England indicates a sound tendency 
to attribute the mechanism of the glacier movement to  those 
coefficients which best characterize creep in ice (N y e , 1952; 
P e r u tz , 1947, 1953).

In Switzerland, where of late various glaciological investi­
gations have been performed in connection with technical 
problems, we have experienced that the concept of “ apparent 
viscosity” is still basically applicable to the solution of prac­
tical problems. W ith due regard to the progress realized within 
the past years in the field of ice mechanics, we have to adm it 
that apart from the effect of shear stress, the deformability of 
ice (flow curve) is influenced by numerous factors, which have 
still not been sufficiently investigated. As long as this state of 
affairs is unchanged, it seems prem ature to throw overboard 
the traditional notion of viscosity which, because of its sim­
plified character, greatly facilitates comparison and survey. 
F or a concrete problem with given stress and temperature, the 
task consists in estimating rightly the determining value of the 
apparent viscosity especially by means of tests carried out in 
the field (H a e fe l i  and K a sse r , 1951; N y e , 1953).

In order to furnish inform ation about the m agnitude and 
variation range in temperate glacier ice, the average apparent 
viscosity p. of the ice of 8 Swiss glaciers profiles was calculated 
according to S o m ig lia n a ’s  formula. This calculation was es­
tablished on the basis of the velocity measured at the surface, 
as well as of the maximal profile ascertained by means of seis­
mic investigations as well as the known widths and gradients 
of the glaciers. Furtherm ore, since the calculation is based on 
the assumption that, in the profile under investigation, the 
glacier does not slide on its base, as may happen in periods 
o f regression, only profiles taken in flat sectors, and as even 
as possible, were used. The values of apparent viscosity thus 
obtained are of the order of magnitude of 2 x  1014 Poise, res­
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pectively 2 x 1012 kg.sec/m2 and they show only small fluctua­
tions. The profile of the Zm utt Glacier (altitude 2400 m) 
showed the following data:

Approximate maxima

M easured: Thickness of ice =  180 m
Maximum surface velocity =  5.36 cm/day
Mean width of glacier =  180 m
Average gradient of glacier =  8.5 %

Com puted: Average bulk density of ice =  900 kg/m3 
Calculated: Average apparent viscosity / im =  1.7 ■ 1014 Poise

A part from this, an attem pt has been made to determine the 
viscosity on the basis of the continuous contractions of 3 
widened circular profiles ( 0  = 2 .2  m) located in a tunnel ap­
proximately 1000 m in length excavated in the ice of the Zmutt 
Glacier by the E.O.S. As expected, the results show a clear 
decrease in the apparent viscosity with increasing overburden:
7.2 and 2.5 Poise for overburden of 25 m and 43 m respectively. 
I t should be noted that the last /.i value is slightly higher than 
the average apparent viscosity of the whole glacier profile shown 
above. On the other hand, apparent viscosity values were de­
termined in the ice cap of the Jungfraujoch, which lies in the 
permafrost zone, where the ice temperature ranges between 
— 0.5 and — 2° C; these n  values are nearly 10 times higher 
than those found in temperate glaciers. We may conclude from 
the preceding that some mechanical properties of the ice vary 
in a more or less jerky way as soon as its temperature drops 
below the pressure-melting point.

In order to facilitate the comparison between creep and flow 
processes within temperate ice, on the one hand, and clays on 
the other hand, the following table showing the mean apparent 
viscosity for some stress ranges may be of interest (see Fig. 7).

W hen comparing these values it becomes strikingly evident 
that the apparent viscosity of a temperate glacier ice within the 
stress range under investigation is of the same order of magni­
tude as that of the consolidated clay samples used for creep 
tests by the Laboratory for Hydraulic Research and Soil 
Mechanics of the Swiss Federal Institute of Technology.

This coincidence which is observed only for a certain con­
sistency of the clay, and is therefore of fortuitous character, 
may be explained by the ice-like behaviour of the intergranular 
water film. Such an assumption is borne out by comparison 
with the flow curves in clay and ice—as illustrated in Fig. 7— 
may throw some light on the discussion about the real nature 
of the “ true cohesion” of saturated clays.

Since a few creep problems encountered in a complex alpine 
glacier—similar to the Aletsch Glacier—are to be treated be­
low, I wish to mention first the polar contrast existing between 
firn and ablation areas. F or a continuous and lam inar flow, 
F in s te rw a ld e r  has shown by applying purely kinematic con­
siderations that the ablation area can be regarded as an ap­
proximate distorted picture of the firn zone (Fig. 16). The 
small surface area A of the firn zone is connected with its 
picture in the ablation zone a by means of stream lines. Ac­
tually the continuity of the stream lines is often disturbed by 
various influences. The firn line which separates the two zones 
from each other also forms a marked boundary in regard to 
the movement of the glacier. Above this line the yearly increase 
of the glacier snow causes the immersion of the stream lines 
under the surface of the glacier (positive creep angle /9), whereas 
below, the yearly ablation causes the stream lines to emerge 
(ft negative). Besides this it is worth noticing that along the 
deep-diving stream lines along which in the course of centuries 
the ice of the firn zone is transported to the extremity of the

Table 2 Apparent viscosity values ¡x of ice and clay

Case

Overburden 
Pressure or 

Consolidation 
Pressure 

in kg!cm '

Tmax
kgjcm-

ii- Values 
in Poise

Ice: approx. approx.

Unteraar Glacier 
Pavilion Dollfuss 0-28 0-2 2.0 • 1011

Zmutt Glacier 
Cross section 
2400 m alt. 0-16 0-2 1.7 • 1011

Zmutt tunnel cir­
cular section 547 3.9 2.5 • 1014

Zmutt tunnel cir­
cular section 200 2.2 — 7.2 ■ 1014

C la y :

Sample 4002 

Triaxial test 
7th-14th day 2.0 0.4 5.6 • 10'1

Ring-shear-appa- 
ratus 26 days 
(Fig. 6) 2.0 0.4 5.0 • 1011

glacier tongue, the phenomenon of metamorphosis takes place: 
the fine-grained snow changes into the polycrystalline glacier 
ice which contains grains of the size of a fist.

In addition, the numerous velocity measurements, taken 
within the surface of the glacier, worth noticing are the measure­
ments taken within the Rhone Glacier over a span of 41 years 
( V erm essu n g en  a m  R h o n e g le tsc h e r , 1916). Up to date we pos-

Fig. 16 C om posite G lacier o f the Type o f  the Big Aletsch Glacier 
(Schematic)
G lacier com posite du type du grand glacier d ’Aletsch (schéma)
(1) Zone o f Perm afrost -  zone de perm afrost
(2) “ Bergschrund” -  Rimaye
(3) F irn  Line -  Ligne de névé 
(4/5) S tream  Line -  Ligne de courant 
(6/9) Creep Profile -  Section de ram pem ent
(10) Cross Section a t C -  Section à C
(11) Firn Zone -  Zone de névé
(12) Zone o f  A blation -  Zone d ’ablation

2 4 9



Fig. 17 View over K onkordiaplatz— Confluence o f  the Big Aletsch 
Glacier (left), Jungfraufirn (middle) and Ewigschneefeld (right). 
Aerial Photograph by Federal T opographic Service, Berne, 
24.9.47. All Rights Reserved
Vue du K onkordiaplatz  -  Confluant du grand glacier d ’Aletsch 
(gauche), Jungfraufirn (milieu) et Ewigschneefeld (droite). Vue 
aérienne de Service T opographique Fédéral, Berne, 24.9.47. 
Tous droits réservés

sess only a few measurements and observations which might 
furnish us with conclusive information about the movement 
conditions within the ice streams. Two almost horizontal tun­
nels approximately 100 m (Skautihoe Glacier, Norway) and 
200 m in length (Mt. Collon Glacier, Switzerland) which reach 
the rocky subsoil within the zone of ablation provide evidence 
of a continuous m otion taking place within the ice mass, and 
of a marked sliding on the bed rock (R . H a e fe l i , 1951 ; J . C . 
M c C a ll , 1952). With the exception of the foundation of some 
water-filled crevasses, the continuity of the deformation process 
was exemplified also by the ice tunnels driven at the Jungfrau- 
joch. The latter, however, are all located in the cold ice cap, 
above the Bergschrund, i.e. in the zone where permafrost has 
penetrated into the rocky subsoil and effects a relatively stiff 
and brittle behaviour of the ice firmly frozen at the bed rock.

Downstream from the Bergschrund at the Jungfraujoch, in 
the section where the ice temperature already reaches melting 
point at a depth of about 15 m, in spite of the fact that the 
average yearly air temperature is — 8°, G erard , P e r u tz  and R o c k  
measured for the first time a vertical creep profile about 130 m 
in depth with a surface velocity of 35 m a year that showed a 
pronounced increase of the curvature with depth. The con­
clusion drawn should be emphasized, i.e. that the gradient of 
velocity does not increase linearly with shear stress, as in a New­
tonian liquid, but progressively, as the results yield in creep 
tests with polycrystalline ice have shown (P e r u tz , 1950).

The junction of the 3 tributary glaciers near K onkordiaplatz 
is particularly instructive ; we see the central ice stream being

pushed down by the two rival glaciers on both sides, so 
that only a narrow strip subsists on the surface (Fig. 17). 
Measurements o f the ice by means of seismic reflections indi­
cated a maximum thickness of nearly 800 m (L o e w e , M o th e s  
and S o rg e , 1929) compared with 500-550 m at the outlet of 
K onkordiaplatz (A . S ü s s tr u n k , 1947). This indicates the pre­
sence of a considerable overdepth which was not brought into 
being by the geology of the subsoil, but by the locally intensified 
erosive power of the glacier. In other alpine valleys whose step­
like character is due to glacial erosion, the presence of basins 
was also ascertained at the confluent of two or more glaciers 
either by seismic soundings or by bore holes.

The formation of the downstream banking-up of the rock, 
at the narrowest cross section of the glacier basin, which in­
dicates a decrease of the erosive power towards the narrow 
pass is one of the most fascinating problems of glacial erosion. 
W hen movement is impeded by large obstacles, an increased 
creep pressure develops, e.g. between C and D, and thus facili­
tates the pressure melting of the temperate ice (Fig. 17). It 
seems plausible that the ice thus becomes more plastic and that 
the erosive power of the boulders imbedded in the ice dimi­
nishes. This explanation of the roches moutonnées which was 
first supported by C a r l (1943—47) may be a  fruitful contri­
bution to the discussion on the origin of big rock barriers, 
and, subsequently, on the part played by glaciers in the for­
mation of alpine marginal lakes. In the study of such pro­
blems regarding the movement of the glaciers and their erosive 
power, special attention should be given to the development 
of stressed intercrystalline pore water (pore water pressure). 
Furtherm ore the possibility of the formation of rupture planes 
in high pressure zones, as assumed by J . F . N y e  (1953), should 
also be taken into consideration.

W ith regard to  the velocity distribution of the ice in the 
outlet profile o f the K onkordia basin, an average surface speed 
of 165 m a year (maximum rate 206 m a year) was measured 
in the year 1946-47 (Figs. 17-18). Knowing the maximum 
depth of the profile mentioned above to be about 500-550 m, 
and assuming on the other hand a parabolic cross section, an 
average speed of more than 200 m a year was calculated, i.e. a 
value substantially higher than the mean speed measured on 
the surface. This implies that, in this profile, the highest mean 
velocity at the cross section does not develop a t the surface of 
the glacier, but a t a certain depth which has so far no t been 
ascertained (H a e fe l i  and K a sse r , 1951). The occurrence of 
squeezing is termed “ extrusion flow” .

During W hitsuntide of 1919 an enormous block called 
“ K onkordia block” started its journey over the glacier from 
the junction of the central and the right tributary. It has taken 
the block 33 years to cover about 5 km. In conclusion we hope 
that during the span of over a century the block will take to 
reach the tongue of the glacier, research inspired by a new 
awareness of the organic-like behaviour of the earth will lead 
to a deeper understanding of the laws which govern creep 
phenomena in snow, soil and ice.
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