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Preface 

fn order to understand the dynamics of ice streams and glaciers, it is necessary to know the 
processes involved. Besides processes that are dominated by climate change, ice deformation 
and basal motion, where the g lacier is not frozen to the ground, are important. Whi le the basal 
motion over a hard bed was first described in literature, the influence of a defo rmable bed was 
studied on ly recently. Resides general bed deformation, ploughi ng of clasts that are frozen to 
the ice seems to have an important influence on the flow behaviour of glaciers. 

Some publications describe g lacier surges with thi s ploughing process. The hypothesis formu
lated in these articles is that the deformation of the water-saturated sediment by the ploughing 
clasts increases the pore-water pressure which leads to a reduction of the basal shear stress . 
This would lead to an acceleration of the g lacier motion. Such a process coul d at least partly 
exp lain glacier surges. Ms Rousselot studied the described phenomenon by carry ing out field 
measurements at Unteraarglacier in Switzerland and by a novel experiment in the laboratory. 

Whereas the resu lts of the fie ld measurements seem to indicate that the pore-water pressure in 
front of the ploughing o bject rises, the experiment in the laboratory does not show that the shear 
force is reduced by ploughing. Ms Rousselot offers explanations for the different results of field 
measurements and laboratory experiment and suggests how this could be verified and how the 
open questions could be answered. 

r would like to thank ETH Zurich for financiall y supporting this doctoral thesis. Fu1ther, I owe 
thanks to Dr. Urs H. Fischer who guided Ms Rousselot through the work and who prepared an 
examiner's report. 

I a lso want to thank Prof. Neal R. Iverson from Iowa State University who took on the task of 
an external examiner. 
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Abstract 

A significant portion of the basa l motion of soft-bedded glac iers can be attri buted to " plough
ing". This term designates the transitiona l stage between sliding and bed deformation which 
occurs when clasts that protrude into the g lacier so le arc dragged through the upper layer of 
the sediment. This process may cause excess pore pressures to be generated downglacier from 
ploughing clasts that have the potentia l to weaken the sed iment substantially. Thus, rather than 
being a maj or resistance factor, this ploughing action of the clasts may in fact serve to reduce 
the amount of roughness being produced at the ice- bed intertace, thereby decoup ling the ice 
from the bed. In this thesis, the ploughing process is investigated through a combi ned fie ld and 
laboratory study. 

Pore-water pressure in front of an object being pu lled through subglac ial sed iment, and basal 
water pressure were simultaneously recorded at the base of a borehole at Unteraargletscher, 
Switzerland. Analysis of the strongly correlated pressure records reveals that the amplitude of 
the pore-pressure fluctuations is la rger than that of the corresponding borehole pressure fluctu 
ations. Together with high temporal resolution measurements of glacier surface motion from a 
d ifferent year, thi s find ing suggests that temporal changes in glacier speed lead to changes in 
the degree of excess pore pressure in front of the ploughing object. 

A new laboratory apparatus of large d imensions, dubbed the "rotary ploughing dev ice", was 
developed and constructed to study, in a systematic way under g lacially relevant cond itions, 
the influence of sediment properties, ploughing velocity and effective pressure on excess pore
pressure generation and sediment strength during clast ploughing. In this device, an instru
mented t ip is dragged at different velocities through water-saturated glacial sediment subject to 
different normal stresses. The drag force on the t ip and the pore-water pressure in the adjacent 
sediment are measured simultaneously. 

Ploughing experiments were performed with the rotary ploughing device using glacial sediment 
from Unteraargletscher, Switzerland. The results show that pore-pressure gradients developed 
rapidly around the t ip. Specifica lly, excess pore pressures were recorded in front of the tip as a 
result of sediment compression. Pore pressures below the hydrostatic value were recorded on 
either side and on the leading edge of the tip, where the sediment d ilated as it was sheared, and 
behind the t ip, as a result of a wake devo id of sediment. Moreover, the absolute magnitude of the 
pore pressures increased w ith ploughing velocity but remained small compared to the sed iment 
y ie ld strength, so that the pore pressures did not affect significantly the resistance to ploughing. 
The shear stress on the ploughing tip was infl uenced by the properties of the sediment in front 
of the compression zone, w ith a larger magnitude in a virgin sediment than in one that had been 
ploughed before. r u1t hermore, the shear stress on the ploughing tip was independent of the 
ploughing velocity but scaled with the applied effective normal stress, ind icating that the sed
iment behaved as a Coulomb plastic material. These results, when compared to those of other 
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studies of clast ploughing, suggest that significant sediment weakening in front of ploughing 
clasts may depend on the re lative magnitudes of excess pore pressure generated by sed iment 
compress ion and pore pressure below hydrostatic due to dilatant shearing. For typical g lac ier 
velocities and sizes of ploughing clasts, these magnitudes are governed by the diffusivity and 
the density of the sediment, respectively. Therefore, depend ing on the dominant pore pressure 
response of the deforming sed iment, c last ploughing may have the potential to e ither trigger ice 
flow instabilities or to stabilize g lacier motion. 



Zusammenf assung 

Ein signifikante r Anteil der Bewegung von G letschern, welche Uber ein Sedimentbett gleiten, 
kann auf die Yerformung des Sedimentes zurUckgeflihrt werden. Eine besondere Situation 
entsteht, wenn durch die Vorwartsbewegung des Gletschers herausstehende Schuttpartike l und 
Steine durch die obere Schicht des Sedimentbettes gepflUgt werden. PorenwasserUberdrUcke, 
die durch die Kompression des Sediments vor diesen pflUgenden Schuttpa11ikeln und Steinen 
entstehen , konnen zu einer Abnahme der mechanischen Festi gkeit des Sediments fUhren. Ob
wohl diese Pa11ikel und Steine Rauhigkeitselemente darstellen, die den Gletscher an sein Bett 
koppeln so llten, konnte dieser Effekt eine Entkoppelung an der Gletschersoh le zur Folge haben. 
In dieser Arbeit wurde dieser Prozess mittels e iner kombinierten Feld- und Laborstudie unter
sucht. 

Porenwasserdruck vor einem Instrument, welches durch die subglazialen Sedimente gezogen 
wurde, sowie subg lazialer Wasserdruck wurden g leichzeitig am Boden e ines Bohrlochs am 
Unteraarg letscher, Schweiz, gemessen. Die Auswertung der stark korrelie1ten Druckdaten hat 
ergeben, dass die Amplitude der Schwankungen des Porenwasserdrucks grosser ist a ls die der 
subg lazialcn Wasscrdruckschwankungcn. Zusammcn mit gcmcsscncn Yariationcn dcr Obcr
flachengeschwindigkeit des Gletschers legen diese Ergebnisse den Schluss nahe, dass zeitl iche 
Schwankungen der Gletschergeschwindigkeit zu Veranderungen des PorenwasserUberdrucks 
vor dem Instrument flihren. 

Eine neue Laborapparatur wurde entwickelt und gebaut, um den Einfluss von Sedimenteigen
schaften, Gleitgeschwindigkeit und effektiven Normalspannung auf die Erzeugung von Poren
wasserUberdrUcken und die daraus resu ltierende Sedimentfestigkeit unter relevanten sub
g lazialen Yerhaltnissen zu untersuchen. In dieser Apparatur wird ein Pflug mit verschiedenen 
Geschwindigkeiten durch g laziale Sedimente, die mit verschiedenen effektiven Normal span
nungen belastet werden, gezogen. Die Widerstandskraft auf den Pflug und die Po renwasser
drUcke im umliegenden Sediment werden g le ichze itig gemessen. 

In Experimenten, die mit einem Sediment aus dem Yorfeld des Unteraargletschers durchgeflihrt 
werden, bi Iden sich rasch ste ile Porenwasserdruckgradienten in der Nahe des Pfluges aus. lns
besondere wird Porenwasserliberdruck durch die Kompression des Sediments vor dem Pflug 
erzeugt und Porenwasserunterdruck ergibt sich durch di e dilatante Scherung des Sediments und 
e ine Furche hinter dem Pflug. Die absolute Grosse der Porenwasserdrlicke n immt ausserdem 
mit der Geschwindigkeit zu. Die Scherspannung auf den Pflug wird nicht stark vom Poren 
wasserdruck beinflusst, hangt aber von den Eigenschaften des Sediments vor der Kompressions
zone ab und zeigt e inen grosseren Wert in unberUhttem als in bere its gepflUgtem Sediment. Sie 
ist ausserdem unabhang ig von der Geschw ind igkeit, steigt aber mit der angelegten effektiven 
Normalspannungen, was auf eine Coulomb-plastische Rheologie des subg lazialen Sedimentes 
hinwe ist. Der Yerg le ich dieser Ergebnisse mit den von anderen Studien deutet an, dass e ine s ig
nifikante Abnahme der Sedimentsfestigkeit vor den Partikeln und Steinen von der Grosse des 

xv 
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Porenwasseruberdrucks, welcher durch die Kompression des Sediments erzeugt wird, und des 
Porenwasserunterdrucks, welcher s ich durch die di latante Scherung des Sediments ergibt, ab
hangig ist. FUr typische Gletschersgeschwindigkeiten und Durchmesser von Partikeln werden 
d iese Grosse bezUglich des Konso lidationsbeiwertes und der Dichte des Sediments bestimmt. 
Je nach Porenwasserdruck im deformierenden Sediment konnen deshalb die pfliigenden Par
t ikel an der Sohle eines Gletschers entweder lnstabilitaten der G letschersbewegung verusachen 
oder den Gletscher stabilisieren. 



Resume 

Une part importante du mouvement des g laciers a lit de sediment peut avo ir lieu a la base du 
g lacier par "ploughing". Cc tcrmc dcsignc un type de mouvcmcnt a la base du g lacier intcr
mediaire entre glissement pur et deformation du I.it en profondeur, ou des pa1ticules incrustees 
dans la semelle du glacier sont entralnees par la g lace a travers les couches superieures du lit de 
sediment. La compression du sediment a l' avant de ces particules pourrait causer des surpres
sions interstitielles occasionnant une reduction locale de la limite elastique du sediment. Ainsi, 
au lieu d 'offrir une resistance importante au mouvement du glacier, les paiticules pourraient 
contribuer a reduire le frottement a sa base. Cette these presente les resultats d ' une etude du 
phenomene de ploughing realisee sur le terrain et en laboratoire. 

Des mesures simultanees de pression interstitie lle a !' avant d ' un objet entralne a travers 
un lit de sediment et de pression d ' eau a la base d ' un trou de forage ont ete realisees a 
l' Unteraarg letscher, en Suisse. Ces mesures indiquent que les pressions sont fo1tement cor
relees et que les oscillations de la press ion interstitielle sont plus importantes que celles de la 
pression d 'eau. Comme l' indiquent des mesures a haute reso lution temporelle de la vitesse de 
la surface du g lacier, il est possible que ]'amplitude des surpressions interstitie lles a l' avant de 
l' objet fluctue en fonction des variations temporelles de la vitesse du g lacie r. 

Un nou vel appareil de laboratoire de grande echelle a ete constru it pour etudier sytematique
ment, dans des conditions proches des conditions sous-glacia ires, le phenomene de ploughing, 
et en particulier !' influence des proprietes du sediment, de la vitesse d 'entralnement et de la 
pression effeclive sur la generation de surpressions interstitie lles el la limi te e lastique du sedi
ment. Cet appareil permet d' entralner a differentes v itesses une po inte instrumentee a travers 
un sediment sous-glaciaire sature en eau et soumis a diverses pressions effectives. La force de 
frottement sur la pointe et la pression interstitie lle dans le sediment avoisinant sont mesurees 
simultanement. 

Les experiences realisees avec cet appareil indiquent que de larges gradients de pression in
te rstitie lle se developpent rapidement autour de la pointe. Des surpressions interstiti ell es sont 
generees aux endroits ou le sediment est comprime, a !'avant de la po inte. Des pressions in
terstitielles en dessous de la pression hydrostatique sont observees aux endroits ou le sed iment 
se dilate sous l'effet du cisaillement a insi qu'au niveau d ' un sillon a l'arriere de la po inte. 
L' amplitude absolue de ces pressions interstitielles augmente avec la vitesse d ' entralnement 
de la pointe. La contrainte de cisai llement sur la pointe est influencee par les proprietes du 
sediment situe a l'avant de la zone de compress ion plutot que par les pressions interstitielles, 
et affiche une valeur plus grande dans un sediment vierge que dans un sed iment qui a deja 
ete deforme par ploughing. De plus, cette contrainte de cisaillement est independante de la 
vitesse d'entralnement de la po inte mais augmente avec la pression normale effective, indiquant 
que la rheologie du sediment est de type plastique de Coulomb. En comparant ces resultats a 

XV ll 
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ceux d'autres etudes du phenomene de ploughing, ii apparait que la limite elastique du sed i
ment a !'avant de pa1ticules peut etre plus OU mains reduite en fonction de !'amplitude relative 
des pressions generees par compression OU par cisa illement du sediment. Pour des vitesses 
d'ecoulement glaciaire ainsi que pour des tailles de particules types, ces amplitudes dependent 
de la diffusivite et de la densite du sed iment. Ainsi, su ivant la reponse dom inante en pres
sions interstitielles du sediment deforme, le phenomene de ploughing pourrait soit initier des 
instabilites d'ecoulement du glacier, so it au contraire le stabiliser. 



Chapter 1 

Introduction 

The motion of ice streams and g laciers that are not frozen to their bed is contro lled to a large 
extent by the basal hydromechanical conditions. Prior to the 1980 it was believed that glacier 
motion occurred mostly over a rig id bed. Extensive work was therefore undertaken to develop 
a law describing sliding over bedrock or stiff subglacial sediment (Weertman, 1964; Ll iboutry, 
1968; Nye, 1969; Kamb, 1970; Fowler, 1986). In contrast, the influence of bed deformat ion on 
ice dynamics has only been recognized recent ly and is the subject of many ongoing studies. T hi s 
chapter a ims at providing an overv iew of the current state of knowledge on hydromechanical 
processes at the base of soft-bedded g laciers. In pa1t icular, the present review foc uses on the 
possible implications of bed deformation for ice flow instab ili ties. A theoretica l basis, provided 
by the descri ption of some of the hydromechanical properties of subglacial sed iment and the 
role of basa l water, is fo llowed by a di scussion of the mechani sms of basal motion and the 
associated depth of bed deformation. Fina lly, a range of open questions are li sted that are 
addressed in the remainder of this thesis. 

1.1 Significance of sediment deformation beneath glaciers 
and ice streams 

Early observations of layers of deformed sediment up to several meters thick in the forefie ld of 
retreating g lac iers (e.g., Yan der Meer, 1987) and beneath g lacier margins (I3ou lton and I li nd
marsh, 1987) led to the recognition that the deformation of subglacial sediment can contribute 
considerably to the overall glacier motion. More recently, fie ld investigations using modern 
geophysical techniques, have indicated that deforming beds may be involved in ice flow insta
bilit ies (e.g., Paterson, 1994) such as g lacier surging (Truffer et al., 2001; Turnbull and Davies, 
2002; Harri son and Post, 2003) and fast ice streaming (Kamb, 200 I; Bennett, 2003; Alley et al. , 
2004; 6 Cofaigh et a l., 2005). 

1.1.1 Glacier surging 

Surge-type glaciers are characterized by a cyc li c fl ow behavio r, where long quiescent phases 
that may last from decades to centuries are interrupted by sho1ter periods of enhanced fl ow, 
with velocities up to 100 m a- 1 over several months to years (e.g., Paterson, 1994). The large 
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velocities observed during a surge cannot be explained by ice deformation alone, implying that 
most of the motion occurs at the g lacier base (Fig. 1.1 ). However, because direct observations 
of surge events are rare, the mechanisms triggering the flow instabili ty still remain unclear. 
Seismic and borehole studies (e.g. , Blake et al. , 1994; Truffer et al., 2001; Harri son and Post, 
2003) and observations of turbid floods in the glacier forefie ld during a su rge (Bjornsson, 1998) 
indicate that a high proportion of surging g laciers is, at least partially, underlain by sediment. 
These works a lso suggest that g lacier surg ing occurs during periods of high basal water pressure 
that may enhance basal motion. 

sliding 

ice 
deformation 

ice 

Figure I. I: Schematic representation of the components contributing to the surface 
velocity of a soft-bedded g lacier. Vct, V:1 and v-: are the velocity components due 
to ice deformation, sliding and bed deformation, respectively. 

The repercussions of surge events on the g lacier itself and the surrounding a rea are multiple. 
Surges may dramatically influence the g lacier geometry and its mass balance by redistributing 
with in a short time a s igni ficant amount of ice from a reservoir to a receiving area, which often 
correspond to the accumulation and ablation area, respectively. If the glacier is terminated by a 
floating tongue, sudden glacier advances may result in an enhanced calving rate. Additionall y, 
the hydrology of the g laciated basin can be sign ificantly affected by the large amounts of water 
and sed iment that are first stored and then suddenly released from under the glacier (Bjornsson, 
1998). As they advance, surg ing g laciers may a lso threaten human settlements (e.g ., surge of 
Black Rapids Glacier, Alaska, in 1936/1937 (No lan, 2003)), or c lose off fjords (e.g ., surge of 
Hubbard Glac ier, Alaska, in 2002 (Trabant et a l. , 2003)) and block rivers by form ing an ice darn 
that may eventually fa il and cause outburst fl oods. 

1.1.2 Ice streaming 

Ice streams are regions of an ice sheet in which the ice flows much more rapidly than the 
surrounding ice. An ice stream flows at velocities up to several hundreds of meters per year (e.g., 
Whillans Ice Stream: 800 m y - 1 (Engelhardt et a l. , 1990)), whereas the velocit ies of the s low
moving part of the ice sheet are on the o rder of a few m y - 1 . Streaming flow may be regarded as 
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an instabil ity, featuring alternations between initiation and shut-down on time scales of several 
hundred years. Such rapid flow can occur in regions of thicker ice as a result of sign ificant ice 
deformation and basal motion caused by increased basal shear stress (Fig. I. I). Alternative ly, 
fast ice motion can be concentrated exclusive ly at the base, in areas of a highly lubricated 
bed (e.g., Alley et al. , 2004), as indicated by recent investigations of the basal cond itions using 
modern geophysical techniques. Tn particular, seism ic velocity studies (B lankenship et al., 1986, 
1987; Alley et a l., 1987; Rooney et al. , 1987; Engelhardt et a l., 1990) and analyses of subglacial 
sed iment cores (Kamb, 200 I) have indicated that Whillans [ce Stream is underlain by a layer 
of water-saturated and high ly porous sediment, as thick as 13 m. Studies of the basal hydrology 
have also indicated that water beneath the ice stream is approximately at the flotation pressure. 
The high porosity of the sediment was consequently interpreted as the signature of an actively 
deforming sed iment layer due to high water pressures. 

By affecting the flow dynamics of the ice streams draining the in land ice, substrate deformation 
may greatly influence the ice sheet mass balance, its geometry and its response time to c limate 
changes. Moreover, ice streams control part of the fresh water flux into the ocean (Broecker, 
1991 ). An understanding of their dynamics is therefore essential in the study of global sea level 
change and the complex interactions between oceanic and atmospheric circulations (Broecker 
and Denton, 1990; C lark et al. , 1999). 

1.2 Properties of subglacial sediment 

1.2.1 Origin, texture and fabric of subglacial sediment 

Subglacial sediment can be produced by the eroding action of g laciers on their bed. The flow 
of the debris-rich basa l ice over the bedrock generates sand, si It and clay size material by clast 
crushing, shearing and abrasion, respective ly. The resulting granular material is characterized 
essentially by a bimodal di stribution, with a matrix of fine material containing clasts up to 
several centimeters in diameter (Dreimanis and Yagners, 197 1 ) . Eros ion rates beneath glaciers 
are usually not sufficient to produce thick continuous layers of subglacial sediment. 

Alternatively, glaciers and ice sheets may advance over an already existing sediment layer. As 
such, the sedimentary basins of the lowlands of Europe and the plains of North America were 
covered by ice during the last glaciation. At present, many ice streams of West Antarctica 
are underlain by glacio-marine sediment (Kamb, 2001; Bennett, 2003; Scherer et al. , 2004). 
Such material forms extensive layers of several meters thickness and is often characterized by 
a unimodal grain-size distribution (Murray, 1997). 

The terminology of till, as adopted in its widest sense in g laciology (Murray, 1997), is used 
to designate an unconsolidated sediment beneath g laciers that results from glacial erosion and 
transport. Till is commonly c lassified according to the fabric features it develops as it is de
posited, transported or deformed (see Dreimani s (1988) for details). Hence, information on the 
bed deformational processes may be derived from analysis of macro- and micro-scale structures 
of the till , such as oriented matrix, kink structures, grain crushing, grain weathering and shear 
planes (Iverson et a l. , 1996; Hart and Rose, 2001 ). 
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1.2.2 Till rheology: plastic or viscous? 

An important quantity to describe the rheology of till is the effective stress Pe, which represents 
the portion of the total stress CJ effectively carried by the sed iment particles. It is expressed as 
Pe = CJ - Pw where Pw is the pressure exerted by the water that occupies the pore space on the 
individua l particles. For a till at rest, CJ corresponds to the ice overburden pressure and Pw to 
the basal water pressure. Till deformation may result in additional tota l stress and in pore-water 
pressure departing from the ambient basal water pressure (see discuss ion in Paragraph 1.2.3). 

The question of whether ti ll exhibits a v iscous or plastic rheology has been debated extensively 
in the last years: viscous properties may be conferred by the water contained in the till , whi le 
interactions between grains are essentially frictional. Several visco-plastic flow laws of the type 

f. =A('r - rr)a ( I.I ) 
p/' 

have been proposed, where f_ is the stra in rate, A, a and 6 are empirical constants, r is the shear 
stress and Tf is the failure stress be low which no permanent defo rmation exists (F ig. 1.2) (Boul
ton and Hindmarsh, 1987; Clarke, 1987b; Alley, 1989b). Usually, T f is expressed fo llowing the 
Coulomb criterion as a function of Pe, the ultimate friction angle </> r and the cohesion c of the 
sed iment 

Tf = c + P e tan <f> r· ( 1.2) 

In Equation ( I . I), the value of a determines the sensitivity of the strain rate to changes in 
shear stress and thus the dom inant viscous or plastic character of the material. Hence, small 
values of a (usually a < 5) are consistent with a quasi-vi scous material and a strong f. - r 
dependence, whi le for a~oo, the materia l tends toward perfect plastic ity (F ig. 1.2). Based on 
displacement measurements of markers inserted into subglacial sed iment beneath the marg in of 
Breioamerkurjokull, Iceland, Bo ulton and Hindmarsh ( 1987) proposed a quasi-linear v iscous 
flow law for till , using a = 1.33 in Eq uation ( I. I). Although the re liability of this result has been 
widely questioned (Hooke et al., 1997; Iverson et a l., 1997, 1998), it has been used in several 
other studies (e.g., Alley et a l. , 1987). The concept of a viscous bed impli es that the substrate 
rep lenishes itself by eroding the bed as it deforms pervasively. Models of ice streams with a 
viscous bed assume that Lhe grav itational shear stress is entire ly supported by the bed (A lley 
et a l. , 1987) and thus they neglect the ice deformation in the shear margins. This assumption 
is contradicted by a force balance analys is (Jackson and Kamb, 1997) and direct measurements 
of ti ll strength (Kamb, 199 1), which indicate that most of the resistive stress is concentrated at 
the marg ins rather than at the bed and that the bed y ie ld strength is one order of magnitude less 
than the grav itational driving stress. 

The v iscous nature of subglacia l sediment has been questioned by several studies. Laboratory 
tests indicate that Lill behaves essenlia lly as a plastic material (Iverson et a l. , 1998; Tu laczyk 
et al. , 2000a; Kamb, 200 I), i.e., that the shear strength is not affected by the rate of shearing but 
is proportional to the effective stress. This result, in agreement with c lassica l so il mechanics 
(e.g., Lambe and Whitman, 1979), is supported by fie ld measurements which showed that the 
force on objects dragged thro ugh subg lacia l sediment was independent of the velocity of the 
o~jects but scaled directly w ith the effective pressure (Iverson et a l., 1994; Hooke et al., 1997; 
Fischer et a l. , 1998). Such behavior can be described by Equation (I. I) for large values of a 
and 6 (Kamb, 200 I). An alternative description is 

f_ { 0 if r < r r 
E

0

0 = (~~)"' if T ~ T f (1.3) 
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Figure 1.2: Schematic graph showing the stress-strain rate relationships for di fferent 
types of rheology. 
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(e.g., C larke, 2005) where Eo and To are constants. For large values of 'Y (50 < 'Y < 100, 
Tulaczyk et al. , 2000a), this formulation introduces a weak dependence of Tf on c and thus 
accounts for the non-perfect plasticity of till which is sometimes observed (see Paragraph 1.2.4). 
There are several impli cations of a plastic rheology. Plastic fa ilure is not a mechanism of bed 
erosion, since it occurs along discrete shear planes. Moreover, in locations of the bed where 
stresses are larger than the sediment y ield stn:ngth, plastic failure resul ts in infi ni te shear strain 
rates. Hence, ice flow must be restrained elsewhere to avoid infi ni te ice flow ve locities. Thi s 
may occur at the marg ins (e.g ., Alley et a l., 2004) and at the bed, in regions of concentrated 
basal shear stress. Such basal regions, called sticky spots (A lley, 1993), may consist of stiffer 
sediment or exposed bedrock (e.g., Fischer and Clarke, I 997b; Piotrowski et a l., 2004). 

1.2.3 Elements of soil mechanics applied to subglacial sediment 

Volumetric variables 

An important particul ari ty of a granular materia l such as subg lacial sed iment is that a large 
portion of its volume consists of voids, or pores, fill ed with fluids (on ly water w ill be considered 
in the fo llowing di scussion). When deformed, a sediment may di splay a highly non-linear 
response, as it can undergo significant and often irreversible changes in vo lume resulting from 
partic le rearrangement. As grain sizes and shapes are hi ghly heterogeneous, a description of the 
state of stress between the individual pa1t ic les is challeng ing. Instead, sediment deformation is 
often expressed using stresses and stra ins averaged over a volume containing many partic les. 
The porosity n 

Vv 
n= v, (1.4) 

and the vo id ratio e 
Vv n 

e = V
5 

= 1 - n ' (1.5) 

are two vari ables c lassically employed to describe the volumetric packing of a sediment. Here, 
Vv is the volume of vo ids and V5 is the vo lume occupied by the grains and V is the total volume 
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of the sediment. The porosity (and the void ratio) depends on the size and the shape of the gra ins 
and on the past loading history. It influences the hydraulic conductivity, which characte rizes the 
ease with which water may flow through the pores, and determines the sediment response to 
stress changes. As such, loosely packed sediments are more porous and therefore generally 
more permeable and eas ier to deform than densely packed sediments (Fig. 1.3). The complex 
volume response of a sediment experiencing changes in normal or shear stresses can be deter
mined by laboratory tests (e.g., Bowles, 1978, see review by Clarke (2005) for laboratory tests 
performed on subglacial sed iment). 

't 

--... ,,.. porosity increase 
( ~ 

... 
porosity decrease 

1 2 

Figure I .3: Schem atic representation of shear-induced volume changes in a sedi
ment idea lized as an assembly of spheres. The dense packing config uration (I) is 
more stable than the loose packing configuration (2). Note the increase (decrease) 
in poros ity when an initially dense (loose) sediment is sheared. Modined from Lang 
et al. (2002). 

Volume changes under deformation: till elasto-plasticity 

In c lassical soil mechanics, sediment is described as an e lasto-plastic material: for stresses 
smaller than the yield strength, the sediment response is reversible and is expressed using the 
theory of elasticity, whereas for larger stresses, plastic deformation occurs. In the fo llowing, we 
present some of the fundamental elasto-plastic prope1ties of sediment and the poss ible implica
tions for the hydro-mechanical conditi ons at the base of soft-bedded g laciers. 

A sediment loaded for the first time is defined as normally consolidated, while a sediment which 
has already experienced a load larger than the current one is overc:onsolidated. For the same 
normal load, a sed iment may react differently depending on its degree of consolidation. The 
compressi bili ty characteristics of a sed iment are commonly investigated in a one-dimens ional 
confined compression test, or oedometer test (Bowles, 1978). In this test, the sediment sample 
is subjected to changes in the normal load (load ing and unloading), while the corresponding 
volume changes are recorded. The total conso lidation under a g iven load is estimated by an 
index that has different values for a normally conso lidated soi l (compression index Cc) and for 
an overconsolidated soil (swelling index Cs). These indices Cc and Cs characterize the parts 
of the deformation that are e lasto-plastic and purely e lastic, respectively. These values can be 
derived from the slope of a loading-unloading curve (Fig. 1.4) where Cc is the slope of the 
normal consolidation line (NCL) and Cs is the slope of the overconsolidation line (OCL). Cc 
is stress-dependent for normal stresses that are below the yie ld stress and Cs can be considered 
constant in a first approx imation. In fact, C s usually slightly increases with the number of 
load ing-unload ing cycles, indicating a tendency for soil s to get stiffer as they undergo cycl ic 
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changes in normal stresses. In a E - log O" graph, C c and Cs are expressed as 

(1.6) 

where i = c in the normally consolidated state and i = s in the overconsolidated state. Equiv
alent formulations can be made in terms of E - CJ variables (e.g., Lambe and Whitman (1979), 
p. 157). 

---- -- -- ------- ------ -~--=-~ 
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Figure 1 .4: Schematic representation of strain, volume and void ratio changes as a 
function of the normal stress during a one-dimensional confined compression test, 
with several cycles of loading and unloading. The lines labclcd NCL and OCL de
note the normal and overconsolidation lines, respectively. The behavior of a perfect 
elasto-plastic material is shown for comparison by the dashed lines having slopes 
Cs and Cc. 

The state of consolidation of subglacial sed iment depends on the past effective stresses and 
thus on the past ice thickness, basal water pressures and shear stresses. Hence, the degree of 
consolidation of unremolded sediment samples from beneath paleo-ice streams, investigated 
on the basis of laboratory tests, provides information on the past subglacial hydrological condi
tions, ice-surface profi le and glacier dynamics (Boulton and Dobbie, 1993; Hooyer and Iverson, 
2002). As such, a poorly consolidated till is often considered as being the signature of high sub
glacial water pressures (e.g., Tulaczyk et al. , 2000a), while a heavi ly consolidated till may be 
the result of dewatering by basal freeze-on (Christoffersen and Tulaczyk, 2003). Under modern 
glaciers, basal water pressure variations may lead to load ing-unloading cycles by the overlying 
ice and result in elasto-plastic deformation of the subglacial sed iment. This idea was suggested 
by negative ti lt rates recorded with ti ltmeters inserted into the bed that coincided with rises in 
subglacial water pressure. These measurements may reflect the relaxation of elastic strains in 
the till as the ice is decoupled from the bed and the till unloaded (Iverson et al., 1995; Fischer 
and Clarke, l 997b, 200 I; Hooke et al. , 1997). 
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During shearing, sediment vo lume changes may occur even under constant mean norma l stress 
(Fig. 1.3). This phenomenon is called dilatancy if the vo lume increases or contraction if the 
volume decreases (Fig. I .5b). For sufficientl y large strains, the sediment reaches a state called 
the critical state, where shearing cou ld continue indefinitely without changes in porosity or ef
fective stresses, and where the sediment cohesion is negligible. Th is state corresponds to the 
cond it ion of perfect plastic ity. If the init ial porosity of a sediment is below the va lue corre
sponding to the critical state (critical porosity), the sediment w ill dilate and conversely, if the 
initia l porosity is larger than the critica l porosity, the materia l will contract (Wood, 1990). 
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Figure 1.5: Schematic representation of(a) shear stress (b) volume and (c) void ratio 
as a function of stra in, ii lustrating the behavior of a di/atant (black) and a contractant 
(grey) sediment under shearing. The behavior of a perfect elasto-plastic material is 
shown in (a) for comparison (dashed line). Eyie ld is the strain at fa ilure, Tc, ec and 
Ee are the shear stress, void ratio and strain in the critical state, respectively. 

Effect of pore water 

T he presence of pore water within a sed iment infl uences its mechan ical response to changes 
in stress. In a water-saturated sediment at rest, the distri bution of water pressure in the pores 
is hydrostatic. If the equ ilibrium in pore water is suddenly disturbed (transient flow situation), 
then the pore pressure Pw will depart from its steady-state value p-.,v by a quantity 'l.l such that 

Pw = P-._v + U . (1 .7) 
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For positive values, u is called excess pore pressure and for negative values, it is called suction. 
As a consequence of pore-pressure grad ients, pore water will flow until a new equilibrium is es
tabli shed. Transient pore-water flow is controlled by the sediment diffusivity D , and in the case 
of a dynamic loading, by the rate of stress change, as described by the general consolidation
diffusion equation 

ou(x, t) _ 8CJ(x, t) D" (- . ) 
&t - &t + u 'l.l X , t , (1.8) 

where t denotes time and x is the spatial coordinate. If the drainage capacity of the sed iment 
is large compared to the loading velocity, pore-pressure equilibration and changes in sed iment 
vo lume occur immediately. By contrast, if the drainage capacity of the sediment is small com
pared to the load ing velocity, pore pressures develop above o r below the hyd rostatic value. In 
the extreme case where the water flow is completely impeded, the pore pressure supports the 
total stress change and there is no change in sediment volume (Fig. 1.6). 
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Figure 1.6: Schematic representation of pore-pressure change due to a step increase 
in normal stress fj_CJ in undrained ( I) and drained conditions in a sediment of low 
(2) and high diffusivity (3). 

Under g laciers, changes in pore-water pressure affecting the till strength may result from 
changes in basal water pressure (e.g., Fischer et a l. , 1998, 200 I), but a lso from sediment defor
mation. If pore-water pressure decreases as a consequence of a pore volume increase (Fig. 1.3), 
the effective pressure and thus the sediment y ie ld strength will increase (Eq. 1.2), a phenomenon 
called dilatant hardening. As a resul t, further deformation and dilation may be impeded, allow
ing re-equ ilibration of pore pressure and reinitiation of shearing (Moore and lverson, 2002). For 
g laciers, this process may lead to short events of rapid motion separated by extended periods of 
slower motion, known as stick-slip motion. Conversely, an increase in pore pressure subsequent 
to a reduction in pore volume leads to a reduction in the effective pressure and thus weakens the 
sediment (Eq. 1.2). 

1.2.4 Pseudo-viscous effects 

Viscous-like deformation features, such as pervasive sediment deformati on, are sometimes ob
served in till (Boulton and I lindmarsh, 1987; Blake et al., 1992). Different mechanisms have 
been proposed to reconcile thi s apparent contradiction with a Coulomb plast ic rheology (Iverson 
et al., 1998; Tul aczyk et a l., 200 I; Iverson and Iverson, 200 I). 
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Subglacial sediment behaves in a Coulomb plastic manner under constant effective stresses, i.e., 
if it has a constant pore volume, typically for sufficiently large shear stra ins. Cons idering typical 
glacier velocities, till deforms at a steady pore volume after hours to day (Iverson et a l. , 1998). 
However some effects, such as micro-earthquakes on sticky spots or tidal cyc les, might induce 
changes in effective stresses at a small er time scale, resu lt ing in transient pore-water fl ow within 
the ti ll. Such transitory effects may result in dilatant hardening of the t ill along shear planes and 
thus trigger a shift in the position of the shear horizons to regions of weaker surrounding till. 
If repeated many times, this mechani sm may lead to a pervasively deformed profile (Iverson 
et al. , 1998). Alternatively, such deformation profiles may ari se from pressure fluctuations at 
the ice- bed interface that lead to the propagation of a pore-pressure wave downward into the 
bed. The resulting pore-pressure variations may affect the sed iment strength and poss ibly cause 
its failure at increasing depth (Iverson et al., 1998; Tulaczyk et al. , 200 I). 

Two alternative mechanisms which do not involve transient pore-water flow may distribute de
formation in plastic sediment. As shown by model calculations (Tulaczyk et a l. , 200 I), the flow 
of perfectly plastic sediment around ice-entrained clasts or ice keels that plough the bed may 
result in distributed shear zones similar to that observed beneath g lac iers. Alternatively, the 
local formation and sudden failure of force chains between sediment grains (grain bridges) may 
result in fluctuating effective normal stresses and lead to the formation of numerous slip planes 
within the bed. This process, when integrated over time, may generate a deformed shear zone 
of a few centimeters in thickness (Iverson and Iverson, 200 I). 

The occurrence of pseudo-viscous effects may be related to the proportion of the bed exhibiting 
sticky spots. This idea was proposed in order to reconcile the apparently contrasting data of 
Whi llans Ice Stream and lee Stream D. Despite similar driving stresses and basal conditions 
(high water pressures and high-porosity till), measurements have shown that the deformation is 
concentrated in the top 3-25 cm of the bed and accounts fo r 25% of the motion of Whillans Ice 
Stream, whereas it reaches 60 cm depth and accounts for 80 - 90% of the motion of Ice Stream 
D (Engelhardt and Kamb, J 998; Kamb, 200 I). Add itionally, Whill ans Ice Stream d isplays a 
tidally controlled stick-slip behavior. Ice Stream D also flows by stick-slip events, but at much 
lower veloc it ies and in anti phase with tidal variations. Bindschad ler et a l. (2003) proposed that 
the thick till layer under Whillans lee Stream smoothes the bedrock asperi ties, such that the 
rupture of the few sticky spots resul ts in large shear strains over the bed. The consequent plastic 
fai lure of the bed may be localized along di screte shear planes near the bed surface and lead to a 
dramatic increase in the surface velocity. In contrast, large strains at the bed of Ice Stream Dare 
impeded by a large number of sticky-spots, the repeated breakage of which lead to non-steady 
conditions in the Coulomb plastic ti ll and thus to pseudo-v iscous effects within the bed. Thi s 
phenomenon may result in a bed deformed at depth and a viscous delay of the slip velocit ies. 
Hence, the plastic o r pseudo-viscous behavior of till might be determ ined by the magnitude of 
the applied basal shear stress compared to the sediment y ield strength. 

1.3 Subglacial water pressure and bed lubrication 

1.3.1 Origin of subglacial water 

Under ice streams, basal water is produced by geothermal heat flux, strain heating in the basal 
ice and, fo r the most part, by frictional heating. Moreover, it can be diverted from beneath 
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adjacent ice streams (Joughin et al. , 2004). Beneath alpine g laciers, meltwate r coming from the 
surface a lso contributes to bed lubrication. The magnitude of the water pressure at the ice-bed 
interface is determined by the drainage efficiency, wh ich depends on the nature of the subglacial 
drainage system. 

1.3.2 Drainage systems 

Subglacial water flow over hard beds, which are regarded as rigid and impermeable, is c las
sically distingui shed to occur either in channelized or di stributed drainage systems. Channel
ized systems enab le an effic ient drainage through a network of conduits (Hubbard and Nienow, 
1997), so that only a small proportion of the bed is in contact w ith water. The geometry of these 
channels is controlled by the counteraction of melt-enlargement and creep-closure of the sur
rounding ice walls and adjusts to the prevailing drainage conditions. For the steady state, water 
pressure and di scharge display an inverse relationsh ip (Roth lisberger, 1972). In contrast, in a 
di stributed system, water flows over large propo rtions of the g lacier bed , either through a water 
film at the ice- bed interface (Weertman, 1972, 1983) or through a network of linked cavities 
(Walder, 1986; Kamb, 1987). In thi s case, increasing water discharge results in increasing basal 
water pressure. 

In the case of a soft bed, water can infil trate into the sediment and drain downwards by Darcy 
flow to an underly ing aquifer. Significant water drainage may a lso occur through preferential 
drainage pathways within the bed, as suggested by studies of geo logical structures in beds of 
past ice sheets (e.g., Van der Meer et a l. , 2003). Theories of water drainage over soft beds 
were developed by Walder and Fowler (1994) and Ng (2000). These autho rs consider ice
roofed conduits inc ised into the till , where inward creep of the sediment is counteracted by 
eros ion. They suggest that under glaciers, which are characterized by steep surface s lopes, large 
potentia l gradients favor melting of the ice by turbulent wate r flow. Th is phenomenon results in 
an arborescent system of conduits that are melted into the ice and o perate at low water pressure. 
In contrast, fo r small surface s lopes and correspond ingly low potentia l gradients typical for 
ice sheets, the high basal water pressures that are required to drive the water flow have the 
potential to deform till into a di stributed network of conduits. Observations of the bed of paleo
ice streams provide ev idence for the existence of such channels at the ice-bed interface (e.g., 
Brown et al. , 1987). In addition, observations at Whillans Ice Stream indicate that drainage may 
a lso occur through patches of Wee11man-type water films (A lley, 1989a) . 

The config uration of the subg lacial dra inage system depends on the rate of discharge and on the 
creep-c losure of the ice. Hence, for a lpine g laciers, the nature of the drainage system is subject 
to seasonal variations induced by variable inputs of surface meltwater. During the w inter, when 
no surface meltwater is supplied , the subglacial wate r fluxes are too low to maintain an effi
cient channel ized system. Therefore, distributed systems and high subg lacial water pressures 
are likel y to predominate (Hubbard and N ienow, 1997). The beginning of the melt season in 
spring leads to the destabilization of the di stributed system, which is not capable of evacuating 
the add itional meltwater supply. As surface melting increases through the summer, the w inter 
dra inage configuration is progressively replaced by a network of channels. ln autumn, creep
c losure prevails and leads to the collapse of the channelized system. The temporal variati ons in 
the geometry of the subg lacia l water system are accompanied by spatial changes, with the chan
nelized system migrating upglacier throughout the summer (I lubbard and Nienow, 1997). The 
subg lacia l dra inage system beneath antarctic ice streams is more stable and not subject to such 
seasonal variations because the amo unt of meltwater coming from the surface is not significant. 
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1.3.3 Effects on bed lubrication 

The nature of the drainage system has, through its control on the basal water pressure, signif
icant implications for glacier motion. High water pressures reduce basal resistance to flow by 
weakening the sed iment and increasing ice-bed separation. Depending on the degree of ice-bed 
coupling, basal motion occurs as a combination of sliding of the ice over the bed, ploughing 
of clasts through the upper part of the bed, shearing along di screte planes and pervasive bed 
deformation (Brown et a l., 1987; A lley, J 989b) (Fig. 1.7). The coupling between the ice and 
the underly ing bed is principally controlled by the effective roughness of the bed, which de
pends on the presence of a water fi Im at the ice-bed interface. The size of the bed roughness 
e lements can vary from several meters (bumps, bed ondulations) to some mi llimeters, as in the 
case of a soft bed (s ize of the sediment grains). lf a water film forms at the ice-bed interface, 
the smallest particles are submerged. In th is case, the contact areas between the ice and the 
bed are reduced and s liding is promoted (Fig. I .7a). In contrast, s liding is inh ibited by a strong 
ice- bed coupling, which may be the case if basal ice infiltrates unfrozen sediment, for glaciers 
frozen to the ir base or resting on coarse ti ll. In this case, high pore-water pressure can cause the 
sediment y ield strength to drop below the shear stress applied at the ice- bed intetface and bed 
deformation may occur pervasively or a long discrett: shear planes (Fig. l.7c). If the coup li ng 
is incomplete, basal motion can either be accomodated by sliding or dragging of clasts that 
protrude across the ice- bed interface through the upper layer of the bed, depending on the bed 
yield strength (Fig. I. 7b ). 

1.4 Mechanisms of basal motion 

1.4.1 Sliding 

ln the presence of a basal water fi lm that submerges a ll the bed asperities, the ice is tota lly 
decoupled from the bed and slides on the water film (Fig. I .7a). However, as thick basal water 
fi lms are unstable (Walder, 1982), sliding of ice past obstacles is more I ikely (Fig. I . 7b, case I). 
According to s lid ing theories over hard bedrock (Weertman, 1964; Nye, 1969; Kamb, 1970; 
Lliboutry, 1975), the drag exerted at the base of the g lacier is maxim um for obstacles of size 
c lose to the so-called controlling obstacle size. Slid ing of the ice around smaller obstacles is 
accommodated mainl y by regelation whereas s liding of the ice around larger obstacles is ac
commodated mainly by ice creep. These theories can be extended to the case of a soft substrate, 
which is frequently idealized as an array of spheres of d ifferent sizes protruding into the base 
of the ice (Brown et al., 1987; Alley, l 989a; Iverson, 1999; Iverson and Hooyer, 2004). If the 
shear stress exerted on the partic les by the ice is smaller than the substrate y ield strength, ice 
fl ows past them by the sliding mechani sms described above. In th is case, the shear stress is 
taken up by the particles at the ice-bed interface and the bed is not deformed. 

1.4.2 Ploughing 

If the drag exerted by the ice on the clasts that protrude across the ice- bed interface becomes 
equal to the local bed resistance, the partic les are ploughed by the ice through the sediment, 
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ice flow _____. 

ice flow _____. 

ice flow _____. 

Fig ure I. 7: Schematic representation of different degrees of ice- bed coupling and 
the corresponding mechanisms of bed deformation. (a) Complete decoupling and 
pure basal sliding. (b) Incomplete coupling, with clasts protruding across the ice
bed inter face. Jee flows around the clasts if the sediment y ield strength is larger 
than the shear stress applied by the ice on the clasts (case /) .Jn contrast, i fthe drag 
exerted by the ice on the c/asts becomes equal to the the bed resistance, the particles 
are ploughed by the ice through the sediment, leading to local bed deformation (case 
2). (c) Strong coupling resulting in pervasive hed deformation if the hasal shear 
stress is larger than the sediment y ield strength. The black arrows symbolize ice 
flow, the grey arrows indicate transfer of shear stress across the ice- bed interface. 
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lead ing to local bed deformation (Fig. I. 7b, case 2). Ploughing is therefore a transit ional state 
between sliding and pervasive bed deformation. 

The existi ng theories on ploughing (Brown et al., 1987; Alley, 1989a; Iverson, 1999; Tulaczyk 
et a l. , 200 I ) are based on contrasting assumptions. In order to calcul ate the drag exe1ted on 
the ploughing clasts by the ice, sliding theories of both Weertman ( 1964) and Lliboutry (1975) 
were used (Brown et a l. , 1987; All ey, I 989a). ln the calculation of the resistive force of the 
bed, sediment is supposed to be e ither viscous (Alley, 1989a) or Coulomb-plastic (Brown et al., 
1987). Iverson ( 1999) revisited the work of Brown et a l. (1987) by expressing the shear stress 
on a ploughing clast Tv using a cone penetration model (Senneset and Janbu, 1985) as fo llows 

1 [ ( C ) C J T p = N F Pe+-- ---
2 + NFk tan <P r tan cp .. 

(1.9) 
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where k is a pressure shadow factor accounting for the motion of ice past clasts and the resultant 
reduced effective pressure immediately downglacier from clast. N F is a dimensionless bearing 
capacity factor 

N rc = tan2 (~ + </>r ) e('rr-2/j)tan<f>r 
4 2 

(I. I 0) 

where f3 is the angle with a normal to the bed of the yield surfaces of the sed iment in front of 
the clast. Experimental stud ies provide good empirical support for Equation (1.9) (e.g., Iverson 
et al., 1994). In thi s approach, T P depends on the effective stress and on the frictional properties 
of the sediment as in Brown et al. ( 1987), but also on the shape of the ploughing clast. It does 
not depend, in contrast with results of Alley ( 1989a), on the basal ve locity. It is worth noting 
that, according to Equations (l .2) and (1.9), the resistive shear stress app lied by the sed iment on 
the ploughing clasts is likely to be larger than the sediment yield strength. Therefore, ifthe bed 
yield strength is smaller than the glacier driving stress, as is often the case for ice streams, large 
bed areas covered with ploughing clasts may result in a basal resistive shear stress balancing 
the driving stress. 

According to these ploughing theories, clasts near the controlling obstacle size are the first to 
plough if the local shear stress exceeds a minimum value. For a grain-size distribution typical 
of subglacial sediment, th is size corresponds to several centimeters (Alley, l 989a; Iverson and 
Hooyer, 2004). Greater basal stresses increase the fraction of the bed ploughing. Hence, anal
yses of ploughing structures left by past ice sheets and reconstructed past effective stresses can 
be used to deduce the size of the ploughing clasts and calcu late the past basal drag and sliding 
velocity of the ice sheet (Hooyer and Iverson, 2002; Iverson and Hooyer, 2004). 

Jn these studies, it is assumed that the sediment bed is fu lly drained. However, as suggested by 
Iverson et a l. ( 1994), if the rate of sediment compression in front of the plough ing clast is larger 
than the rate of water pressure dissipation, excess pore pressure may develop and reduce the 
sediment strength locally. This idea is based on results of cone penetration tests (Campanella 
et al. , 1983) (F ig. 1.8) and fie ld measurements (Fischer et a l., 2001 ), where the force exe1ted on 
objects dragged through subglacial sediment was one order of magnitude smaller than the one 
computed under the assumption of a plastic sediment, suggesting that excess pore pressures may 
have developed adjacent to these objects. Thi s effect, which may be likely for rapidly sliding 
glaciers underlain by impermeable sediment such as Whi llans Ice Stream (Iverson, 1999), is 
important because it may significantly reduce the basal res istance of the bed. 

The tendency for excess pore-pressure generation downglacier from plough ing clasts can be 
assessed by considering a dimensionless parameter 

D 
R = vd' (I. I I) 

(adapted from Iverson and LaHusen, 1989) where v is the velocity of the ploughing clast 
through the sediment and d is the characteristic length of the sediment compressed in front 
of the clast. This parameter relates the time scale for generation of excess pore pressure (d/v) 
to the time sca le for diffusive pore-pressure equilibration across d (d2 

/ D). Consequently, gen
eration of excess pore pressure is like ly for small values of R. Recently, laboratory tests have 
been performed to systematically study the conditions for excess pore-water pressure genera
tion in front of hemispheres pulled through water-saturated sediment using a ring-shear dev ice 
(Thomason and Iverson, 2003). The authors reported a decrease in the drag force on the hemi
spheres with increasing velocities as a consequence of excess pore-pressure generation and 
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Figure 1.8: Results of cone penetration tests, showing simultaneous increase in 
pore-water pressure and decrease in the penetration resistance (from Campanella 
et al. (1983)). 

expressed the shear stress on the hemisphere Th as 
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Th= -
2
1 

[(Nq -1) (p' +-c-)-Nuu+o-] +uc1rag, 
tan <P r 

( I. 12) 

where N q and Nu are bearing capacity factors , p' is the applied effective normal stress and Uctrag 
is the resistance due to a pore-pressure gradient across the hem isphere (Thomason and Tverson, 
2003). 

The depth of the till deformed by ploughing is essentially controlled by the occurrence of clast 
interlocking and by the till grain sizes. Specifically, ploughing of clasts concentrates till defor
mation in the upper layer of the bed, up to three times the clast size (Tulaczyk et a l., 200 I), 
which is typically tens of centimeters. Tulaczyk et a l. (200 I) and Clark et a l. (2003) extended 
the above theories and suggested that the substrate can be ploughed by a bumpy g lacier sole 
(groove-ploughing). If the irregularities of the ice base are larger than the clasts, this process 
would lead to greater deformation depths than by clast ploughing and possibly erosion of the 
underl y ing bedrock (Tulaczyk et al., 200 1; Bougamont and Tulaczyk, 2003). Although there is 
no direct ev idence of such ice keels at the base of g laciers, bedforms of paleo-ice streams, such 
as mega-scale lineations, g ive support to this assumption (Clark et a l., 2003). Thi s ploughing 
model provides a possible mechanism for t ill transpo11 and bed erosion, even with a thick till 
layer, which can otherwise not be expla ined by the plastic bed model a lone. 

Alley ( I 989a) argues that the range of basal stress required to initiate ploughing is narrow (0.4pe 
to 0.5pe), implying that it is not the predominant process of bed deformation, but rather sliding 
or pervasive bed deformation, depending on the amount of shear stress transferred across the 
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ice- bed interface. Contrastingly, Brown et al. ( 1987) conclude that basal motion under the Puget 
Ice Lobe may have been predom inantly focused near the glacier sole by sliding and ploughing. 
Iverson ( 1999), Iverson and Hooyer (2004), Piotrowski and Tu laczyk (1999); Piotrowski et al. 
(2004) and Hooyer and Iverson (2002) reached similar conclusions for other glaciers. 

1.4.3 Shearing across discrete planes 

Jn some tills, extended continuous shear planes are observed (e.g., Boulton and Hindmarsh, 
1987). Such deformation features may correspond to the extreme case of the entire bed plough
ing, with the shear plane being located at the base of the ploughing clasts (A lley, 1989a). More 
likely, such shear bands are usually assoc iated with variations in the effective stress, as dis
cussed in Paragraph 1.2.4. Shear planes can be located at great depth (> 2 m) without any bed 
deformation above (Truffer et al., 2000). 

1.4.4 Pervasive bed deformation 

Variable depths of pervasively deforming beds have been inferred in different studies, from a 
rvQ.4 m thick soft sediment layer at Breioamerkurjokull in Iceland (Boulton and Hindmarsh, 
1987) to a deforming till layer of 4.6 mat the base of a paleo-ice stream in the Marguerite Bay, 
West Antarctic Peninsula (Dowdeswell et al., 2004). Pervasive bed deformation may occur if 
a strong ice-bed coupling is combined with low effective stresses, i.e. a weak sediment, a case 
favoring the transfer of shear stress to great depth (Fig. I .7c). The effective pressure and thus 
the till yie ld strength increases with depth because of the difference of the densities of till and 
water. The basal shear stress a lso increases from the ice- bed interface to deeper regions of the 
bed, but less rapid ly. The location where the yield strength exceeds the shear stress determines 
the depth of deformation (A lley, I 989a). As di scussed in Section 2.4, other processes, such as 
ploughing by clasts or ice keels or the superposition of multiple failure planes may result in a 
pervasively deformed sediment bed. 

1.5 Open questions 

Over the last two decades, much progress has been made toward understanding the influence of 
the physical conditions at the bed of ice masses on the mechanisms of basal motion and thereby 
on the complex dynamics of g laciers and ice sheets. However, fundamental questions remain 
unsolved. 

1.5.1 How widespread are deformable beds? 

Observations indicate that fast-flowing glaciers are usually underlain by deforming till (A lley, 
2000). However, the proportion of modern g laciers resting on till , thus susceptibl e to being 
affected by bed deformation , is undetennined. The presence of t ill beneath g laciers depends, 
on the one hand, on the occurrence of sedimentation prior to g laciation, and on the other hand, 
on the rate of ti ll production by bed erosion, the efficiency of which depends on the geological 
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nature of the substrate. It is therefore impo1tant to consider the geological history of the s ite 
in order to assess the existence of a continuous and thick layer of subglacial till (Alley, 2000), 
a cond ition for sign ificant basal motion by bed deformation. Alternatively, an accurate flow 
law is needed to calculate the erosion rates and the debris fluxes beneath glaciers. If a glacier 
produces ti ll by bed erosion faster than it is removed, the thickness of the t ill layer increases and 
tends to promote bed deformation. Simultaneously, till generation decreases with increasing 
thickness of the till layer overlay ing bedrock and active bed deformation may result in turn 
in sediment removal. Such reduction in the production or loss of lubricating t ill may lead 
to a deceleration of the g lacier unless an equ ilibrium is reached between ti ll production and 
transport. Some effort has been made to describe till generation and redis tribution beneath ice 
streams (Tulaczyk et al., 200 I ; Clark et al., 2003) and the coupled evolution of ice thickness 
and flow dynamics (Bougamont and Tu laczyk, 2003) under the assumption of a plastic bed. 
Neve1theless, the factors that govern the occurrence and the depth of bed deformation are not 
fully e lucidated. For example, it is sti ll unclear why Whillans Ice Stream and lee Streams C and 
D display great differences in flow velocity and depth of bed deformation despite very s imilar 
conditions at their base (Kamb, 200 I). Such contrasting behaviors may result from differences 
in the degree of ice-bed coupling, and thus in the amount of shear stress transferred across 
the ice- bed interface, which in turn influence the partitioning between the different basal flow 
mechanisms. 

1.5.2 What are the factors that control the degree of ice-bed coupling? 

The strength of the ice- bed coupling and therefore the partitioning between the different bed de
format ion mechanisms can be highly variable in space and time, as illustrated by measurements 
of sediment strength and water pressure at Trapridge Glacier (Fischer et al., 1999). Ice-bed 
coupling may be influenced by the till grain size (Tulaczyk et al., 2001), the bedrock litho logy 
(0 Cofaigh et a l. , 2002) and hydrological processes (F ischer and Clarke, 200 I). Non-uniform 
till layer, heterogeneous till texture, irregular bed topography and rapid spatial and temporal 
changes in subglacial water pressure might induce a wide variabi lity in the distribution of the 
basal shear stress, with numerous sticky spots a long the bed (e.g., Fischer and Clarke, I 997b ). 
In particular, the link between basal water pressure and ice- bed coupling can be highly com
plex, as depicted by recent modeling work, which showed that high subglacial water pressure 
may promote s liding by local ice-bed decoupling but also lead to bed deformation in adjacent 
regions of lower water pressures through horizontal stress coupling (Fischer et a l. , submitted). 

1.5.3 Does a fast flowing-glacier overriding sediment move primarily by 
sliding/ploughing or by bed deformation? 

The widespread occurrence of a pervasively deforming bed has been questioned because of the 
puzzling role of high subg lacia l water pressures: they may promote bed deformation by weak
ening the substrate but also cause ice-bed separation. In add ition, many geological records in 
deglaciated areas cannot be explained by pervasive deformation (Piotrowski et a l., 2001). Slid
ing/ploughing may therefore be the primarily basal mechanism for fast ice flow rather than bed 
deformation at depth, such that models of g lacia l geomorphic processes based on pervasive bed 
deformation may be inappropriate. Although sliding theories have been widely deve lo ped, little 
is known about plough ing. During plough ing, excess pore pressure may develop downglacier 
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from ploughing clasts such that the sediment weakens locally and provides little resistance to 
g lacier motion. By reducing the strength of the ice-bed coupling, ploughing may therefore have 
fundamental implications for g lacier basal motion (Iverson et a l., 1994; Iverson, 1999; Fischer 
et a l. , 200 I; Hooyer and Iverson, 2002). However, a quantitative description of this mecha
nism and the estimation of the corresponding basal d rag in g lacier flow mode ls is hampered 
by the paucity of data. In particular, the conditions for excess pore-pressure generation and its 
influence on sediment strength remain unclear. 

1.6 Objectives and structure of the thesis 

1.6.1 Objectives 

Soft bed deformation is a crucial issue in determining till mass balance and the re lated g lac ier 
flow dynamics. It a lso contro ls the fo rmation of proglacial landforms, such as drumlins, eskers 
and moraines, which may in turn affect the g lacier dynamics by prov iding back-stress to the ice 
mass. Much progress has been made toward understanding the relationship between basal shear 
stress and basal velocity of soft-bedded g laciers. However, such a law is sti II lacking, in paitic
ular because the condition in which till displays a perfectly plastic o r a pseudo-viscous behav io r 
remains unclear. An add itional d ifficul ty res ides in the estimation of basal shear stress effec
tively transmitted to the bed which depends d irectly on the strength of the ice-bed coupling. 
T he objectives of the present thesis can be summarized as fo llows: 

• Test of the hypothesis that c last ploughing has the potential to reduce ice- bed coupling. 
In particular, the factors resul ting in excess pore pressure generation in fro nt of ploughing 
clasts are systematica lly investigated. 

• Quantification of the resistive basal shear stress on ploughing clasts. In particul ar, the 
re levant parameters infl uencing the magnitude of the shear stress on ploughing clasts are 
investigated and existing theoretical mode ls of ploughing are tested. 

• Better understanding of the rheology of subglacial sediment. In part icular, the hypoth
es is that the sediment shear strength is independent of the rate of deformation and thus 
that subglacial sediment essentia lly behaves as a frictional plastic material is tested. The 
conditions for the occurrence of pseudo-viscous effects a re investigated. 

1.6.2 Structure of the thesis 

T he named objectives were pursued as fo llows: 

• A fi e ld study was conducted at Unteraargletscher, Switzerland, as presented in Chap
ter 2. Pore-water pressure in front of an instrumented object dragged through subglacial 
sediment and water pressure at the base of a borehole were simultaneously recorded to 
investigate the generation of pore pressure downglacier from ploughi ng clasts. T hese 
measurements are related to measurements of the g lac ier surface veloc ity and possible 
im plications for c last ploughing are di scussed. 
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• A new laboratory device of large dimensions, dubbed rotary ploughing device, was de
veloped and constructed to study the process of ploughing under g lacia lly relevant con
ditions. In Chapter 3, the rotary ploughing device and the experimental procedure are 
described in detail and preliminary results of experiments are discussed. 

• A systematic study was made of the influence of ploughing velocity and effective pres
sure on excess pore-pressure generation and sediment strength by performing ploughing 
experiments with the rotary ploughing device. The results of these experiments are pre
sented in Chapter 4. 

Chapters 2, 3 and 4 are written as stand-alone papers, w ith their own abstracts. This structure 
leads to some unavoidable repetition, in particular in the introduction to each chapter. The 
bibliography, however, has been assembled at the end of the thesis. 

Chapter 2 was published under: M. Rousselot and U. I I. fischer, 2005. Ev idence for ex
cess pore-water pressure generated in subglacial sediment: implications for clast ploughing, 
Geophysical Research Letters, 32(L 11 501 ). doi : l 0. 1029/2005GL022642. Other measurements 
made during the field study and detail s about the measurement techniques are provided in Ap
pendix A. 

Chapter 3 has been submitted to Glacial Sedimentary Processes and Products. Spec ial Publica
tion, International Association of Sedimentologists, Hambrey, M., Christoffersen, P., Glasser, 
N., Janssen, P., Hubbard, B. and Siege1t, M. (eds.). Blackwells, Oxford. The authors are M. 
Rousselot and U. H. Fischer. The technical drawings and detail s about the dimensioning of 
different parts of the device are provided in Appendices B, C and D. Appendix E presents in de
tails the experimental procedure. Results of geotechnical tests performed on Unteraargletscher 
sediment are detailed in Append ix F. 

Chapter 4 is in preparation to be submitted. The authors are M. Rousselot and U. H. Fischer. 

Chapter 5 summarizes the main findings of the field and laboratory studies and highlights some 
issues of interest for future research. 
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Evidence for excess pore-water pressure 
generated in subglacial sediment: 
implications for clast ploughing 
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2.1 Abstract 

Pore-water pressure in front of an object pu lled through subglacial sediment and water pressure 
at the base of a borehole were simultaneously recorded at Unteraarg letscher, Switzerland, to 
investigate the generation of excess pore pressures downglacier from ploughing clasts. Analysis 
of the strongly correlated pressure records revealed that the amplitude of the pore-pressure 
fluctuations was larger than that of the corresponding borehole pressure fluctuations. Guided 
by high tempora l reso lution measurements of g lacier surface motion fro m a different year, thi s 
find ing suggests that temporal changes in g lacier speed lead to changes in the degree of excess 
pore pressure in front of the ploughing object. The generation of excess pore-water pressure has 
the potential to weaken the sed iment downglacier from ploughing clasts. Instead of these clasts 
provid ing the roughness at the ice- bed inte tface to resist glacier motion, the ploughing process 
may in fact help to decouple the ice fro m the bed reducing basal resistance. 

2 1 
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2.2 Introduction 

Basal motion of soft-bedded glaciers is by some combination of slidi ng and subg lac ial sediment 
deformation. The dragging of ice-entrained clasts through the upper layer of the sediment 
bed, a process known as 'ploughing' (Brown et al. , 1987; Alley, 1989a), has recently received 
considerable attention because it may have fundamental implications for glacier basal motion 
(Iverson et al. , 1994; Iverson, 1999; Fischer et al. , 2001 ; Hooyer and l verson, 2002). The 
compression of sediment in front of ploughing clasts may lead to the generation of excess pore
water pressures that have the potential to substantiall y weaken the sediment. Ive rson ( 1999) 
recognized that thi s effect may be of particular importance for rapidly sliding glaciers underlain 
by impermeable sediments. In the case of Whillans Ice Stream, s ign ificant excess pore-water 
pressure is likely to deve lop downglacier from clasts with diameter a down to 5.4 mm. Thus, 
c lasts larger than this cannot provide the roughness necessary to couple the ice stream to its bed. 
Instead, excess pore pressure and consequent sediment weakening may reduce the coupling at 
the ice- bed interface by lowering the resistance exerted by the sediment on ploughing clasts 
(l verson, 1999). 

In this paper we present simultaneously recorded variations in water pressure at the base of a 
boreho le and pore-water pressure in front of an object dragged through subg lacia l sediment at 
Unteraarg letscher, Switzerland. We interpret these records in terms of changes in excess pore 
pressure in front of the ploughing object resulting from temporal variations in glacier speed. 
Our analys is is guided by high temporal resolution measurements of glacier surface motion 
taken in a diffe rent year. Using standard diffusion theory, we examine the temporal evolution 
of excess pore-water pressure in a sediment subject to a temporally varying load ing and show 
that a consistent explanation can be deve loped. 

2.3 Field site and methods 

Unteraarg letscher, a temperate valley g lacier situated in the Swiss Alps, is the common tongue 
of Finsteraar- and Lauteraargletscher (Fig. 2. 1 A). The g lacier is roughly 6 lan long, 1 lan wide 
and has a mean surface slope of rv4°. At least in pa1t, the g lacier is underlain by a soft sediment 
bed (Fischer et a l. , 200 I). By midsummer, subg lac ia l water flow is through a hydrau licall y 
efficient, channel ized drainage system (Schuler et a l., 2004). As part of our ongoing investi
gations of the dynamics and hydrology of Unteraarg letscher (Gudmundsson et a l. , 1997, 1999, 
2000; Fischer et al., 2001 ; Schule r and Fischer, 2003; Schuler et al. , 2002, 2004), we carried 
out measurements of water pressure at the glacier bed and pore-water pressure in the subglacial 
sediment from July to September 2002, and surface fl ow velocity in July 2003. During both 
summers, data on air temperature and precipitat ion were col lected by an automatic weather 
station (Fig. 2 .1 A). 

Water press ure was recorded w ith a vibrating wire pressure transducer suspended about 10 m 
above the bottom of a rv254 m long boreho le dri lied with hot water to the glacier bed (Fig. 2.1 B). 
To measure pore-water pressure in the subg lac ia l sediment, a vibrating wire pressure transducer 
was housed within a steel rod, the lower end of which was machined into a conical tip. The steel 
rod was driven rv0 .13 m into the sediment bed at the base of the borehole. Pore-water pressure 
was measured at a pressure port located near the tip. A rudder mounted onto the tip ensured that 
the pressure port rotated into the direction of flow as the glacier moved forward and the tip was 
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dragged through the sed iment (Fig. 2.1 B).Pressure data were collected at interval s of 5 minutes 
with a measurement accuracy and sensitivity equivalent to water levels of 0.35 m and 0.08 m, 
respectively. 
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Figure 2. 1: (A) Map of Unteraargletscher showing the surface topography of the g lacier, the 
positions of OPS receivers for measurements of surface motion ( o ), and the borehole for mea
surements of subglacial water pressure and pore-water pressure ( x ). The triangle is the temper
ature and precipitati on measurement site. (B) Measurement set-up (not to scale). OPS unit was 
placed at site of borehole a year late r. 

Surface di sp lacements c lose to the g lacier flow centre line, at the borehole site and rv70 m from 
the g lacier margin (rig. 2. 1 A) were determined with hourly resolution using static rel ative GPS 
measurements. The reference station was located beside the glacier on the northern va lley fl ank 
about 380 m from the boreho le. A test conducted with the reference station and another fixed 
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antenna indicated a position ing error of ±3 mm. Surface flow velocities were computed from 
horizontal displacements using a Kernel regression smoothing with adaptive plug-in bandwidth 
(Brockmann et al., 1993). 

2.4 Results 

Figure 2.2A shows the records of water pressure close to the bottom of the borehole and pore
water pressure in the sediment underneath. The boreho le remained ful l of water when the drill 
reached the bed, indicating that the hole was not connected with the subglacial drainage system 
at that time. Subsequently, the water pressure in the sediment tracked variations recorded in the 
borehole very closely. A cross-correlation analysis of the two signals revealed no statisticall y 
significant lag given the frequency of the measurements. 
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Figure 2.2: (A) Records of water pressure at the bottom of the borehole (grey) and pore-water 
pressure in subglacial sediment (black). (B) Hourly values of precipitation and air temperature. 

The measurements of surface motion (Fig. 2.3A) were conducted during a five-day period char
acterized by nice weather with regu lar dai ly variations in air temperature and no precipitation 
(Fig.2.38). Clear diurnal fluctuations in surface flow velocity were observed with mean ve
locities ranging from r-v0.05 m day- 1 near the g lacier marg in to r-v0.085 m day- 1 close to the 
central flow line (Fig. 2.3A) in good agreement with glacier velocities measured in other years 
(Gudmundsson et a l., 2000). 
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Figure 2.3: (A) Records of su1face velocity at the g lacier flow centre li ne (sol id), borehole site 
(dashed) and glacier marg in (dotted). (B) Hourly values of air temperature. 

2.5 Discussion 

2.5.1 Pressure variations 

An interesting feature of the pressure records are the small amplitude variations that are well 
correlated with d iurnal fluctuations in a ir temperature, pa1t icularly marked between days 226 
and 234 (F ig. 2.2). A possible explanation is that diurnal water-pressure fluctuations in a sub
g lacial channel propagated through basal sediment and affected the water level in the bo rehole. 
The distance between the base of the borehole and a channel may be estimated based on the 
attenuation of pressure waves trave lling through the sediment layer. By analogy with heat ftow 
in the Ea1th where the surface is subject to period ic variations in temperature (e.g., Carslaw and 
Jaeger, 1959), the decay of amplitude A of a pressure wave w ith distance x from the channel is 
g iven by 

(2. 1) 

where A0 is the amplitude of water-pressure variations in the channel, w is the angular frequency 
of the periodic boundary condition and D is the hydraulic diffusivity of the sediment. Because 
the daily range of channel water pressure is not known, we assume that during the summer 
the pressure in a subglacia l channel may vary between atmospheric (0 m) and ice-overburden 
pressure (230 mat the borehole site). Taking a value of hydrauli c d iffusiv ity from in situ mea
surements at Unteraarg letscher (10-6 m 2 s-1) (Fischer et a l., 2001), we calculate a d istance of 
0.8 m between the borehole and the channel. Th is distance increases to a maximum of 8.5 m 
when typical values of hydraulic diffusiv ity for subglac ial sed iment up to 10- 4 m2 s- 1 (freeze 
and Cherry, 1979) are considered. However, there is no indication of a nearby subglacial chan
nel. The closest active moulin delivering surface meltwater to an efficient subglacial drainage 
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route was located more than 30 m from the borehole. In add ition, two other boreholes dril led 
to the bed ,..._, 10 - 20 m away were unconnected to the subglacial drainage system. It therefore 
seems unlikely that the observed pressure variations were caused by propagation of pressure 
waves through basal sediment in response to water-pressure fluctuations in a subglacia l chan
nel. 

As an alternative, we suggest that the pressure variations were caused by varying amounts 
of water that were added to the borehole from the g lac ier surface wh ile at the same time a 
continuous but small amount of water slowly leaked from the bottom of the borehole into the 
sediment underneath. The idea is that the water level rose as meltwater produced during the day 
seeped into the borehole and dropped when li ttle or no meltwater was prod uced during the night. 
This notion is supported by observations that the borehole was typically fil led close to the top in 
the late afternoons and that the water leve l had dropped to rvl m below the top of the borehole by 
the fo llowing morn ings. Furthermore, a sho1t period with a ir temperatures below 0°C starting 
on day 222 (Fig. 2.28 ), during wh ich meltwater production ceased, lead to a noticeable drop in 
pressures (Fig. 2.2A). Heavy ra infall on day 223 subsequently refilled the hole with water. The 
implication of the borehole being filled to the top apart from the small water level variations is 
that the gradual decrease in pressures by approximately 3 m of water head between days J 95 and 
234 (Fig. 2.2A) is due to the sho1tening of the borehole as ice was ablated at the surface of the 
glacier. The inferred sUiface melt rate of ,....,70 mm water eq uivalent day- 1 roughly agrees with 
measured ablation rates in thi s region of the g lacier (Schuler et a l. , 2002). After day 234, the 
efficiency with which water drained from the borehole into the subglacial sediment increased 
somewhat as indicated by a decrease in pressures that is faster than can be explained by surface 
ablation a lone. Direct observations confirmed that the water leve l had dropped substantially 
below the top of the borehole. 

Close inspection of the pressure data revea led that the ampli tude of the pore-pressure signal 
was larger than that of the borehole pressure signal by rv0.6 m (Fig. 2.4A). Th is find ing cannot 
be exp lained by the mechanism di scussed above. We therefore propose that sediment was 
compressed as the tip of the rod was dragged through the sediment by the sliding motion of 
the glacier. Accord ing to Iverson et al. (1 994), prov ided that the rate of this compression was 
large relative to the rate at which pore pressure d iffusively dissipated, pore-water pressure in 
excess of hydrostatic has developed. Because the pressure measurements were taken under 
the same nice weather conditions as the velocity measurements in 2003 (Fig. 2.38 and 2.48), 
we assume that the surface ve locity in 2002 di splayed variations similar to those measured in 
2003 (Fig. 2.3A). Assuming further that these variations primarily reflect changes in the glac ier 
sliding rate (Iverson et a l., 1995), the resulting changes in the rate of sediment compression 
lead to changes in the degree of excess pore-pressure generation in fro nt of the rod tip. Thi s 
excess pore-water pressure may account for the difference in amplitudes observed between the 
pore-pressure signal and the boreho le pressure signal (Fig. 2.4A). 

We now explore the roles of sed iment compress ion and d iffus ive pore-pressure d issipation for 
the temporal evo lution of excess pore-water pressure in the sediment in front of the ploughing 
rod tip. 
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Figure 2.4: (A) Variations in pore-water pressure (b lack) superimposed onto those in basal 
water pressure (grey) obtained by subtracting the mean pressure values between days 227 and 
233 from the pressure records shown in Figure 2A. (B) Ho urly values of a ir temperature. 

2.5.2 Calculation of pore-water pressure 

The equation governing the generation and d iss ipatio n of pore-water pressure in a saturated 
compressible med ium in one dimension during dynamic loading is 

au_ ar:J Da2u - -+ -at - 8t ax2 
(2.2) 

(e.g., Lambe and Whitman, 1979), where u is the pore-water pressure in excess of hydrostatic, 
CJ is the stress induced by the loading, and t denotes time. As an idealization, we represent the 
sed iment in front of the rod tip as a uniform half-space subject to a temporally varying loading 
at the surface and w ith a steady pore-water pressure at infinity. During sufficiently small t ime 
intervals, the generation and dissipation components of pore-water pressure on the ri ght hand 
side of equation (2.2) can be iso lated by treating the pore-pressure generation as a boundary 
condition of the standard one-d imensional diffusion equation, i.e., u(t) = r:J (t) at x = 0. With 
knowledge of the stress- strain behavior of the sediment, the stress induced by the compress ion 
in front of the ploughing rod tip can be calcu lated as 

6.L 
CJ= Nicy (2.3) 

(e.g., Lambe and Whitman, 1979), where Mc is the constrained modulus of the sediment which 
is stress dependent and 6.L/ L is the axial strain. 

The amount of compression 6.L during a time interval 6.t depends on the velocity of the rod 
through the sed iment. Thus, the amplitude of excess pore-pressure vari ations generated in front 
of the ploughing rod tip is a function of the sediment modulus Nl c, the sediment diffusiv ity D , 
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the length of the zone of significant compression Land the amplitude of the veloc ity variations. 
In equation (3) we assume pure e lastic ity and ignore any permanent defo rmation of sediment 
during ploughing. This assumption is a reasonable simplification g iven that the sediment wh ich 
flows around the rod tip is continuously replaced by new sed iment at the front of the compres
sion zone. 

The value of Nlc is not constant but depends strongly on the stress to which the sed iment is sub
jected (Lambe and Whitman, 1979). Confined compression tests conducted on basal sediment 
samples collected in the recently deglaciated forefie ld of Unteraarg letscher for normal stresses 
up to 800 kPa indicate Nlc values ranging from l to 100 MPa. We select a value of Nlc at the 
lower end of th is range because we expect that the effective pressure in the sediment is low 
as a result of generally high water pressures (locally exceeding ice-overburden pressure) in the 
hydraulically unconnected region of the g lacier bed (e.g., Hubbard et al., 1995). The value of L 
is taken between 0.3 and 0.6 m (10 - 20 rod diameters) as determined by the cavity expansion 
theory (e.g., Ladanyi and Foriero, l 998). Together with typical peak-to-peak velocity variations 
of rv0.02- 0.03 m clay-1 (Fig. 2.3A) and hydraulic ditfusivities for subglacial sediment ranging 
from 10- 7 to 10- 4 m 2 s-1 (Freeze and Cherry, 1979) in equations (2.3) and (2.2), we obtain 
amplitudes of excess pore-pressure variations immediately in front of the rod tip between 0.4 
and 1.6m. 

The amplitudes of excess pore-pressure varialions calcu la ted above are of similar magnitude 
as the rv0.6 m difference in amp litudes of the two pressure signals shown in Figure 2.4A. The 
analysis therefore provides support for our interpretation that excess pore-water pressure devel
oped in front of the ploughing rod tip and that excess pore-pressure fluctuations were driven by 
variations in g lacier velocity. The implication of the generation of excess pore-water pressure is 
that it may lead to hi ghly fluid sediment downglacier from clasts that protrude into the glac ier 
so le and would otherwise provide the roughness to coup le the glacier to its bed. If there is a high 
abundance of c lasts promoting glacier-wide excess pore-pressure generation in subglac ial sed
iment, basal motion may be focused near the g lacier sole by ploughing as a result of a reduced 
strength of the ice- bed coupling. 
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3.1 Abstract 

A significant portion of the basal motion of soft-bedded glac iers can be attributed to " plough
ing". This term designates the transitional stage between slid ing and bed deformation which 
occurs when clasts that protrude into the g lacier sole are dragged through the upper layer of the 
sediment. This process may cause pore pressures in excess of the hydrostatic value that could 
weaken the sediment downglacier from ploughing clasts and thus affect the strength of the ice
bed coupl ing. A large laboratory apparatus was developed and constructed to study, systemat
ically and under g lacia lly re levant conditions, the influence of sediment properties, ploughing 
ve locity and effective pressure on excess pore-pressure generation and sediment strength. In this 
device, an instrumented tip is dragged at different velocities through a water-saturated sed iment 
bed subject to d ifferent effective normal stresses. The drag force on the tip and the pore-water 
pressure in the adjacent sediment are measured simultaneously. In preli minary experi ments per
formed with subglacial sediment from Unteraargletscher, Switzerland, the sed iment d iffusivity 
was estimated fro m conso lidation records. During ploughing, pore-pressure grad ients devel
oped rapid ly around the t ip. Excess pore pressures were due to sediment compression in front 
of the tip whereas pore pressures below the hydrostatic value resul ted from d ilatant shearing 
and a wake devoid of sed iment that was left behind the tip. A zone of compressed sediment 
formed in front of the t ip. The abso lute magnitude of the pore pressures was small relative to 

29 



30 CHAPTER 3. A NEW LABORATORY APPARATUS 

the effective normal stress, so that the pore pressures did not signifi cantl y influence the resis
tance to ploughing. Rather, the drag force on the ploughing tip was influenced by the properties 
of the sediment in front of the compress ion zone, with a greater magnitude in a virgin sediment 
than in one that has been ploughed before. 

3.2 Introduction 

For the last 20 years, much research has been directed toward improving our understanding of 
the mechani sms of basal motion beneath soft-bedded glaciers and their implications for ice flow 
dynamics. In particular, ice fl ow instabilities such as g lacier surging or fast ice streaming may be 
caused by water-saturated and highly pressurized subglacial sediment that lubricates the g lac ier 
base (e.g., Clarke, I 987a; Raymond, 1987; Alley, I 989a). The extent to which bed deformation 
contributes to basal motion depends primarily on the rheology of subglacial sediment and the 
amount of shear stress transferred across the ice-bed interface. However, the factors that contro l 
the behavior of sediment-water mixtures and the strength of ice-bed coupli ng have not yet been 
full y e lucidated. 

Field (e.g., Iverson et a l., 1995; Hooke et a l., 1997; Fischer et a l., 2001 ) and laboratory studies 
(e.g., Iverson et al. , 1998; Tulaczyk et al. , 2000a; Kamb, 200 I) suggest that subglacial sediment 
behaves essentia lly as a Coulomb-plasti c material, a finding which is in agreement with classical 
so il mechanics (e.g. , Lambe and Whitman, 1979). However, transient pore-water fl ow induced 
by sediment deformation may complicate the sediment behavior. A case of special interest 
ari ses when the sediment is deformed by ploughing (Brown et a l., 1987; Alley, J 989a), when 
clasts that protrude into the g lac ier sole are dragged through the upper layer of the bed. Iverson 
( 1999) suggested that the compress ion of sediment in front of ploughing clasts may lead to the 
generation of excess pore-water pressures that have the potential to substantia lly weaken the 
sediment. By reducing ice-bed coupling, ploughing may thus have fundamental impli cati ons 
for g lacier basal motion (Iverson et a l., 1994; Iverson, 1999; Fischer et a l. , 200 I ; Hooyer and 
Iverson, 2002; Rousse lot and Fischer, 2005). However, a quanti tative description of thi s mech
anism in glacier fl ow models is hampered by the paucity of data. In situ studi es of the force 
on o bjects dragged through subglacial sediment are difficul t to perform and the interpretation 
of the results is complicated by the variability of parameters such as subglacial water pressw-e, 
sediment texture and sliding velocity. Also, results from laboratory studies of the drag force on 
objects moving through granular materia ls (e.g ., Wieghardt, 1975; Albert et a l., 1999; Chehata 
et a l. , 2003; Zhou and Advani, 2004) are not d irectly applicable to clast ploughi ng because the 
ex perim ents were performed at velocit ies greater than typical glacia l ve locities and using dry 
materia ls, w ith grains smaller than a few millimeters. A laboratory investigation d irectly related 
to c last ploughing is that of Thomason and Iverson (2003), who dragged hem ispheres through 
water-saturated sediment using a ring-shear device. The authors reported a decrease in the drag 
force on the hemispheres with increasing velocities as a consequence of excess pore-pressure 
generation. 

To further investigate clast ploughing and its influence on ice- bed coupli ng, a new laboratory 
dev ice, the "rotary ploughing device'', was designed and constructed. Thi s dev ice is used to 
conduct experiments by d ragging an instrumented tip through sediment under glacia lly relevant 
conditions. The a im is to systematically investi gate the effects of parameters such as ploughing 
veloc ity and effective pressure on excess pore-pressure generation and sediment strength. In 
the present paper, the rotary ploughing dev ice and the experimental procedure are descri bed 
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in detail and preliminary resu lts of ploughing experiments conducted using sediments from 
Unteraargletscher, Switzerland, are discussed . 

3.3 Apparatus 

The device consists of a cylinder containing the sediment, a combined lever arm/pulley system 
for applying a stress to the sediment normal to the ploughing direction and a drive mechanism 
for dragg ing an instrumented object through the sediment (Fig. 3.1 a). These components are 
supported by a frame of 2.6 m length, 1. 7 m width and 3 m height that rests o n a base slab of 
concrete. 

The steel cy linder of 0.58 m diameter, 0.7 m height and 6 mm wall thickness is divided into 
a sediment chamber and a water reservoir by a steel disk welded 50 mm from the bottom of 
the cylinder (Fig. 3. 1 b). The disk is pierced w ith 8 mm d iameter holes and covered with a 
synthetic filter to enable water flow between the chamber and the reservoir. The water-saturated 
sediment contained in the sed iment chamber is gripped laterally by teeth. Its initial thickness 
can reach 0.3 m, corresponding to a volume of about 0.08 m3, which is significantly larger than 
in laboratory devices commonly used in so il testing (e.g. Bowles, 1978). 

The sediment is subjected to a normal stress by suspending dead weights from a lever arm 
by a system of pulleys. The downward force acting on the lever arm is recorded by a force 
sensor (Interface SSM-AJ, 20 kN) (Fig. 3. l a) and is transmitted to a platen of 0 .565 m diameter 
and 8 mm thickness through a vertical shaft that s its in a square mounting to inhibit rotation 
while still al lowing ve1tical motion. With this system, the sediment can be subjected to uniform 
normal stresses up to 100 kPa, a range that is typical for effective stresses under glacie rs. The 
applied normal stress is known with an accuracy of ±3 kPa. 

To prevent the platen from jamming, it is mounted to the bottom of a 0.3 m lo ng and 0.55 m di
ameter stee l cylinder which helps g uide it into the sed iment chamber, similar to a piston. A seal 
at the base of this cylinder prevents sed iment and water loss during an experiment (Fig. 3. 1 b). 

The platen is free to move vertically to accommodate changes in sediment volume, ensuring a 
constant normal stress during an experiment. f ts vertical displacement is recorded by a laser 
sensor (Baumer e lectric, OADM2016441/S14F, 30 - 70 mm) insta lled on the square mounting, 
that measures the distance to a horizontal surface fixed o n the vertical shaft with an accuracy of 
±0.06 mm (Fig. 3.1 a). 

The water reservoir beneath the sediment chamber is connected via a hose and a 3-way tap to an 
external water reservoir that is o pen to the atmosphere (Fig. 3. I a). If the tap is open toward the 
external reservoir, water can flow out of or into the sediment chamber through the intermediate 
bottom, maintaining drained conditions during an experiment. In this case, the sediment pore 
water is open to the atmosphere, and the normal stress applied on the sediment corresponds to 
the effective stress, in the absence of non-hydrostatic pressure induced by ploughing. The tap 
can a lso be c losed, or connected to a waste pipe to drain the water contained in the sed iment 
chamber. 

To simu late the relative ice-bed displacement at the base of a glacier, the cylinder filled with 
sediment is rotated beneath the platen with a motor. The motor speed can be varied by a com
puter between 0. 7 - 5000 rpm and is further geared down by a factor of 463699 by 2 gear boxes. 
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The torque on the motor is measured with a 0.97 m long lever arm fixed to the gear boxes that 
presses on a load cell (I nterface M 1211-EX, 50 kN) (Fig. 3. 1 a). If it exceeds 33.6 kN m, cor
responding to the maximum torque supported by the motor, the motor is automatically shut 
down. 
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Figure 3. 1: Schematic diagrams of the rotary ploughing device. (a) Side view show
ing the support frame (dark grey), /ever arm/pulley system (mid-tone grey), drive 
mechanism (light grey) and cylinder containing the sediment. (b) Details of the 
sediment chamber. A detailed view of the dashed box is shown in Fig. 3.2a. 
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3.3.1 Instrumented platen 

A 140 mm long and 32 mm diameter steel rod terminated by a conical tip is set 110 mm from the 
cy linder wall into the platen and protrudes 40 mm into the sediment (Fig. 3.2). In response to the 
rotati on of the sediment chamber, the tip is dragged through the sediment, fo llowing a c ircular 
path of 1.1 m c ircumference for a full rotation. Its re lative velocity can be adj usted between 
2 mm day-1 and 16.6 m day-1, values that cover most of the g lacia l range. The e lastic bending 
of the rod is measured with st rain gauges (Fig. 3.2a) and converted into a force and azimuth 
w ith the use of a laboratory ca libration, fo llowing the description of Fischer and C la rke (1994). 
The fo rce applied on the ploughing tip is known w ith an accuracy of ±150 N. 

Pore pressures in the sediment 20 mm beneath the platen and at the platen-sediment interface 
are measured through pressure ports s ituated on the lee and stoss s ides of the tip and on the 
platen, respective ly (F ig. 3.2). These pressure ports are connected to pressure sensors (Keller 
23S, 50 kPa) via capillar tubes. Others not used for measurements are c losed hermetically by 
plastic caps. Po re-water pressures are expressed w ith an accuracy of ±50 Pa re lative to the 
hydrostatic pressure corresponding to the water level in the external reservoir (F ig. 3.1 a). 

3.4 Sediment properties 

Experiments with the rotary ploughing device were performed using subglacial sediment from 
the recently deglaciated forefie ld of Unteraargletscher, Switzerland. To ensure co llection of sed
iment as unaltered as possible by wind erosion or winnowing by wate r, a 3 cm thick layer was 
first removed from the ground surface . The Unteraarg letscher sediment is coarse grained, and 
made up of 2% clay, 10% s il t, 58% sand and 30% gravel (Fig . 3 .3). During p lo ughi ng, the mag
nitude of the fo rce on the ploughing object and the tendency to excess pore-pressure generation 
is infl uenced by the hyd romechanical properties of the sed iment. Therefore, the compressive, 
diffusive and fri ctional characteristics of the Unteraarg letscher sed iment were investigated by 
means of a series of conso lidation, permeab ility and triaxia l tests (standard procedures are de
scribed in Bowles, 1978). Because of the small d imensions of typical laboratory apparatus, the 
tests were conducted on remolded samples of gra in s ize < 4 mm, a fraction representing about 
80% of the total weight (Sample A in Fig. 3.3). 

3.4.1 Compression test 

Sediment compress ibility depends on the stress magnitude and on the stress history (Lambe and 
Whitman, 1979). Thus, a sediment can be e ither in a v irgin or normally conso li dated state if 
it has never experienced a normal stress larger than the current one, or in an overconso lidated 
state, if it has been subjected to larger normal stresses in the past. For a sediment subj ected to 
load ing and unload ing, the changes in vo id rati o e can be approx imated by 

(3 .1 ) 

where e0 and O"o are the initial void ratio and init ia l normal stress, respective ly, O" n is the normal 
stress and C is the d imensionless compression index, with subscript c for a normally consoli
dated sed iment and s for an overconsolidated sediment. Hence, on a e - log O" n d iagram, Cc is 
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Figure 3.2: Details of the instrumented platen. (a) Cross sectional view of the 
ploughing tip and a pressure port on the platen. (b) Map view showing the position 
of the pressure potts on the platen. During ploughing experiments, the pore-water 
pressure is measured at the pressure po1ts labeled PI , P2 (on the tip) and FI , F2, 
F3, F4, F5, B I, 82, S4, S5 (on the platen), while the other pressure po1ts are closed 
hermetically by a plastic cap. 

the slope of the normal consolidation line (NCL) related to the virgin state, and Cs is the slope 
of the overconso lidation lines (OCL), which are the branches originating from the NCL (e.g., 
Lambe and Whitman, 1979). 
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Figure 3.3: (a) Grain-size distribution of Unteraargletscher sediment. Sample A, 
which was obtained by removing the particles larger than 4 mm from Unteraar
g letscher sediment, was used in the oedom eter and triaxial tests. Sample B, which 
was obtained by removing particles la1ger than 0.25 mm from Unteraa1gletscher 
sediment, was used in the ploughing experiments. (b) Grain-size distribution of 
Sample A (thin line) and Sample B (thick line). 
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The compressibility characteristics of Unteraargletscher sediment were determined by a con
fined conso lidation test performed with an oedometer on a sediment sample of initia l void ratio 
e0 = 0.35. Results from this test and the corresponding best fi t NCL and OCL are shown 
in Figure 3.4. The values of Cc = 0.022 for 25 < (} n < 200 kPa, Cc = 0.033 for 
200 < (} n < 300 kPa and Cs= 0.004 were determined by locally fitting straight lines to the 
data po ints. These values are characteri st ic for sediments of low compressiblity and typical for 
fi ne sands (M itchell , 1993, p. 293). 

Two fa lling head permeameter tests were combined with the consolidation test at different nor
mal stresses to determine the hydrau lic conductivity k at the corresponding void ratios (see ar
rows in Figure 3.4). The tests yie ld k = 8.4x10-7 m s- 1 for e = 0.33 and k = 6.9 x10- 7 m s-1 

for e = 0.32 (Appendix F). These values are typical for tills (10- 12 - 10-6 m s-1; Freeze and 
Cherry, 1979, p. 29). 

Values of D were computed from values of C and k fo llowing 

D = k(l + eo)(}m 
0.435pwgC ' 

(3 .2) 



36 CHAPTER 3. A NEW LABORATORY APPARATUS 

(e.g. Lambe and Whitman, 1979) where O-m is the va lue of the mean stress for which C has 
been determined, Pw is the density of water and g is the acceleration due to grav ity. Values 
of D = 1.2 x 10- 3 - 1.9 x 10- 3 m 2s-1 were fo und fo r void rat ios between e = 0.32 and 
e = 0.33. These values are well above those prev iously reported for Unteraargletscher sed iment 
(10- 6 m2s-1 ; Fischer et a l. , 200 I), suggesting that the sediment from the forefleld has been 
partially winnowed by water. 
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Figure 3.4: Compressibility of Unteraargletscher sediment in normally consolidated 
(NCL) and overconsolidated (OCL) states derived from tests performed with the 
oedometer. 

3.4.2 Triaxial tests 

Following Coul omb's theory (e.g., Lambe and Whitman, l 979), the sediment shear strength at 
failure rr is expressed as 

Tf = c + o-' tan ef>r, (3.3) 

where c is the cohesion, CJ' is the no rmal effective stress on the failure plane and ef>r is the angle of 
internal friction. Results from two triaxial drained tests and two triaxial undrained tests indicate 
that Unteraarg letscher sediment has a negligible cohes ion (c = 10 kPa) and an angle of internal 
friction of 39°, which is characteristic of a frictional sand (Appendix F). 

3.5 Ploughing experiments 

T he tendency for the generation of excess pore pressure downglac ier from ploughing objects 
can be assessed by considering a dimensionless parameter R 

D 
R = v5 ' (3.4) 
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(Iverson et al. (l 994), and adapted from Iverson and LaHusen ( 1989)) where v is the velocity 
of the ploughing object (i.e. the ploughing t ip) through the sed iment and o is the characteristic 
length of the sediment compressed in front of the tip. This parameter relates the time-scale for 
excess pore-pressure generation (o /v) to the time-scale for diffusive pore-pressure equil ibration 
across o (o2 / TJ). Using typical g lacia l velocit ies, a compression length of one tip diameter and 
the diffusivity determined above for Unteraargletscher sediment, we find Rrvl05, a case where 
generation of excess pore pressure is unlikely ( f verson et a l., 1994). To increase the tendency 
to generate excess pore pressure, ploughing experiments were performed us ing a less diffusive 
sediment that was obtained by removing grains larger than 0.25 mm from Unteraargletscher 
sediment (Sample B in Figure 3.3). Its diffusivity and the correspond ing value of R were 
estimated as o utlined below. 

3.5.1 Experimental procedure 

Prior to an experiment, water-saturated sediment is poured into the sediment chamber with the 
tap c losed. Sediment lumps are crushed to achieve an even texture. When the des ired initial 
thickness is reached, the sed iment is covered with a few centimeters of water. The upper platen, 
w ith a ll pressure po1ts o pen, is subsequently lowered into the sediment chamber. As soon as 
water sprays out through the pressure ports, they are closed. A maximum normal stress of 
50 kPa is then imposed by the lever arm/pulley system. The pressure ports are connected to 
pressure sensors. The laser sensor is installed and measurements of normal stress, vertical 
di sp lacement of the platen, pore-water pressures and force on the tip are started. 

The standa rd procedure fo ll owed for a ploughing experiment is illustrated in Figure 3.5, which 
shows the general behav ior of the vertical di sp lacement of the platen, the pore pressure , the 
azimuth and the drag force. In the first stage of an experiment (Stage I), the tap to the reservoir 
is opened such that water can drain from the sed iment. Dead we ights can be added to achieve 
the desired normal consolidation stress (not done in the experiment shown in Figure 3.5). This 
stage lasts until the sediment is fu lly conso lidated, i.e when the upper platen is stationary and 
the pore pressure is at hydrostatic level. In the second stage of the experiment (Stage II), the 
sediment is set in motion by rotating the cylinder, while corresponding changes in sediment 
volume, pore pressure, amplitude and azimuth of the drag force a re recorded . After the tip 
has been dragged through the sediment over the required distance, sediment motion is stopped 
(Stage 111). The measurements a re terminated when the pore pressure is in equilibrium with the 
hydrostatic pressure, usually after a few hours. To conclude an experiment, the lever arm/pulley 
system and the instrumented platen are removed, and the sediment is inspected visua lly to 
identify qualitatively deformatio n features. 

3.5.2 Results 

In the first stage of an experiment (Stage I), the diffusivity of the sed iment can be determined 
from the rate at which the water is squeezed out of the sediment. In the experiment shown in 
Figure 3.6, the sediment is initia lly covered w ith a ,.._,79 mm thi ck water layer and a normal 
stress of 37 kPa is app lied to the platen. As the tap is opened (t = 0 minute), water flows out of 
the cy linder leading to a corresponding settling of the platen (note that in figure 3.6 an increase 
in the distance recorded by the laser corresponds to a downward motion of the platen). At 
first, the normal stress is entirely supported by the water such that the water pressure is nearly 
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Figure 3.5: General behavior of (a) downward displacement of the platen, (b) pore 
pressure, (c) drag force and (d) azimuth as a function of time during equilibration 
(Stage l), sediment ploughing (Stage I/) and after ploughing (Stage Ill). The vertical 
dashed lines correspond to the start and termination of cylinder rotation respectively. 
Parameters for this experiment were (Jn = 50 kPa and v = 10 m day- 1. Positions 
of the pressure ports F2, F3, F4 and P2 are shown in Figure 3.2. 

constant and corresponds roughly to the applied normal stress (Fig. 3.6b). Subsequently, as the 
tip penetrates the sediment, the water pressure drops somewhat. Sediment conso lidation starts 
when the platen touches the sediment after 79 mm of platen lowering (t = 80 minutes). This 
time can be determined by locating the point where the rate of platen lowering starts to decrease 
(Fig. 3.6a). Conso lidation theory indicates that 

D = Tvd
2 

t ) (3 .5) 

(e.g., Lambe and Whitman, 1979) where d is the length of the drainage path and Tv is a di
mensionless time factor which depends on the degree of consolidation and on the bou ndary 
cond it ions. In the present case, d = 19 ± 0.5 cm corresponds to the initial sediment thickness 
and Tv = 0.3 for 50% conso lidation (Lang et a l. , 2002). This degree of consol idation is reached 
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at t = 83 minutes, as indicated by the pore pressure record (Fig. 3.6b). Accounting for uncer
tainties in the thickness of the sediment and the time when consolidation starts (±1 minute), 
Eq. 5 yields D = 7 ± 2.5 x 10- 5 m2 s-1. By substitut ing thi s diffus ivity and v = 10 m day-1 

in Eq. 3, we fi nd that R < 25, indicating that at thi s velocity, excess pore pressure may develop 
during ploughing of Unteraargletscher sediment containing only grains smaller than 0.25 mm. 

Figure 3.7 shows details of Stage II shown in Figure 3.5. This experiment was performed using 
a normally consolidated sediment with a ploughing velocity of 10 m day- 1 and a normal stress 
of 50 kPa. Other tests conducted under these conditions displayed simi lar features in the pore 
pressure and force records, indicating the reproducibility of the results. 
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Figure 3.6: Records of (a) downward displacement of platen and (b) pore-water 
pressure measured on the platen as a function of time during the equilibration stage 
of a ploughing experiment. The sediment is initially covered with a '"" 79 mm thick 
water layer which starts to drain at t=O minutes. Sediment consolida tion starts at 
t=80 minutes. A 50% consolidation is reached at t=83 minutes. See text for details. 

A sudden downward motion of the platen is observed at the onset of cylinder rotation (Fig. 3.7a) 
and may occur as friction, which is probably concentrated mostly in the seal, the square mount
ing and the pulley system, is overcome. Further continuous downward displacement of the 
platen is recorded as the sediment is ploughed. Calculations indicate that about half of thi s 
downward displacement can be accounted fo r by the vo lume of sediment that may have es
caped the sediment chamber and entered into a small gap within the seal between the two 
cylinder wa lls. Similar problems have been descri bed in other laboratory studies (Iverson et al., 
1997). Additional platen settling can be explained by a decrease in sediment thickness. This 
behavior is characteristic of normally consolidated sediments that tend to decrease the i1· volume 
during init ial shear deformation (e.g., Lambe and Whitman, 1979). 

The drag force on the ploughing tip increases for the first 70 cm of displacement to reach a peak 
value of 3000 N and subsequently decreases rap idly toward a nearly steady va lue of 2450 N, 
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Figure 3. 7: Detail of Stage JI shown in Figure 3.5 with records of (a) downward 
displacement of platen, (b) drag force, (c) azimuth and (d)-(g) pore-water pressures 
as a function of the distance ploughed by the tip. One rotation corresponds to 1.1 m 
(ve1tica / dashed lines). The vertica l solid line indicates rotation stop. Pore-water 
pressures are initially at the hydrostatic value (horizontal dashed lines in (d)-(g)), 
which corresponds to rv2.6 kPa at the pressure ports on the platen and rv2.8 kPa at 
those on the tip. The positions of the pressure po1ts are shown in Figure 3.2. 
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roughly 40 cm before the conclusion of the first rotation (Fig. 3.7b). The azimuth record is 
approximately constant and indicates that the drag force is essent ial ly oriented in the flow di
rection (Fig. 3.7c). The post peak reduction in the drag force seems to be uncorrelated with the 
pore pressure evo lut ion (F ig. 3.7d). Instead, we propose that a zone of compressed sed iment 
about 40 cm long forms in front of the ploughing tip such that the fo rce recorded by the tip 
decreases as the compressed sediment enters the sediment that has been ploughed before. The 
length of the compression zone in front of the tip, which corresponds to the zone of influence 
of the tip, is greater than usually assumed in other works (rv l diameter of the plough ing object) 
(Iverson et a l., 1994; Fischer et al., 200 I; Iverson and Hooyer, 2004) but is in agreement with 
a modeling study of pile insertion, which predicts zones of influence extending up to 20 pile 
diameters in dense sand (Ladanyi and Foriero, 1998). The small amplitude in the subsequent 
drag force variations is likely to be indicative of a we ll-developed, steady flow of the sed iment 
around the tip. At the termination of the cylinder rotation, a small decrease in the drag force is 
observed, probably caused by elastic relaxation within the sediment and the device (Fig. 3.7b). 

Pore-pressure gradients develop within a few seconds in the vicinity of the tip, with values 
in excess of (up to 1.7 kPa at F2) and below (down to 1.4 kPa at S4) the hydrostatic pressure 
(F igs. 3.7d-g). In particular, excess pore pressures develop in front of the tip (F I, F2, F3), with a 
maximum at a distance of 5 cm (F2) and pore pressures below the hydrostatic value are observed 
on the tip itself (PI , P2), on the sides (S4, SS) and at the back (8 I, 82) of the tip (F igs. 3.7d-g). 
The pressures recorded by the other sensors (F4, F5) fluctuate around the hydrostatic value. Pore 
pressures in excess of the hydrostatic value recorded by FI, F2 and F3 result as the sediment in 
front of the tip is compressed at a rate which is faster than that at which pore pressure can di ffuse. 
Compression of sediment in front of the tip also causes local sed iment overconsolidation. Under 
shearing, overconsolidated sediments of low compressibility are commonly dilatant such that 
increasing pore volume leads to a local reduction in pore pressure. For example, in stud ies of 
pile penetration in a stiff overconsolidated clay, negative pore pressures were observed over 
most of the penetration length of the pile during driving (Bond and Jardine, 1991 ). Similarly, 
the locally overconsolidated sediment that flows around the tip may be sheared and the pore 
pressures below the hydrostatic value recorded at S4, SS and PI may therefore result from 
shear-induced dilation of the sed iment there. Because of the circular geometry of the device, 
the shear rate, and thus the rate of sediment dilation, is greater at S4 than at SS so that the pore 
pressure recorded at S4 is less than that recorded at SS (Fig. 3. 7d). The pore pressures below 
the hydrostatic level recorded at P2, B I and 82 at the back of the tip can be explained by the 
formation of a wake devoid of sediment immediately behind the tip as it is dragged through the 
sediment, as seen after an experiment (Fig. 3.8). Similar trenches extending behind plough ing 
clasts were observed on the bed of paleo- ice streams (Iverson and Hooyer, 2004). 

The sediment yield strength can be estimated from the fo rce record using a geotechnical model 
of cone penetration (Senneset and Janbu, 1985). This model describes the resistive force on 
objects pushed vertically through sediment as a fu nction of the effective stress and the sed iment 
frictional properties. This formulation, when adapted to the ploughing tip, yields the force per 
unit length on the leading edge of the tip (F ischer et al., 2001 ). In close analogy to Fischer 
et al. (2001 ), by equating the bending moment exerted by thi s force on the ploughing tip to 
the bending moment recorded on the tip, we derive from the ploughing experiment a sed iment 
yie ld strength ranging between 34 and 46 kPa. This value prov ides an upper estimate of the 
yie ld strength of Unteraargletscher sediment used in thi s experiment (Sample I3 in rigure 3.3) 
because it was calculated using the angle of internal friction characteristic of the Sample A 
sediment (Fig. 3.3). 
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Figure 3.8: View from above into the sediment cham ber showing a wake devoid of 
sediment that was observed after a ploughing experim ent. The direction of plough
ing was counterc/ockwise. 

T he yield stress of a Coulomb sediment scales linearly with the effective stress. Moreover, for 
a constant applied normal stress, the changes in effective stress are d irectly related to the pore
pressure variations. In the present case, the pore-pressu re records indicate that the effective 
stress departed from the applied normal stress by absolute values up to 1. 7 kPa, lead ing to max
imum changes of 3.53 in the yield strength and in the drag fo rce. Variations in pore pressures, 
therefore, d id not significantly infl uence the drag force in thi s experiment. 

3.6 Concluding discussion 

A new laboratory dev ice of large dimensions was developed and constructed to systematica lly 
study the infl uence of effective stress and ploughing velocity on excess pore-pressure generation 
and on sediment strength. This dev ice enables simultaneous measurements of the drag force 
on a ploughing t ip and the di stribution of pore pressure in the adjacent sediment. Significantly, 
accord ing to standard so il testing convention (Head, 1989), it is possible to conduct experiments 
w ith sediment containi ng clasts up to 1 cm, whi ch corresponds to one-tenth of the smallest 
d imension of the sediment chamber (i .e., 11 cm, d istance between the cyl inder wal l and the t ip). 

From the rate at which pore water is squeezed out of the sediment during compression, a hy
draulic diffusivity was estimated for a g lacial sediment that was co ll ected in the forefield of 
Unteraargletscher. A difference of nearly two orders of magn itude was obtained for the diffu
siv ities of two samples of the same origin but conta ining different fractions of fi ne partic les. 
Since the proportion of fi nes in the upper layer of the substrate may vary spatiall y and tem
pora lly beneath glaciers as a consequence of eluviation, transport and deposition by subglacial 
water, thi s result illustrates that the hydromechanical properties of a sedi ment bed can be highly 
heterogeneous. 

During sediment ploughing, pore-pressure grad ients developed rap id ly around the tip. Values 
below and in excess of the hydrostatic pressure were due to sediment shearing and compression, 
respectively. These observations suggest that, when a dil atant sed iment is ploughed, the mean 
pore-pressure response may be governed by the relative vo lumes of sheared and compressed 
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sediment. These volumes, in turn, probably depend on the ambient effective stress and on the 
size and shape of the ploughing object. If shear-induced pore pressure below the hydrostatic 
value is dominant, subglacial sediment may di splay a y ield strength that increases with the rate 
of shearing, i.e., a viscous-like behavior. This issue can be tested using the rotary ploughing 
device by dragging instrumented objects of various geometries through subglacial sed iment at 
different velocities. 

Water pressures below the hydrostatic value were a lso a consequence of a wake devoid of sedi 
ment left behind the tip. The length of such a wake may be influenced by the normal effective 
stress. A systematic investigation of the wake length with the rotary ploughing device could 
therefore provide a basis for estimating the basal effective stresses of past ice sheets from the 
observations of ploughing structures in the bed (l verson and Hooyer, 2004 ). 

fn the preliminary experiments, the drag force was influenced by the properties of the sedi
ment in front of the compress ion zone rather than by the pore pressures in the vicini ty of the 
tip. Specificall y, the drag force was larger in a dense, virgin sediment than in a loose one that 
had been ploughed before. Beneath g laciers, soft beds are likely to undergo deformation, in
dependent of ploughing, at strains that result in the critical state and thus in full dilation of the 
sediment. Future ploughing experiments with our device wil l therefore be performed using an 
already ploughed sediment. 

A problem with the device is the continuous decrease in sample thickness during an experi 
ment, which is probably mainly due to frictional effects and to sediment loss in the seal. This 
problem can be minimized in future experiments by first overconsolidating the sed iment, to 
e liminate part of the friction and such that the gap of the seal is filled with sediment prior to 
a ploughing experiment. Despite thi s problem, the rotary ploughing device proves usefu l for 
further exploring the effects of pore pressure changes on the drag force on a ploughing object. 
In pa1ticular, the results of such experiments should help in the development of constitutive 
equations describing sediment deformation and the corresponding basal drag during clast 
ploughing beneath g laciers. 





Chapter 4 

A laboratory study of ploughing 

4.1 Abstract 

A new laboratory device of large dimensions was used to study the factors that control the shear 
stress resisting the motion of ploughing clasts at the base of a g lacier. Results from experiments 
in which a ploughing tip is dragged at different velocities and normal effective stresses through 
a water-saturated g lacial sediment from Unteraargletscher, Switzerland, show that pore pres
sures above and below the hydrostatic level develop around the tip. The abso lute magnitude of 
these pore pressures increases with the ploughing velocity but remains small compared to the 
sediment y ield strength, so that the pore pressures do not significantly affect the resistance to 
ploughing. The shear stress on the tip is independent of the velocity but scales w ith the applied 
normal effective stress, indicating that the sediment behaves as a Coulomb plastic materia l. The 
results show that, depending on the position relative to the object, both sediment compaction 
and dilation can influence the pore-pressure distribution and thus the sed iment yield strength 
near a ploughing object. Comparison with other studies of c last plough ing suggests that the 
significance of sediment weakening in front of ploughing clasts may depend on the re lative 
magnitudes of the pore pressures above and be low the hydrostatic value. For g iven g lacier ve
locities and sizes of plough ing clasts, these magn itudes are governed by the diffusivity and the 
density of the sed iment, respectively. Therefore, depending on the dominant pore pressure re
sponse of the deforming sediment, c last ploughing may have the potential to e ither trigger ice 
flow instabilities or stabili ze g lacier motion. 

4.2 Introduction 

Early observations of layers of deformed sed iment up to several meters thick in the forefie ld of 
retreating g laciers (e.g., Van der Meer, 1987) and beneath g lacier margins (Boulton and Hind
marsh, 1987) led to the recognition that the deformation of subglacial sediment can contribute 
considerably to the overall motion of a glacier. More recently, field investigations using mod
ern geophysical techniques have indicated that, depending on the amount of basal shear stress 
transmitted across the ice-bed interface (e.g., Alley et a l., 1987), deforming beds may be in
vo lved in ice flow instab ilities such as g lacier surg ing (Truffer et a l., 200 I; Turnbull and Davies, 
2002; Harrison and Post, 2003) and fast ice streaming (Kamb, 2001; Al ley et al., 2004; 6 Co
fa igh et al., 2005). However, the hydromechanical factors that contro l the degree of ice- bed 
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coupling and thus the basal shear stress resisting the flow of soft-bedded g laciers are poorly 
understood. In particular, the process known as ploughing, where clasts that protrude into the 
glacier so le are dragged through the upper layer of the sediment bed (Brown et a l., 1987; Alley, 
I 989a), remains largely unexplored. This process may have fundamenta l implications for the 
basal motion of fast-flowing g laciers because excess pore pressure that weakens the sed iment 
may be generated by sediment compression downglacier from the ploughing clasts and lead 
to a significant reduction in the basal resistive shear stress (I verson et al., 1995; Fischer et a l., 
200 l ; Thomason and Iverson, 2003). Field investigations of the conditions that promote excess 
pore-pressure generation during c last ploughing are sparse (Fischer et al. , 200 I ; Rousselot and 
Fischer, 2005) and their interpretation is complicated by the variability of subglacial water pres
sure, sliding velocity and sediment texture. For these reasons, this study was initiated using a 
new laboratory apparatus (Rousselot and Fischer, submitted) to perform ploughing experiments 
under g lacia lly re levant conditions. In these experiments, a ploughing tip is dragged at di fferent 
velocities through a g lacial sediment subject to various effective normal stresses. Pore pressure 
is measured in the vicinity of the ti p and its influence on the shear stress res isting the tip mo
tion is studied. The results are compared to previous field and laboratory studi es of ploughing 
(Thomason and Iverson, 2003; Rousselot and Fischer, 2005) and potent ia l implications of clast 
ploughing fo r glacier dynamics are discussed. 

4.3 Apparatus and procedure 

Ploughing experiments were perfo rmed with a new laboratory device of large dimensions, 
dubbed the rotary ploughing dev ice (Rousselot and Fischer, submitted), by dragging an in
strumented tip through sediment under glaciall y relevant conditions (Fig. 4.1 ). Water-saturated 
sediment is contained in a cylinder of 0.58 m in diameter and is subject to a no rmal stress by 
suspending dead weights from a lever arm with a system of pulleys. The lever a rm presses on a 
platen through a ve1tical shaft that sits in a square mounting to inhibit rotation whi le still a llow
ing vertical motion (Fig. 4. 1 a). The sediment pore water is in hydraulic communication with an 
external water reservoir which is open to the atmosphere, so that the normal stress applied on 
the sediment corresponds to the effective stress under fully drained conditions. A 140 mm long 
and 32 mm diameter steel rod terminated by a conica l tip is set 110 mm from the cy linder wall 
into the platen and protrudes 40 mm into the sediment (Fig. 4. 1 b ). As the sediment cham ber is 
rotated by a motor, the tip is dragged through the sediment. The resulting elastic bending of the 
rod is registered with stra in gauges and converted into a force and an azim uth with the use of a 
laboratory cali bration, fo llowing the description of Fischer and Clarke (1994). Pore pressures 
in the sediment in the vicinity of the tip a re measured on the lee and stoss sides of the t ip and 
on the platen (F igs. 4.1 b and c). 

P rior to an experiment, the sediment is saturated with water and poured into the sediment cham
ber. The platen is subsequently lowered onto the sediment and a normal stress is imposed for 
conso lidation. Ploughing of sediment is started after full consolidation by rotating the sediment 
chamber and corresponding changes in drag force on the tip, azimuth and pore pressure are 
recorded. A deta iled description of the apparatus and the experimenta l procedure is g iven in 
(Rousselot and Fischer, submitted). 

Ploughing experiments were carried out at different effective normal stresses and ploughing 
speeds using a sediment of rv0.2 m thickness. The sed iment, from which particles larger than 
0.25 mm were removed, was collected in the recently deglaciated fo refield of Unteraarg letscher. 
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Figure 4. 1: (a) Side view of the rotary ploughing device. (b) Flow-parallel view 
of the ploughing tip and a pressure port on the platen. (c) Plan view of the platen 
showing the position of the pressure ports. 
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The sediment thus obtained contains 70% sand , 25% silt and 5% clay and has a diffusivity of 
"'5 x 10- 5 m2s- 1 (Rousse lot and Fischer, submitted). The friction angle of this sed iment, es
timated from its grain-size d istribution (Lang et al., 2002), is "'35°. Decrease in sed iment 
thickness observed during preliminary experiments is probably due mainly to sediment loss 
and friction inherent to the device (Rousse lot and Fischer, submitted). This problem can be par
tially eliminated by first overconso lidating the sediment. In order to neve1theless obtain resu lts 
independent of the degree of consolidation, the sediment is ploughed prio r to an experiment. 
Subsequently, an experiment is started when the pore pressure has returned to its steady value. 
We can reasonably assume that these conditions represent those ex isting over large proportions 
of g lacier bed where sed iment has been deformed in the past. 
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4.4 Results 

4.4.1 Pore pressure 

Typical records of pore pressure during a ploughing experiment are shown in Figure 4.2 and 
results of experiments performed at different velocities and normal stresses typical for fast
flowing glaciers are presented in Figure 4.3. Steady pore pressures are attained after a few 
centimeters of tip displacement, with pore pressures above and below the hydrostatic value 
(Fig. 4.2). Excess pore pressure develops in front of the tip (at FI, F2, F3, F4 and F5) because 
the sediment there is compressed at a rate which is greater than the rate of pore-water pressure 
d iffusion. Compression of the sed iment in front of the tip also causes local overconsolidation, 
so that the overconsolidated sediment probably dilates as it shears past the tip. This effect results 
in pore pressures below the hydrostatic value on either side (at S4 and S5) and on the leading 
edge (at PI) of the tip (Rousse lot and Fischer, submitted). 
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Figure 4.2: Results of a ploughing experiment showing records of (a) drag force 
and (b) pore-water pressure as a function of the distance ploughed by the tip. In this 
experiment, P e = 75 kPa and the ploughing velocity was 5 m day-1

. The position 
of the pressure potts is shown in Fig. 4. 1 c. The hydrostatic water pressure was 
substracted from the pressure records. 

The magnitude of the excess pore pressures increases with the rate of sediment compression 
and thus with the ploughing velocity (Fig. 4.3a). Similarly, larger absolute magnitudes of pore 
pressure below the hydrostatic value are associated with larger rates of d ilatant shearing and 
thus with larger ploughing velocities (Fig. 4.3b). This latter effect is also observed in each 
individual experiment, with a pore pressure at S4 that is systematically lower than that at S5, 
because the circu lar geometry of the apparatus results in shear rates that are larger at S4 than at 
S5 (Figs. 4.2 and 4.3b). 
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(b) Pore-water pressure below the hydrostatic value 
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Figure 4.3: Pore-water pressure recorded at (a) FI , F2, FJ, F4, F5 and (b) PI, P2, 
B 1, 82, S4, S5 as a function of ploughing velocity for applied normal effective 
stresses ofrv50 kPa (\J) , rv75 kPa (D), rvl 60 kPa (0 ) and rvl 95kPa (6 ). The 
position of the pressure ports is shown in Fig. 4.1 c. The error bars correspond to 
the ±0.5 kPa accuracy of the pressure sensors. The hydrostatic water pressure was 
substracted from the pressw·e measurements. 
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Excess pore pressure seems to be preferentially generated in the direction of motion in front of 
the tip, as suggested by pore pressure values that are systematically lower at F4 and F5 than 
those at F I, F2 and F3 (F ig. 4.3b ). The distance of the pore pressure maximum in front of the 
tip increases with increasing ploughing velocity (Fig. 4.4), suggesting that the relative extent of 
the shear and compression zones may vary with the ploughing velocity. As expected, the spatial 
extent to which pore pressure rises above the hydrostatic leve l increases w ith increas ing pore 
pressure magnitude (Fig. 4.4). 

The pore pressures below the hydrostatic value that are recorded beh ind the tip (at P2, BI and 
82) result from the formation of a wake devoid of sed iment which can be observed after an 
experiment (Rousselot and Fischer, submitted). Simi lar wakes forming behind objects dragged 
through dry granular material were interpreted as resulting from tensi le stresses that cannot be 
sustained by the cohesion less material, implying that the grains do not flow into the wake. Pore 
water, however, can flow into this zone devoid of sediment, but in our experiments at a rate 
lower than the velocity of the p loughing tip, so that pore pressures below the hydrostatic value 
are measured behind the tip (F ig. 4.2). Consistently, the abso lute magnitudes of these pore 
pressures are maximum on the tip itself (P2), decrease with increasing distance from the tip 
(B I, 82) (Fig. 4.3a) and increase with increasing ploughing velocity (Fig. 4.4). 
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Figure 4.4: Pore-pressure distribution behind and in front of the ploughing tip 
along the direction of motion for different velocities V and applied normal effective 
stresses Pe. The vertical black lines show the position of the ploughing tip and the 
arrow indicates the direction of relative motion. The hydrostatic water pressure was 
subtracted from the pressure measurements. Values measured at PI and P2 were 
projected vertically and plotted on the same horizontal axis as those measured at 
F 1, F2, F3, BJ and 82. 

No clear influence of the effective normal stress on the pressure measurements at F4, FS, S4, 
SS, PI , P2, 131 and 132 is observed. In the records of r 1, r2 and rJ, however, the magnitude of 
the excess pore pressures seems to increase with the app lied effective normal stress, probably 
as a result of a decreasing sediment porosity and thus permeability (Figs. 4.3a and 4.4) . 
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4.4.2 Shear stress on the tip 

Figure 4.2 shows that the drag force during a ploughing experiment reaches a steady value 
w ithin a few millimeters of distance ploughed by the tip. Because the magnitude of non
hydrostatic pore pressure is small re lative to the appl ied normal stress and the sediment y ie ld 
strength , the record of drag force is independent of the pore pressure evolution. The initial non
zero value of the drag force resul ts from ploughing carried out before the start of an experiment 
and reflects the plastic prope1ties of the sediment. 

For each experiment, the resistive shear stress on the t ip was derived from the drag force record . 
The re lationship between the fo rce F recorded by the ploughing ti p and the corresponding force 
per unit length q applied by the sediment on t he tip can be obta ined by equating the bending 
moments of F and q. Thus, 

2F 
q=y, (4. 1) 

where L is the length of the tip protruding into the sediment. Substituting the shear stress on 
the tip Tt = q/2a, where a is the radius of the tip, equation (4. 1) yields 

p 
Tt = aL· (4.2) 

In our experiments, the shear stress on the p loughing t ip is independent of the ploughing ve
locity, and thus of the rate of sed iment deformation, fo r a g iven applied effective normal stress 
(F ig. 4.5a). Moreover, the shear stress on the ploughing tip increases approximate ly linearly 
w ith the applied effective normal stress (Fig. 4.5b). These observations are consistent with the 
Coulomb p lastic rheology of subg lacial sediment reported in other studies (Iverson et a l., 1998; 
Iverson and l verson, 2001; Tulaczyk et a l. , 2000b; Kamb, 200 I) . 

The geotechnica l model of Senneset and Janbu ( 1985), which was initially deve loped to express 
the resistance exerted on cone, piles and plates during vertical insertion into sed iment, can be 
adapted to estimate the shear stress o n ploughing objects that a re dragged horizontal ly through 
sediment (Iverson et al., 1994; Fischer et al., 2001 ) . Accordingly, the shear stress on the moving 
object Tt scales w ith the effective stress Pe in the direction of motion 

Tt = N F (Pe + _c_) -_c_, 
tan <P tan <P 

(4.3) 

where c is the cohesio n and <P is the friction angle of the sed iment. N F is a bearing capacity 
factor, expressed as 

N. = tan2 (~ + </!_ ) e(7r-2/3) tan <I> 
F 4 2 ' 

(4.4) 

where {3 is the ang le of the s lip p lanes in front of the object with a normal to the direction of 
motion (Senneset and Janbu, 1985). This model was tested experimentally using dry sed iment 
by Iverson et a l. (1994), who suggested that equation (4.3) app lies to plo ughing objects ifthe 
sed iment is not weakened by local excess pore pressure and may otherwise overestimate the 
value of Tt . 

We assume that the sediment deformed by ploughing is in the residual state w ith a neglig ible 
cohesion. Additionally, because the sediment has been p lo ughed prior to an experiment, we can 
reasonably assume that the distribution of effective stresses is isotropic. With these assumptions, 
equation (4.3) reduces to 

(4.5) 
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Figure 4.5: Shear stress on the ploughing tip as a function of (a) ploughing velocity 
and (b) applied normal effective stress. The dashed line corresponds to the model 
of Senneset and Janbu ( 1985) (see text for details). 

Hence, taking the sediment friction ang le of 35°, and based on the empirica l confidence band 
for N F-values proposed by Senneset and Janbu ( 1985), we find that N F "' 45 for the dense 
coarse-grained sediment used in our experiments. The model general ly compares wel l with o ur 
data (Fig. 4.5b), but possibly underestimates s lightly the increase in shear stress with increasing 
effective stress, suggest ing that for la rge applied effective normal stresses, the overconsolidated 
sediment in front of the tip is denser than assumed in the theory. 

4.5 Discussion 

Our p lo ughing experiments suggest that the di stributi on of water pressure around the ploughing 
tip results from three di stinct effects. Pore pressures above and below the hydrostatic value are 
due to sed iment compression and di latant shearing, respective ly, and water pressure below the 
hydrostatic value a lso develops as a resu lt of a wake devo id of sed iment left behind the t ip. 
Because the applied effective normal stress is constant in our experiments, the spatial changes 
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in pore pressure around the tip are likely to cause spatial variations in the local effective stress 
and thus in the sediment y ie ld strength. Therefore, the shear stress on the ploughing t ip may 
be influenced simultaneously by sediment that is weakened in front of the t ip and strengthened 
in regions of dilatant shearing. The motion of the tip may be resisted additiona lly by the drag 
force associated with the water pressure grad ient that develops between the front and the back 
of the tip as a result of the wake devoid of sediment. However, unlike the magnitude of the 
pore pressures, the magnitude of the shear stress on the tip is independent of the ploughing 
velocity. Furthermore, although in some experiments excess pore pressure reduced the effective 
stress locally by up to 10%, our records of shear stress on the tip agree rough ly with values 
predicted by the model of Senneset and Janbu (1985), which assumes that the sediment is not 
weakened by local excess pore pressure. These results indicate that the shear stress on the tip 
is not significantly influenced by the pore pressure. As observed in our experiments, the spatial 
extent to which pore pressure rises above the hydrostatic level increases with increasing pore 
pressure magnitude (F ig. 4.4). Tt is therefore possible that the magnitude of the excess pore 
pressure generated during ploughing of Unteraarg letscher sediment is too small to influence a 
significant volume of sediment. Alternatively, sediment weaken ing may affect a large volume 
of sediment but may be simultaneously counterbalanced by sed iment strenghtening in regions 
of dilatant shearing and by the drag due to the pore pressure grad ient across the tip. 

The results of our laboratory measurements differ from those of a field study conducted at 
Unteraarg letscher, Switzerland, where pore-water pressure in front of an object pulled through 
subglacial sediment and water pressure at the base of a borehole were recorded simultaneously 
(Rousselot and Fischer, 2005). Analysis of the field data indicated that excess pore pressure 
developed right in front of the object, a finding which contradicts that of the present study, where 
a pore pressure below the hydrostatic was measured on the leading edge of the ploughing t ip (at 
PI ). Compari son of the grain-size di stribut ion of a sed iment sampled at the base of a borehole 
near the measurement s ite (Thei ler, 2002) with that collected in the forefield of the glacier for 
the laboratory experiments reveals that the sediment from beneath the glacier contains a greater 
proportion of fine particles (Fig. 4.6). A sediment with a larger proportion of fines is li kely to 
have a smaller diffusivity (e.g., Freeze and Cherry, 1979) and thus to promote the generation 
of excess pore pressure as it is compressed (e.g., Lee and Bobet, 2005). We therefore suggest 
that the excess pore pressure generated a few centimeters in front of the object dragged through 
the sediment beneath U nteraarg letscher was larger than that measured at F2, for example, in our 
laboratory device. This large excess pore pressure may have affected the region right in front of 
the object by rai sing the pore pressure to a value above the hydrostatic one although a pressure 
below the hydrostatic level is expected there due to shear-induced sed iment dilation. This idea 
is supported by the results of a geotechnical study of Finke et a l. (200 I), where a cone was 
inserted vertica lly into a soil at different penetration rates. For a standard penetration rate, pore 
pressure above and below the hydrostatic value were recorded on the face and shou lder of the 
cone, respectively. For a I 0 times higher penetration rate, the read ing of pore pressure above 
the hydrostatic value on the face increased while excess pore pressure was also measured on the 
shoulder. 

Theories from soil mechanics may provide an alternati ve explanati on to the contrasting pore 
pressure records from the fie ld and the laboratory. Accordingly, a sediment may increase or 
red uce its volume during shearing depending on its initial porosity. If the initial porosity is be
low the value corresponding to the critical state, the sediment w ill di late and conversely, if the 
initial porosity is larger than the va lue corresponding to the crit ical state, it will contract (Lambe 
and Whitman, 1979). However, the porosity of an overconsol idated sediment is not necessarily 
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below the critical value (e.g., Wood, l 990), in patticular for an initially loose sediment. The 
excess pore pressure that developed right in front of the object dragged through the bed beneath 
Unteraarg letscher may therefore have been caused by the reduction of pore volume of the over
conso lidated sediment from the compression zone that was sheared by the o bject. T his effect 
may have been promoted by the high water pressure at the base of the borehole that resulted 
in a loose subglacial sediment. Our results a lso contrast significantly w ith those of Thomason 
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Figure 4.6: Comparison of the grain-size distribution of sediments collected in the 
farefield (solid line) and sampled at the base of a borehole (dashed line, Theiler 
(2002)) at llnteraarg let.<>cher. 

and Iverson (2003), who used a ring-shear device to drag hemispheres through water-saturated 
subglacial sediment. In those experiments, the shear stress on the hemispheres decreased with 
increas ing velocit ies as a result of sediment weakening due to excess pore-pressure generation. 
T he potentia l for the generation of excess pore press ure as a sed iment is compressed depends 
directly on the sediment diffusivity and inversely on the ploughing velocity and the diameter of 
the ploughing object (l verson and LaH usen, 1989; Iverson et a l., 1994; Iverson, 1999; Fischer 
et al. , 200 I). The ploughing experiments of Thomason and Iverson (2003) were performed at 
velocities that were one order of magnitude smaller than those applied in our experiments and 
using hemispheres with di ameters simi lar to that of the ploughing tip. Therefore, the large ex
cess pore pressures measured in front of the hemispheres were likely promoted primari ly by the 
low diffusivity of the sediment that was used in the experiments (8.7 x 10-9 m2s- 1; four orders 
of magnitude less than that of Unteraarg letscher sediment). These large excess po re pressures 
probably influenced significant vo lumes of sediment, including regions of shear- induced d ila
tion, so that the shear stress on the hemisphere was reduced considerably. It is conceivable that 
for higher ploughing velocities, which would however exceed values typical for g laciers, sig
nificant excess pore pressure would also develop in the sample of Unteraargletscher sediment 
used in our experiments. 



4.6. CONCLUSION 55 

4.6 Conclusion 

In thi s study, a new laboratory device was used to investigate the implications of clast ploughing 
for the basa l motion of g laciers. Specifically, the hypothesis was tested that the generation of 
excess pore pressure in front of a ploughing object may reduce the sed iment y ie ld strength 
significantly and locally (Iverson, 1999; Fischer et al., 200 1; Thomason and Iverson, 2003). 
The results of plough ing experiments performed with a sed iment of large diffusivity showed 
a complex pore-pressure distribution around the ploughing object, with po re pressures above 
and below the hydrostatic value. The resistive shear stress on the ploughing object was not 
significantly influenced by these pore pressures, but was proportional to the applied normal 
effective stress and independent of the ploughing velocity, in agreement with a plastic rheology 
of the sediment. 

Our results, when compared to those of other studies (Thomason and Iverson, 2003), suggest 
that significant sediment weakening in front of ploughing clasts may depend on the relative 
magnitudes of excess pore pressure generated by sediment compress ion and pore pressure be
low the hydrostatic value due to dilatant shearing. For typical g lacier velocities and sizes of 
ploughing clasts, these magnitudes are governed by the diffusivity and the density of the sedi
ment, respectively. Large excess pore pressure may affect the yield strength of large sed iment 
vo lumes not on ly in regions of sediment compression, but a lso in regions of dilatant shearing. 
Th is effect may occur preferentially at the base of fast-flowing g laciers underlain by sediment 
of low d iffusivity. The resu lting positive feedback between increasing ploughing speed and de
creasing shear stress on ploughing clasts may trigger flow instabilities such as glac ier surging 
or fast ice streaming (Thomason and Iverson, 2003). In contrast, if pore pressure below the 
hydrostatic value develops over large areas of the bed during clast ploughing, the subglacial 
sediment may be significantly strengthened. In this case, since the magnitude of the pore pres
sure depends on the deformation rate of the sediment, the resistive shear stress on the clast 
may be directly proportional to the s lid ing velocity. C last ploughing may therefore induce lo
cal pseudo-viscous behavior of the sediment, so that fo r g laciers underlain by hi ghly diffusive 
and dense sediment, the basal resistance provided by ploughing clasts may increase with the 
g lacier velocity and final ly stabilize the motion of the g lacier. ff subsequent sediment waken
ing resulting from the equi libration of the pore pressure occurs, fast motion of the g lacier may 
be reinit iated (Moore and f verson, 2002). Th is effect, analogous to the regu lation of landslide 
motion described by Iverson (2005), may result in stick-slip motion of g laciers. 





Chapter 5 

Conclusion and outlook 

5.1 Conclusion 

In thi s thesis, a combined fie ld and laboratory study was carried out to investigate the im
plications of clast ploughing fo r the basa l motion of soft-bedded g laciers. [n part icular, the 
hypothesis that c last ploughing may lead to the generation of excess pore pressure that has the 
potential to weaken the sediment in front of ploughing clasts and thus reduce the degree of ice
bed coupling was tested. This work was also a imed at quantify ing the res istive shear stress on 
ploughing clasts and ga ining a better understanding of the rheo logy of subglacial sed iment. 

Measurements of pore pressure in subglacial sediment at the base of a bo rehole at Unteraar
g letscher, Switzerland, were performed with a ploughmeter that was mod ified to this a im. These 
pore pressure records, together with simultaneous records of basal water pressure, ind icate that 
excess pore pressure was generated in fro nt of the ploughmeter. Moreover, high reso lution 
measurements of the velocity at the surface of the g lacier and calcul ations based on the consol
idation theory suggest that temporal changes in the g lac ier speed lead to changes in the degree 
of excess pore pressure in front of the plough meter. 

A new laboratory apparatus of large dimensions, dubbed rotary plough ing device, was devel
oped and constructed to investigate systematically under rea listic subglacial condit ions the pro
cess of clast ploughing. Ploughing experiments were conducted by dragging an instrumented 
tip at d ifferent veloc ities through a g lacial sediment subject to various effective normal stresses. 
fn experiments performed using sediment from the forefi e ld of Unteraarg letscher, Switzerland, 
pore pressures above and below the hydrostatic value developed around the t ip and their abso
lute magnitude increased with the ploughing velocity. In particular, excess pore pressure was 
generated by sediment compression few centimeters in fro nt of the t ip. Pore pressures below 
the hydrostatic value was produced on the leading edge and on either side of the tip, where 
the sediment was subject to d ilatant shearing, and behind the tip, as a result of a wake devoid 
of sediment. The shear stress on the ti p was influenced by the properties of the sed iment in 
front of the compress ion zone rather than by the pore pressures in the vicin ity of the t ip, with a 
la rger magnitude in a virg in sediment than in one that had been ploughed before. Add it ionally, 
the spatia l extent of the sediment compressed in fro nt of the tip was larger than assumed in 
prev ious studies of ploughing. The shear stress on the tip was independent of the ploughing ve
locity but scaled with the applied effective normal stress, ind icating that the sed iment behaved 
as a Coul omb-frictiona l materi al. Furthermore, the measurements of the shear stress on the tip 
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roughly agreed with values predicted by the model of Senneset and Janbu (1985) adapted to 
c last ploughing. 

The properties of sediments from Unteraarg letscher containing different proportions of fine par
ticles were investigated through classical laboratory tests and with the rotary ploughing device. 
As a secondary result, it appears that the hydromechanical properties of subglacial sed iment can 
be highly heterogeneous as a consequence of eluviation, transport and deposition by subglacial 
water. 

Our in-situ records of excess pore pressure on the leading edge of a ploughmeter at Unteraar
gletscher, Switzerland, strongly contrast with our laboratory measurements, where pore pres
sure below the hydrostatic value was measured on the leading edge of a plough ing tip. These 
results indicate that the distribution of pore pressure around a ploughing clast may be more 
complex than previously believed (Iverson et a l., 1994; Fischer et a l. , 2001 ). In particular, for 
given glacier velocities and sizes of ploughing clasts, the pore-pressure distribution around a 
ploughing clast may depend primarily on the sediment properties. Accordingly, the magnitude 
of the excess pore pressures generated by sediment compression may be governed by the dif
fusivity of the sediment, whereas the tendency for the generation of pore pressure above o r 
below the hydrostatic value as the sediment shears past the clast may depend on the density of 
the sediment. Because pore pressures above or below the hydrostatic value have the potentia l 
to weaken or strengthen the sediment, respectively, the pore pressures produced during clast 
ploughing may not only cause local sediment weakening, as proposed by Iverson et al. ( 1994), 
Iverson (1999) and Thomason and Iverson (2003), but a lso result in an increase in shear stress 
on the ploughing clast. These questions point to the potential of clast ploughing for either trig
gering ice flow instabilities of g lac iers underlain by subglacial sediment of low diffusivity, such 
as ice streams, or for stabilizing the motion of glaciers that are underlain by dense subglacial 
sediment, such as alpine g laciers. 

5.2 Outlook 

T he ploughmeter developed in thi s study proves to be useful for determining in situ the hy
dromechanical properties of a subglacial sediment. In particular, it would be of interest to 
perform simultaneous measurements of pore-water and basal water pressure during insertion of 
the ploughmeter into the bed. Such a penetration test would provide information on the density 
of the sed iment, depending on whether a pore pressure below or above the ambient subglacial 
water pressure is recorded. Additionally, the in-situ diffusivity of the sed iment could be derived 
from the dissipation rate of these pore pressures below or above the ambient subglacial water 
pressure. 

The drag force on a ploughmeter may be sign ificantly influenced by excess pore pressure gen
erated downglacier from the ploughmeter. This force may also be affected by la rge subglacial 
water pressure that may lift up the g lacier locally, partially pulling the plough meter out of the 
bed. However, w ith measurements of fo rce on a plough meter, pore-water and basal water pres
sure such as those performed in our field study, it is somewhat difficult to recognize which effect 
is occurring when a decrease in the drag force is observed. These measurements should there
fore be complemented with accurate measurements of the vertical motion of the glacier surface 
to identify g lacier uplift events and thus changes in the degree of ice-bed coupling. In addition, 
measurements of the g lacier s liding rate would provide information on the paitit ioning of basal 
motion between sliding and ploughing. The sliding velocity of a glacier can be measured with 
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dragspools (Blake et al. , 1992), but the installation of several instruments at the g lacier bed is a 
very challenging task. A new instrument capable of simultaneous measurements of drag force, 
pore pressure and sliding rate wou ld be advantageous. 

In the experiments with the rotary ploughing device, the influence of deformation due to plough
ing on the sediment volume cou ld not be investigated because changes in sample thickness were 
a lso due to sediment loss and frictional effects. These frictional effects a lso complicated the re
peatability of experiments at a given applied normal stress. In thi s study, the problem was mini
mized by overconsolidating the sed iment. In the future, part of the friction could be reduced by 
installing a rol ler bearing in the square mounting. The current loading system consisting of a 
lever arm, pulleys and dead weights may, however, be advantageously replaced by a hydraulic 
press in which frictional effects are negligible. Th is hydraulic press, when contro lled by an 
electronic servo system, would automatically adapt the applied normal pressure to changes in 
sediment volumes. 

In our laboratory experiments, the ploughing ve locity was calcu lated from the rotation rate of 
the motor. The gear boxes may, however, introduce some slack into the system, so that the 
actual rotational velocity may differ from the calculated velocity. We therefore suggest that the 
rotational velocity of the sediment chamber be measured directly. 

To further explore the influence of the sediment diffusivity on the magnitude of the excess 
pore pressure generated by sediment compress ion , future ploughing experiments should be per
formed using a sediment in which the proportion of fine particles is increased systematica lly. 
The diffusivity of the resulting sediment could be easily derived from a conso lidation test per
formed with the rotary ploughing dev ice. It would thus be possible to determ ine a range of 
values of sediment diffusivity for which clast ploughing is likely to resu lt in a sign ificant reduc
tion of the basal shear stress. In parallel, the influence of the sediment porosity on the potential 
for dilatant shearing and thus the generation of pore pressure below the hydrostatic level during 
clast ploughing should be explored by performing further experiments using sediment samples 
with different porosities, i.e. different effective normal stresses. Such a set of experiments 
cou ld be used to test the hypothesis that a subglacial sediment deformed by ploughing has the 
potential to display a pseudo-viscous behavior. Additional ly, instrumented ploughing objects 
of various sizes and shapes should be used to explore the role of these parameters on the pore 
pressure distribution in the deforming sediment and on the resulting resistive shear stress. The 
idea would be to evaluate whether the geometry of the ploughing object influences the vo lumes 
of sed iment subject to compression and dilatant shearing. The resul ts of these experiments 
might allow the formulation of a re lationship describing the res istive shear stress on ploughing 
clasts as a function of the ploughing velocity, the effective stress, the sed iment diffusiv ity and 
density and the geometry of the ploughing clast. Subsequent mode ling work may be needed to 
extrapolate such a re lationship based on laboratory experiments to the entire g lacier bed. The 
significance of clast ploughing for glacier dynamics could thereby be assessed as a function of 
the density of ploughing clasts. 

In our ploughing experiments, a wake devoid of sediment was left behind the tip. The length 
of such a wake may depend on the effective normal stress. Therefore, systematic measurement 
of the length of the wake left in the sediment after ploughing experiments could prov ide a basis 
for estimating the basal effective stresses of a past ice sheet from the observations of ploughing 
structures in the bed (Iverson and Hooyer, 2004 ). 

Following standard so il testing convention (Mitchell, 1993), it is possible to conduct experi
ments w ith the rotary ploughing device using sediment containing clasts up to 1 cm . Hence, 
the tip cou ld be dragged through heterogeneous, clast-rich sed iments at variable speed to test 
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whether the rate of collision between the tip and clasts of the sediment can be related to the 
rate of motion. If such a re lationship can be established, the ploughmeter may be used in field 
studies as an instrument for estimating seasonal variations in the basal velocity provided that 
the bed granulometry is spatially homogeneous (Fischer and Clarke, I 997a). 



Appendix A 

Measurements performed at 
U nteraargletscher, Switzerland 

A.1 Introduction 

Two field campaigns were carried out on Unteraargletscher in the summers of 2002 and 2003 
to investigate the hydromechanical conditions at the base of the g lac ier and to perform high 
temporal resolution measurements of the motion at the surface of the glacier. Some of these 
measurements are shown and discussed in Rousselot and Fischer (2005). Here, we present ad
ditional borehole data and provide details on the instruments used. The method for determining 
the SU1face velocity is also discussed. 

A.2 Borehole and meteorological measurements 

The aim of the 2002 field campaign was to investigate the influence of basa l water and pore
water pressure in front of a ploughing object on the res istive force experienced by thi s object. 
To accomplish this, two boreholes drilled with hot water rv lOm apart to the g lacier bed were 
instrumented with water pressure sensors and plough meters (Fig. 2.1 ). Data from both types 
of instrument were recorded by Campbell CR-I 0 data loggers every 5 minutes. In addition, 
air temperature and precipitation were measured every 15 minutes with an automatic weather 
station (Fig. 2.1 ) that consisted of a venti lated thermistor (Yaisala TI07) and a tipping bucket 
rain gauge (Joss-Tognini) connected to a Campbell CR- 10 data logger. 

A ploughmeter (Fischer and Clarke, 1994) orig inally consists of a 1.5 m long stee l rod fitted 
with strain gauges and terminated by a tip. It is installed at the base of a borehole such that the 
tip is dragged through the sed iment by the forward motion of the glacier. The resulting bending 
moment on the rod is reg istered by the strain gauges and converted into a force and a force 
orientation (azimuth) using a laboratory calibration (see Fischer and Clarke ( 1994) for detail s). 
In the present study, we used ploughmeters that were modified to enable simultaneous measu re
ments of drag force and pore pressure in front of the tip. To this aim, the rod was equipped with 
a vibrating wire pressure transducer (Geokon 4500S, 35 bar) in hydraulic communication with 
a pressure po1t in the tip (Figs. A. I, A.3 and A.4). Furthermore, a rudder was mounted onto the 
tip to ensure that the pressure port rotated into the flow direction during plough ing (Figs. A.1 
and A.5). 

6 1 
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Unfortunately, the strain gauges of one of the ploughmeter were damaged during insertion and, 
hence, no meaningful fo rce and azimuth data are avai lable for thi s instrument. The data of basal 
water and pore-water pressure from the same borehole are presented and di scussed in Rousse lot 
and Fischer (2005). Here, we show the data from the other borehole, mainly focus ing on the 
ploughmeter measurements. After completion of drilling, the borehole remained fi lled with 
water, indicating that it was not connected with the subglacial drainage system at that t ime. 
A vibrating wire pressure transducer (Geokon 4500S, 35 bar) was suspended rv5 m above the 
bottom of the rv252 m borehole and the ploughmeter was driven rvQ.1 m into the sediment bed. 

Measurements of basal water and pore-water pressure and ploughmeter response are shown in 
Figure 7. The gradual decrease in water pressure and pore-water pressure (Fig. 7a) is of the same 
magnitude as that observed in the other borehole over the same period. Therefore, as discussed 
in Rousse lot and Fischer (2005), this decrease in pressures is attributed to the shortening of the 
borehole as ice is ablated at the g lacier surface. 

The fo rce record shows a ri se during the first 11 days of measurements (Fig. 7b) presumably as 
the ploughmeter moved away fro m the sediment that was di sturbed by hydrau lic excavation of 
the hot water drill. Subsequently, the force reaches a value fluctuating around 400 N (Fig. 7b). 
This value is of the same order as prev ious drag forces recorded at Unteraarg letscher in periods 
during which the basal water pressure was close to the fl otation pressure (Fischer et al. , 200 I). 
T he azimuth record indicates that the ploughmeter and thus the p ressure po1t rotated into the 
flow direction during the fi rst 25 days of measurement (Fig. 7c). Subsequent variations in the 
drag force seem to be uncorrelated with fluctuations in basal water and pore-water pressure. 
From day 220 to day 233, after a period of heavy rai nfa ll and during several days of sustained 
high temperatures, large fl uctuations in the azimuth and a decrease in the drag force are observed 
(Fig. 7b, c and d). After this period, the tip rotated again progressively into the flow d irection 
and the fo rce increased. As an explanation, we suggest that the heavy rainfall and strong surface 
melt may have resulted in a large and rapid input of water to the subglacial drainage system 
causing local ice- bed separation by lifting up the ice. Consequently, the ploughmeter t ip was 
partia lly pulled out of the sediment so that the force app li ed on it was reduced. As the water 
was evacuated by the drainage system, the ice was lowered back onto the bed re inserting the t ip 
into the sediment, leading to a rise in the drag force . 
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Figure A . I: Schematic diagram of the modified plough meter capable of measuring 
pore-water pressure in front of the tip. Technical drawings of components numbered 
1-5 are shown in Figs. A.2-A.5. The wiring diagram of the strain gauges is shown 
in Fig. A.6. 
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Figure A .2: Technical drawi11g of the compo11e11ts labeled I a11d 3 i11 Figure I . 
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Figure A.4: Technical drawing of the ploughmeter tip (component /abe/ed 4 in 
Figure A.2). Dimensions in mm. 
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Figure A.5: Technical drawing of the ploughmeter rudder (component /abe/ed 5 in 
Figure A.I). Dimensions in mm. 
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Figure A .6: Wiring diagram of the four strain gauges of the ploughmeter in a full 
Wheatstone bridge circuit. 
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Figure A. 7: Records of (a) water pressure at the bottom of the borehole (green) and 
pore-water pressure in subglacial sediment (black), (b) force on the ploughmeter 
and (c) azimuth of the force shown in (b). (d) Hourly values of precipitation and air 
tern pera tu re. 
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A.3 Measurement of surface velocity 

Surface velocities close to the borehole site (Fig. 2.3) were derived from measurements of five 
OPS stations that were operated for five days in July 2003. A ll OPS stations consisted of an 
antenna connected to a measuring unit (Le ica SR530) and were supplied with power by cel l 
batteries and so lar panels. 

The measurement of small surface velocity changes over sho1t t ime scales is challenging be
cause the inaccuracy of the OPS positions is large in re lation to their displacement. Therefore, to 
minimize the inaccuracy of the measurements from the three O PS stations set up on the g lacier, 
a reference station was insta lled beside the g lacier as close to the measurement sites as possible, 
at a distance of rv380 m from the boreholes. An additional OPS reference station was placed 
near the automatic weather station (Fig. 2. l) . Static re lative measurements of the positions of 
the OPS on the g lacier were performed and recorded for 50 minutes every hour with a sampling 
interval of 30 s (Leica, 1999). 

The OPS data were processed using the SKY-Pro-2.5en software. The coordinates of the ref
erence station close to the g lacier were determined by computing its position re lative to the 
reference station near the weather station, the coordinates of whi ch are known from theodolite 
measurements (Bauder, 200 I). The pos ition of the reference station close to the glacier was 
subsequently taken as a reference to determine the displacements of the OPS stations on the 
g lacier. These di splacements were filtered using a Kernel regression smoothing with adaptative 
plug-in band-width (Brockmann et a l., 1993). This function smoothes the displacement on a 
time interval that is automatically adapted fo llowing the rate of displacement, with decreasing 
time interva ls for increasing velocities. The advantage of this method is that small changes 
in the signa l are not complete ly evened out by the filter. The horizontal velocities (Fig. 2.3a) 
were obtained by taking the first order time derivative of the function fitted to the horizontal 
displacements. 





Appendix B 

Details of the instrumented platen 

In this appendix, details on the dimensioning of the ploughing tip are provided. Technical 
drawings of the ploughing tip, pressure ports and associated components are also shown. 

B.1 Dimensioning of the ploughing tip 

The p loughing tip used in our experiments consists of a 0.14 m long thick-wall ed pipe onto 
which fo ur strain gauges are mounted (Fig. 3.2a). To determine the d imensions of the pipe and 
the material to use, we calculate the maximum bending moment and the maximum shear stress 
to which it may be subjected during a ploughing experiment. We also calculate the maximum 
deflection of the pipe to determ ine the minimum inner diamete r of the mounting. To thi s aim, 
we consider a s implified li ne sketch of a thick-wa lled p ipe loaded at one end by a force per un it 
length q (Fig. B. I). The coordinate system and the ordinates z 0 , zp, zL and z c used in the 
calculations are defined as shown in Figure B. 1, where 0 is the point where the pipe is fixed 
in its mounting, P is pivot po int where the pipe is clamped by the p laten, and G denotes the 
location of the strain gauges. 

.. 
q 

I 

M.cr 
G 

" - p ! ! 

strain gauges 1 Oo .. 
Q p 

.. 
Zo ZG Zp ZL 

Figure B. I: Definition sketch of the simplified beam system considered in the di
mensioning of the ploughing tip. 

Assuming that q is constant a long the len gth of the ploughing tip and that the deforming sedi
ment in the vicinity of the t ip is in the residual state, q can be expressed followi ng Senneset and 
Janbu ( 1985) as 

(B. I) 

7 1 
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w ith 

N = tan2 (~ + 4> r) e('rr- 2/3) tan <t> ' 
F 4 2 ' 

(B .2) 

where a is the rad ius of the plo ughing tip, ef> r is the res idua l fri ction angle of the sediment and f3 
is the angle of the y ield surfaces of the sed iment in front of the ploughing t ip with a normal to 
the direction of motion of the tip. The values of these parameters chosen fo r the dimensioning 
of the ploughing tip are listed in Table B.1. 

Dimensioning factors Value Eq uatio n 

Maximum ve1tical effective pressure Pe 200kPa 
Angle of yield surfaces fJ - 15° 
Residua l friction ang le 4> r 39° 
Force per unit length q 550 k Tm - 1 (B.I) 
Bearing capacity factor N F 86 (B.2) 

Table B. I: Values of the parameters used in the dimensioning of the ploughing tip. 

T he force q applied on the lead ing surface of the ploughing tip exerts a bending moment M max 

which is max imum at P (F ig. B. l ). Thi s moment Nlmax is equal to 

~{ _ q(z L - Z p)
2 

1 11'1 max - -----
2 

(B.3) 

T he co rresponding maxi mum vertical shear stress on the thi ck-walled pipe is expressed as 

Nf maxri 
Tmax = ---

2J 
(B.4) 

where I is the moment of inertia of the section of the thick-walled pipe about the z-axis, 

(B.5) 

and r 0 and r i are the outer and inne r radii of the thick-walled pipe, respectively. 

To determine the max imum bending of the thick-walled pipe, we derive an expression of its 
deflectio n. We first express the g lobal equi librium of the thick-walled p ipe (Fig. B.1 ) w ith the 
balance of force and bending moments, 

l
Z L 

Qo + Qp + qdz = 0 
Z p 

(B.6) 

and 

l
Z L 

Mo+ z pQp + z qdz = 0, 
Z p 

(B.7) 

where Q 0 and Q p are the forces applied at 0 and P, respectively, and Mo is the bending 
moment at 0 . Equations B.6 and B.7 can be rewritten as 

Qo + Qp + q(z L - z p) = 0 (B.8) 

and 
(B.9) 
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We now compute the internal shear force and bending moment distribution Q(z) and M(z) with 
the free-cut method along the segment [O; zp] of the thick-walled pipe, with 

Qo+Q(z)= O (0 . 10) 

and 
f\/f o - zQo + Jvf(z) = 0. (B. I I) 

By substituting equation (B.8) in equation (B. I 0), we find 

Q(z) = Qp + q(z r, - Zp ). (B.12) 

Moreover, combining equations (B.9), (B. I I) and (B.12) yields 

M(z) = - z ( Qp + q(zL - z p) ) + z pQp + ~(zL - z r )(zL + zp). (B.1 3) 

The elastic curve equation 
d2v(z ) Jvf(z ) 

= 
dz2 E I ' 

(B.14) 

where E is Young 's modu lus of the thick-wal led pipe, combined with equation (B.13) y ields 

cl2v(z) ( ) q E I dz2 = - z Qp+q(zL- zP) + z pQp+
2

(zL- zP)(z L+ z p). (B.15) 

The double integration of equation (B.15) results in 

z3 ( ) z 2 ( q ) Eiv(z ) = - 6 Qp + q(z 1 - Zp + 2 zpQp + 2(z1 - z p) (z1 + zp) 

+zC1 + C2, (B.1 6) 

where C1 and C2 are the constants of integration, which are determined using the following 
boundary cond itions at 0 , 

• when z = 0, v(z) = 0 =? C2 = 0, 

• when z = 0, ~~ = 0 =? C1 = 0. 

The thick-walled pipe is not deflected at P, so v(zp) = 0. Consequently, for z = zp in equa
tion (B.16) and equating to 0 yields 

2 3 ( ) z2 ( q ) ; Qp + q(z 1 - Zp) + ; ZpQp + 2(z 1 - Zp) (z1 + Zp) = 0 

=?Qp= (zp-~(z1+ zp))(z1- z p) 2;P (B. 17) 

Finally, by combining equations (B. 16) and (B. 17), we obtain 

( ) = q(z 1 - Zp)
2 (~ _ 2). 

v z 8EI Zp z (B. 18) 

The dimensions of the th ick-walled pipe were obtained iteratively by comparing the maximum 
shear stress applied on the tip to the maximum shear stress supported by the steel of the thick
walled pipe. We choose a steel Fe52, which supports a max imal traction of 5.10 x 108 Pa. The 
max imum deflection of the thick-wa lled pipe was subsequently calcul ated. The results of the 
dimensioning are summarized in Table B.2. It can be seen that, because the maximum applied 
shear stress is larger than the maximum e lastic shear stress supported by the pipe, the ploughing 
tip may undergo some plastic deformation fo r the ploughing experiments performed at large 
applied normal stresses. However, th is effect has not been observed. 
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Value Equation 
Length Z L 12.4m 
Insertion depth z L - Z p 0.04m 
Tip rad ius a 16mm 
Thick-walled pipe outer radius r 0 12.25mm 
Thick-walled pipe inner radi us r i 3mm 
Moment of inertia I 1.9 x io-8 m4 (B.5) 
Maximum bending moment Mmax 1.4kNm (B.3) 
Maximum applied shear stress Tmax 9xl08 Pa (B.4) 
Maximum supported elastic shear stress (steel Fe52) 5.10 x 108 Pa 
Maximum deflection in the mounting Vmax lmrn (B.18) 

Table B.2: Characteristics of the thick-walled pipe and the ploughing tip. 

B.2 Technical drawings of the ploughing tip 
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Figure B.2: Technica l drawing of the ploughing tip in its mounting. Dimensions in 
mm. 
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Ploughing Spitze: Detail 
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Figure B.3: Technical drawing of the ploughing tip, details. Dimensions in mm. 
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Figure B.4: Wiring diagram of the four strain gauges of the ploughing tip in a fu ll 
Wheatstone bridge circuit. 
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B.3 Technical drawings of the pressure ports and associated 
components 
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Figure B.5: Technical drawing of a pressure port. Dimensions in mm. 
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Figure B.6: Technical drawing of the adapter connecting the capillar tube to the 
pressure sensor. Dimensions in mm. 



Appendix C 

Sediment chamber and drive mechanism 

The technical drawings of the sediment chamber, the drive mechanism and associated compo
nents are presented in this appendix. 
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Figure C. I: Technica l drawing of the sediment chamber (side view) (Rutz Kamin
bau AG, CH-Riimlang). Dimensions in mm. Technical drawings of components 
labeled 1-5 are shown in Figure C.2. 
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Figure C.2: Technical drawings of the component Jabeled 1-5 in Figure C. l , details 
(Rutz Kaminbau AG, CH-Riim/ang). Dimensions in mm. 
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Figure C.3: Technical drawing of the seal between platen and sediment chamber 
(modified from Tedag Dichtungstechnik und lndustriebedarf AG, CH-Winterthw). 
Dimensions in mm. 
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Figure C.4: [Technical drawing of the base of the sediment chamber. Dimensions 
mmm. 
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Figure C.5: Technical drawing of the lower part of the sediment chamber. Dimen
sions in mm. 
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f igure C.6: Technical drawing of the support plate at the base of the sediment 
chamber. Dimensions in mm. 
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Figure C. 7: Technical drawing of the connection of the base of the sediment cham
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Appendix D 

Loading system 

D.1 Calibration of the loading system 

In the rotary ploughing device, the normal stress acting on the platen is not measured directly 
but is derived from t he force applied on the lever arm by the system of pu lleys and dead weights 
(F ig. 3. 1 a) by the use of a calibration. To perform this calibration, the sed iment cham ber was 
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Figure D. I: Normal stress on the platen as a function of the force applied on the 
lever arm . The solid red line corresponds to the best linear fit with a standard devi
ation of ±2.6 kPa . 

fi ll ed with water, with the tap toward the external water reservoir c losed. Four pressure ports 
of the platen were connected to pressure sensors (Keller PR21 S, 2 bar and 5 bar, relative accu
racy ±0.5% F.S.) while the others were c losed. The water contained in the sediment chamber 
was progressively loaded by suspending dead weights from the lever arm. During th is opera
tion, the downward force acting on the lever arm and the corresponding water pressure in the 
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sediment chamber were recorded s imultaneously. Results from the calibration are presented in 
Figure (D. I). The standard deviation of the data to the best linear fit indicates that the appl ied 
normal stress on the platen is known with an accuracy of ±3 kPa. 

D.2 Support frame 

The general characteristics of the support frame, which was designed and dimens ioned by M. 
Pfister, YAW, ETH Z urich, are the fo llowing: 

• Maximum admissible loading 
Normal force on the platen: 80 kN. 
Torsional moment on the platen: 40 kN. 

• Dimensions of the support frame 
Length: 2.6 m. 
Width: 1.7 m. 
Height: 3.05 m. 

• Material and weight 
Material: steel FES235. 
Total weight of support frame: ,.._, 900 kg. 

T he technical drawings of the support frame are presented in the fo llowing figures. 
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Figure D.2: Technical drawing of the support frame, lever arm and sediment cham
ber (side view). Dimensions in mm. 
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Figure D.3: Technical drawing of the connection of the platen to the ve1tical shaft 
(side view). Dimensions in mm. 
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fixed on the gear boxes (map view). Dimensions in mm. 
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Appendix E 

Experimental procedure 

In this appendix, details are provided on the experimental procedure fo llowed in the ploughing 
experiments. 

1. The empty sediment chamber is put in hydraulic communication with the external water 
reservoir by opening the tap. 

2. The external reservoir is fi lled continuously with waterthat flows into the cy linder through 
the hose until the water level in the cylinder reaches a few cm above the intermediate disk 
(F ig. 3.1 b) . The tap is then closed. This operation prevents air bubbles from entering the 
hose. 

3. The intermediate disk is covered with a wet synthetic filter and a layer of gravel. 

4. Small amounts of dry sediment are weighed, put into a bucket of water and rubbed be
tween the fingers to prevent the formation of air bubbles. Sediment lumps are crushed to 
achieve an even soil texture. The water-saturated sediment is then poured into the sedi
ment chamber and, at the same time, small amounts of water are added to the cylinder so 
that the water level always exceeds that of the sediment. When the desired in itial sediment 
thickness is reached, a 5 - 10 cm deep layer of water is added. 

5. Dilatant shearing of the sediment during ploughing experiments results in pore pressure 
below the hydrostatic value, but our pressure sensors record only positive pressure values. 
For this reason, the water level in the external reservoir, and thus the hydrostatic level, 
should be ,..,_,40 cm above the sedi ment surface. 

6. The upper platen, with the pressure ports open, is lowered into the sediment chamber. As 
soon as water starts spraying out of the pressure ports, they are closed. 

7. The loading system is installed to apply a pressure of maximum 0.5 bars in the cyli nder. 
Since the sediment is covered with water and water drainage is impeded, the load applied 
on the platen is at that moment entirely supported by the water contained in the cylinder. 

8. The pressure ports of the tip and on the platen are connected to the pressure sensors. This 
is done under water to prevent air bubbles from fo rming in the sensors. 

9. The laser sensor is installed. Measurements of load, vertica l displacement of the platen, 
pore-water pressures and force on the tip are initiated. 
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I 0. The tap to the reservoir is opened so that water drainage occurs at the bottom of the 
sediment. 

I I. When the vertical di splacement of the platen corresponds approximately to the depth of 
the water layer that was initially above the sediment, dead weights are added progressively 
to achieve the desired normal consol idation stress. Full consol idation of the sediment 
must be achieved before proceeding with the next step. 

12. If experiments are to be performed on an overconsolidated sediment, the sediment is 
unloaded. Once the upper platen is stationary and the pore pressurre is at hydrostatic 
level, rotation of the cylinder is initiated. 

J 3. When the tip has been dragged through the sediment over the required distance, the rota
tion of the cylinder is stopped. Measurements are terminated when the pore pressures are 
in equi librium with the hydrostatic pressure, usually after few hours. 

14. At the end of each experiment, the loading system and the instrumented platen are re
moved and the sediment is inspected visually to identify deformation features in a quali
tative manner. 

Figure E. I: Photograph of the rotary ploughing device. 



Appendix F 

Permeability and triaxial tests 

F.1 Permeability tests 

Two fa lling head permeameter tests were performed during the consolidation test described 
in Chapter 3 to determi ne the hydrau lic conductivity k of the Sample A sediment (Fig. 3.3) 
fo llowing standard procedures (Bowles, 1978). The hydraulic conductiv ity k can be expressed 
as 

k = C-l_!J.H 
Hm !J.t ' 

(F. I) 

where C is a constant depending on the experimental set-up, H m is the mean water head above 
the sediment sample during a time interva l 6.t and 6.H is the change of water head during 6.t . 
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Figure F. l : Results of permeability tests performed at a void ratio of e = 0.32 
(black) and a void ratio of e = 0.33 (red), w ith the corresponding best linear fit. 

Two tests were performed at void rat ios of e = 0.33 and e = 0.32. Jn our experiments, C = 
3.4 x io-3 m. From Eq uation (F.l) and the slopes of the best linear fits shown in Figure. F.1 , 
we find k = 8.4 x io-7 m s- 1 for e = 0.33 and k = 6.9 x io-7 m s- 1 for e= 0.32. 
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F.2 Triaxial tests 

Two triaxial drained tests and two triaxial undrained tests were performed on Sample A sed i
ment (Fig. 3.3) fo llowing standard procedures (Bowles, l 978) to investigate the fricti onal prop
erties of Unteraargletscher sediment. The results of these tes ts are presented in Table F. l . 

Triaxial test 0"3 (kPa) ( 0" 1 - 0" 3) r (kPa) ur (kPa) 
Undrained I 702.26 11 9.85 666.8 1 
Undrained 2 700.89 3 16.78 602. 14 
Drained 1 100.02 362.57 -
Drained 2 300 1022.8 -

Table F.1: Results of undrained and drained triaxial tests performed on Sample A 
sediment, where 0" 1 and 0" 3 are the major and minor principal stresses, respectively. 
The normal pressure applied on the sediment sample and the pore-water pressure at 
fa ilure are ( O" 1 - O" 3 ) f and u f, respectively. 

Figure F.2 shows the Mohr-Coulomb circles corresponding to the results presented in Tab le F. I. 
Fol lowing Coul omb's theory (e.g., Lambe and Whitman, 1979), the equation of the tangent to 
the circles can be written as 

Tr = c + 0"
1 tan </>r, (F.2) 

where Tr is the sediment shear strength at failure, 0"
1 is the effective normal stress on the fail ure 

plane, c is the cohesion , and <Pr is the ang le of internal friction. From Figure F.2, we find that 
c = 10 kPa and </>r = 39°. 
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Figure F.2: Mohr-Coulomb circles derived from undrained (red) and drained (black) 
triaxial tests performed on sample A sediment. The tangent to the circles is indi
cated by the solid line. 
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