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6. Till Deformation with Clasts: |aboratory
experiments

6.1 Introduction

6.1.1 Overview
When the first models of the basd movement of glaciers were being devisad it was redised

that the problem with modelling motion over a hard bed was not how movement could
deveop, for ice should move unredigticaly fast on a smooth bed. Rather the problem was
how to model reasonable, dower, glacier speeds while ill dlowing any movement at dl
(Weertman, 1957). A similar problem has been posed with regards more recent soft bed
models. Movement over a deforming bed of till may give high glacier velocities (Boulton et
al., 1974; Boulton and Jones, 1979). However, Kamb (1991) has shown that the vita
problem with the soft bed moded is, again, that the velocities produced may be far too high to
be redidtic.

Subglacid till deformation has been modelled as a viscose materid (Boulton and Hindmarsh,
1987; Clarke 1987; Alley 1991)

e=at "R ...Equation 6.1

wheret isthe effective basa shear stress, P, isthe basa effective normal stress, e isthedrain
rate, and a, n, and m are empiricaly derived congtants. The potentia for non-linear behaviour

isgivenby nand m.

Htting this mode to field data, Boulton and Hindmarsh (1987) suggest n » 1. Clarke (1987)
also uses a linear stress response. Kamb (1991), however, suggests n » 100 on the basis of
laboratory experiments.

6.1.2 Kamb’s shear box analogue
Kamb (1991) ran shear box tests (Bolton, 1979) (Figure 6.1) on sediment from the base of

Ice Stream B in Antarctica. Clasts 2 10 mm were removed from the sample. Under constant
sress tests a threshold stress was identified between low stress work-hardening and high

stress catastrophic work-softening. All movement occurred across a thin shear zone. The
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terms work-hardening and work-softening are used here to indicate a lowering or raisng of
the shear rate with strain at a constant shear stress. They are aso used to indicate an increase
or decrease of the supported stress with strain a a constant shear strain rate. The ided terms
for this behaviour ‘ strain hardening and strain softening’ are dready in use to describe changes
in behaviour with initid shear strain rate.

Using congant strain rate tests the stress threshold was found to match the resdud strength of
the materia. The sediment showed atypicd St strain response, undergoing work-hardening at
a decderating rate until a constant ‘residual’ stress was supported (for example, Figure 3.7).
There was no peak supported siress which could be identified as a falure or ‘yidd' poirt,
therefore ‘resdud dress is used in preference to Kamb's ‘yied strength’. A coincidence of
resdud and yidd strengths is not unusuad for reformed sediments. Kamb's conclusions for
glacid dynamics are intimately connected with his nomenclature.

Normal stress applied by weights

|7 Case 1n two halves
encloses sample

Shear strain

applied by —{(r7 i -
motor. | | N

pushing the = et =

two = - Supported stress
case halves apart measured by

proving ring

Figure 6.1 The simple shear box method. Sample shears at a point
between the two halves of the containing box, forced by the box geometry.
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Kamb described the catastrophic work-softening of the maerid as a highly nonlinear
response to shear stress, so non-linear in fact, that it could be considered as instantaneous and
moddled by n » 100 in Equation 6.1. Thisis areasonable, though unrepresentative, mode of
this behaviour. The non-linear viscose modd describes a change in dtrain rate with stress.
Kamb found a change in the dtrain rate as strain progressed, but with a stress threshold. This
subgtitution is reasonable as long as the rate of work-hardening/softening is rgpid. Given such
non-linear behaviour, Kamb proposed that there could be no bed friction under a soft-bedded
glacier with a basal shear dtress greater than the threshold value. This includes most glaciers,
therefore, another mechanism must be controlling glaciad velocities (Boulton and Jones, 1979,
use asmilar modd, but with a higher threshold).

However, a corollary of this model isthe glacid shear-stress would be wholly released across
a thin shear zone. Thus, there could be no trandferral of stress deeper into the sediment
(contrast with field work in Boulton and Hindmarsh, 1987), and no verticdly extending
deformation structures in paaeo-tills, only metout festures from deformed debris-rich ice
(contragt with Paul and Eyles, 1990). The modd is therefore incomplete. The catastrophic
failure of the sediment in Kamb's experiments is probably a consequence of the experimenta
technique. The smple-shear ‘shear box’ set-up used condrains the development of shear
planes. These propagate from the interface between the two box haves rather than spreading
through the sediment. In naturd smple shear, shears form a an angle to the horizontd,
interact, and then develop into a Principle Displacement Zone with a complex internd
geometry (Chapter Three). In nature there will aso be a complex interaction between the
shear dtrain and hydrologica response which is not accounted for n such undrained shear
tests.

These shear development problems are exacerbated by the remova of clasts larger than
10 mm from the samples. With a shear box height of 25 mm, it is quite possible that the shears
never included clagts in their plane, or thet any clasts were expelled from the shears until they
did not straddle the interface between the two boxes. If shears pervaded the sample they
would be forced to interact with clasts as the dendty of both shears and clastsincreased.
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The ‘triaxid rig” set-up (Figure 6.2) can counter the problems of grain size digtribution to a
greater extent, and allows free development of shear zones. However, the equipment is limited
to strains below ~ 30%; the progression to infinite strain cannot be studied. ‘Ring-shear’ rigs,
can produce infinite strains but have not yet been used to provide hydrologic information with
sediments of a 9ze range suitable for glaciology. Iverson et al. (1996) tested suitable materid,
and Brown et al. (in press) included hydrodynamics, but no one has tested both. Ring shear
rigs aso force shear zone geometries. Thus, a series of triaxial tests were run on materia

sampled from the Skipsea Till & Skipseain Yorkshire (Figure 6.3). The next section outlines
the reasoning behind the methods employed and the limitations on the specific Stuations that
can be recreated. The section following this outlines the details of these methods and the test

conditions used.
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Figure 6.2 Thetriaxial deformation apparatus used in the
experiments.
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Figure 6.3 Location of sample site and sites discussed in the text.

6.2 Methods

6.2.1 Creating an analogue for subglacial deformation
It is an over-amplification to modd subglacid deformation on the bass of one experimentd

set-up. Deformation is likely to be heterogeneous and dependant on the ice history, the ice-
sediment interface, and the clast dengity in the sediment and basal ice. Aswedll as steady date
deformation, the deformation boundary may rise and fdl during the glaciation (Hart et al.,
1990). The ice-sediment interface may be smooth (Clarke, 1987), the ice may move into the
sediment (Boulton and Hindmarsh, 1987; Iverson and Semmens, 1995), or the stress may be
transferred by an irregular ice base topography or clasts (implicit in Alley, 1989; also Chapter

Five).

Clasts may bridge the deformetion front or ice interface, and the stress conditions they impose
will be dependant on their dengity and the sediment response. For example, a pure srain
geometry will exist between two clagts trapped at different heights in a deforming layer where
the velocity drops with depth (Figure 7.3). Where clast dengity is lower, there may be no
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depth overlap between clasts and it may be possible to gpproximate the sediment deformation

assmple shear.

The response of deforming sediments is extremey sendtive to the imposed stress magnitude
and direction. It is therefore essentid in tests that the dress conditions, including the
hydrologica changes, are as close as possble to those found subglacidly. It is aso important
to specify which subglacid Stuations are being recreated. Each set of equipment is an andogue
for only certain Stuaions (Figure 6.4). A generd modd of deformation will only be successful
when the rheologica response of severad bed Stuations can be combined. Triaxid tedts
recreate two important Stuations.

1) The initid ploughing of boulders or irregular basd ice into undeformed sediment. Such
sediment could be under a descending deformation front.

2) The deformation of sediment trapped between clasts. A clast trapped in theice, or in higher
drain rate sediment, will transfer stress through the sediment to downstream clasts on the same
horizontd. If Kamb's shear-box experiments show the response of matrix without clasts, clast
interactions may be the most important mechanism for the trandfer of stressinto soft-beds. The
time over which the clasts interact will determine the period over which dress is transferred
deeper into the sediment. Clast-clast interactions will dso take place within triaxid samples.

The flow of materid around clasts is a crucid addition to the dress trander, thus it is
unnecessary to run the tests under the zero lateral strain (sometimes known as K) conditions

commonly sought for in other environmenta reconstructions.



134

Non-steady states + A. | Steady state .+ +C.
+ + + + + + + +

+Ice +  + + 4 +Ice +

Undeforming
sediment

Deforming B.

sediment
Deformation
: simple shear
B ~ P where no clasts

j St | prm= I

e S | — !

W ;
Undeforming Deforming
sediment sediment
. f, “Triaxial  Shear Ring shear

rig box rig

Figure 6.4 Subglacial situations for which different deformational equipment is
analogous. A. Clast trapped in a smooth ice base ploughs through undeformed
sediment. Conditions similar to thosein atriaxial rig exist in front of the clast (arrows
show force directions). Conditions similar to a shear box exist at the smooth ice-bed
interface. B. Clast trapped in fast moving till ploughing through undeforming sediment.
Conditions similar to those in a shear box exist at décollements within the sediment. C.
In steady state deformation conditions similar to triaxial and shear box experiments
exist, aswell as conditions similar to ring shear rigs.

The subglacid conditions that must be recreated are;

1) gpplied confining stresses ranging between ~10's m to 2000 m of ice.

2) porefluid pressures ranging from zero to above the confining stress.

3) rates of water inflow (for warm bedded glaciers) such that a pore-fluid heed will build-up if
the sediment remains homogeneous (Boulton and Hindmarsh, 1987).

4) rates of compression in front of solid clasts locked in the ice from 0.00379 mmmin* (2 m

a®) to 3.79 mmmin* (2000 ma®).
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The mog difficult condition to reproduce is the excess fluid inflow. Thefluid influx from warm
bedded glaciers rises above the discharge capacity of subglacia sediments both seasonally and
diurndly. Seasond variations are concentrated in aress that eventudly pipe and become
channelled as the mdtwater flux increases (Boulton and Hindmarsh, 1987; Walder and
Fowler, 1994). For a typicd Alpine glacier and a range of likely sediments, the distance
affected by high rainfdl events around the channd may be between 5 and 80 m (Hubbard et
al., 1995; A.Barrett and D.Callins, pers.comm., 1996). The rheology and size of the areas
which do not pipe will be controlled by the drainage response of the sediment as the effective
pressure moves towards zero. The drainage capacity is controlled by structures formed during
deformation (Chepter Three).

Triaxid tests are usudly run so that the sediments are ether undrained (rgpid tests) or fully
drained (pore-pressures alowed to adjust by straining dowly compared to the drainage).
These tests correspond to engineering Situations relevant to the stability of congtructions. The
response of sediments to non-equilibrium conditions are rardy examined. The inflow in tests
must be constrained such that leakage does not occur between the deeve and the sample. In
an effort to reproduce glacial levels of strain and inflow these redtrictions were ignored. Huid
pressures were alowed to build up under the assumption that the record up to the point of
deeve leakage would more accurately reflect the naturd development of the sediments. As it
happens, interna changes in the sediment decrease the excess pressure prior to the lesk point.
The pore fluid pressure could have been raised manudly during the tests, however, this would
have obscured a number of interesting processes, for example, the relationship between yield
fabric development and the fluid pressure.

6.2.2 Samples and equipment set-up
A till block was removed from the Skipsea till exposed a Skipsea on the Y orkshire coast

(Figure 6.5). The sample was taken from a homogeneous diff of diamict with no low drain
featuresin it (including dilation or shear horizons such as described by Boulton and Hindmarsh,
1987). The area sampled was 500 m south of a set of cand depodits (D.Evans, pers.comm.,
1996, see also Walder and Fowler, 1994).



136

Approximately 1 km south of this position lie the Skipsea Mere deposits. These deposits are
the remains of a lake sysem drained in medieva times that lies on the sub-Devensan
topography of Anglian tunnd valeys (Sheppard, 1957). These tunne valeys were
undoubtedly low topographic points during subsequent glaciaions and may well have been
contralling the subglacid drainage layout. Thus, the sample area is in an area that may have
experienced considerable subglacid fluid pressure fluctuations seasondly, and possbly
diurndly, if the glacier was warm:bedded.

Robin Hood's Bay

North - .~
Yorkshire “~~Scarborough
Moors :
—Skipsea
Dimlington
i High
Ground

Figure 6.5 Locations around Skipsea

The block was removed 4 m below the cliff top after 1 m depth of till was removed from the
cliff surface. The ambient stress conditions were not of interest, so the samples were dlowed
to dry under norma room temperature. Drying alowed cylinders of materia to be cut from the
block without disturbing their internal fabric. The block was cut into 50x50x120 mm sections
with a wood saw, which were planed down to cylinders of 38 mm radius and 76 mm length
using aknife. Clasts crossing the cylinder edges were trimmed flat to the sides with a hacksaw
(if soft), or removed (if hard and could be removed without disturbing the surrounding
materia). Empty ‘casts were filled with a mix of wood glue and ground sample materid as a
hard, impermesable, and neutraly buoyant pebble replacement. If neither option was possible
the sample was discarded. Samples frequently split dong horizontal planes, suggesting a fabric
in this direction. It was impaossible to prepare cylinders with the origina horizonta plane adong
the long axis of the cylinders, as the stress from the preparation techniques activated these
wesk planes. Typicaly samples took two days to prepare, with a failure to success ratio of
3.5:1. Table 6.1 summarises the minerdogy and grain Sze of thetill.
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M ean carbonate content (<2 mm fraction) 13.1%

Mean silt content 37.6% (32.8 t0 42.4%)

Mean sand content 33.5% (22 to 45%)

Mean clay content 29% (21 to 37%)

Clay types kaolinite, illite, vermiculite, smectite

Table 6.1 Mineralogy and grain size of the Skipsea Till (After Madgett and Catt, 1978;
Goodyear, 1962) Aswill be shown in Chapter Seven, the size and mineral distribution of
the material varies significantly on the scale of the triaxial samples.

Samples were tested in a triaxid rig in the Sediment Deformation Laboratory of the Indtitute of
Earth Sudies, Universty College of Waes, Aberystwyth. Thetriaxid rig (Figure 6.2) is of the
sandard type (for example, Vickers, 1983), with the exception of dterations to alow
hydraulic measurements. The hydrology is determined by;

1) inflow into the top of the sample (computer controlled via an automated syringe);

2) outflow from the sample base (measured by a computer controlled piston);

3) the pressure a the sample base (controlled by the piston, which is set to maintain a
congtant ‘back’ pressure, while changing volume);

4) the fluid pressure across the sample (which is measured by adigphragm pressure gauge

connected in pardld with the sample).

Parameters measured in these tests were;

1) the supported stress at a congtant Strain rate;

2) the difference between the fluid pumped in for an intervd and that exiting the
sample, that is, the extra sorage during any oneinterva,

3) the fluid pressure difference between the top and base of the sample, which gives
the pore fluid pressure at the top of the sample (given the back-pressure).

Because the sediment response changes as its microscopic structure develops, thin sections

were prepared from the samples after sraining (examined in Chapter Seven).

Tests should be run with confining pressures grester than 600 kPato prevent leakage between
the sample and its rubber deeve (which would render the tests ‘fully drained’). The back
pressure is usudly run at haf the confining pressure or less for the same reason. A number of

tests (Table 6.2) were run prior to this becoming apparent and should, therefore, have a pore
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fluid pressure congtantly a the back pressure throughout the tests. This is not the case, 0 it
seems that |eskage was ether partia or non-existent.

The dtrain rate was chosen such as to take around two days to reach ~25% drain. This rate
was chosen on the basis of the equipment, congraints on lab time, the maximisation of any
pre-leek record, and as fdling near glacia velocities (equipment congtraints limited the closest
drain rates to ~3ma* ice velodity). The inflows used ranged between 0.001 and
0.004 m min* (464.71 mma* to 2323.57 mma’ mdt). This influx rate was the lowest
possible when the tests began. The rate is a little high for basd met rates (~100 mma?®),
however, it fals between basd mdt and flux through a smdl subglacid channd. The
temperature of the gpparatus used could not be lowered to subglacid levels, so the materid

was not tested in a frozen state.

Test Confining Starting Sample Fluid inflow | Deformation rate
pressure (kPa) | back interval (s) | (mm*m*/ (mmm*/
pressure ma’ melt) ma’)
(kPa)
D1 Equipment failed to record
D2 500 300 174 1/0.52 414x10% 2.18
D3 500 325 144 4/2.08 597x10% 3.15
D4 Sleeve punctured at test start
D5 660 330 87 2/1.04 6.85x10°/ 3.61
D6 660 330 14 1/052 6.11x10°%/ 3.22

Table 6.2 Conditions of triaxial test runs.

Samples were pressurised to the confining pressure (though the materid was too dry to
respond) then fluid was pumped in at both ends to give an ‘effective’ confining pressure. Initia
saturation of each sample took approximately two days. Saturation is determined to have
occurred when the sample reaches a constant back pressure. Throughflow was then ingtigated
and the materid’s pore space dlowed to come into equilibrium with the throughflow and
confining pressure. Equilibrium is marked by a hdt in sze change of the sample, measured by
the difference between the fluid flowing in and that flowing out. Equilibrium took approximetely

six hours for these samples.

During saturation and equilibrium the sediment may be expected to have passed through the
pressures between the initial confining pressure and the * effective’ confining pressure. The data
presented by Boulton and Dobbie (1992; ther figure 16-b) suggests the samples have
previoudy been consolidated under pressures between 500 kPa and 600 kPa
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(‘preconsolidation pressures’). These figures are gained (here) by assuming the dte was
subjected to an overburden between Boulton and Dobbi€' s maximum at 1 m above sealevd,
(in a lower till unit a ther location), and the overburden 4 m below the top of their Skipsea
layer. The latter gives a minimum by assuming the top of the section a Skipsea was the top of
the Skipsea till. Sediments undergoing fully-drained tests have a smaller porosity change with
stress than expected up to their preconsolidation pressure. Given these vaues, it is more than
likely that the Skipsea materid will pass through its preconsolidation pressure while saturating,
then become normally consolidated as the pore pressure reaches the backpressure. It is
unknown what effects may be inherited from the overconsolidated state when the pore-fluid

levels are dtered in the sample.

6.3 Results

6.3.1 Stress response
Stress - drain diagrams are presented below for the four successful test runs in Figure 6.6.

The initid drain a low dress vaues is an artefact of the equipment adjudting to the irregular
surface of the samples. Unimodal, normally consolidated materia usualy responds to strain by
reeching alevel dress plateau after 5-7%. Features to note are;

1) the increase in dress supported with confining pressure (in line with Equation 3.1) - other
factors dso affect this relationship (see below), for example compare D2 and D3, both run
at ~300 kPa effective confining pressure;

2) the large difference between D5 and D6, despite identica confining pressures.

3) supported stress drops in tests D2 and D3 at <2.5% strain;

4) supported stress drops in tests D2, D5 and D6, and a stress plateau followed by risein D3
between 6 and 8%;

5) grain hardening (starting around 7%) intensfying in D3 (a 9.5%), D5 (at 11.5%) and D6
(at 14.5%). In samples D5 and D6 this supported stress profile is stepped, with periods of

constant stress.



140

(%) ureng

——

T PR e T .,
-

(sdYoec) oq — .. . ey
(ed¥si1) € B J\ .
(Bd¥002) a1 M [ :
Fﬁ_EmIni T

(sasaypuared o smssasd Suwguos sansaye furureis) urens jsurede anssaud asod sddn

—+ 00f

- 08t

g

OsF

z

LY

-

(By) aunssaid alog

Figure 6.6 Stress-strain records for the triaxial tests.
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6.3.2 Storage response

The storage response of the sediments is presented in Figure 6.7. The difference in sgnd
variation for each test is considered to be a consequence of the change in equipment between
tests D2 and D3, and D5 and D6. During these intervas the method of converting the sgnas
from the fluid inflow and outflow pumps to signds suitable for recording on a computer was
changed. The sgnd fluctuations are regular for tests D3 and D5 (waveength of ~1% drain)
between 12 and 15% dtrain. Test D3 has a response suggestive of at least two different
wavelengths (~1% and ~12% gtrain). Both the short term regularity and longer term variation
uggest the variations are instrument noise  The change is probably due to a change in the
signa processng between the input syringe and computer between the two tests. Thus, only
the broad changes are regarded as experimentally useful and there is some suspicion that these
mimic the temperature of the laboratory in D3, which may have varied during this particular
test.

While none of the tests have an identical response, smilarities exist.

1) In tests D2 and D5 the storage increased during the initid rise in stress up to 5 to 6.5%
grain, then fell temporally to net expulsion as the stress dropped (at 6.5% for D2, and at 8
and 11.5% for D5). In both cases storage fell off at high strains.

2) Cumulative storages over the whole of the tests were (as percentages of the sample
volumes) 0.616 % (D2), 0.278% (D5), 6.072% (D6), 20.477% (D3). The latter figure is
far too large a porogty change. Given that most of the samples had a porodty (gained
during the saturation of the sample from a air dried state) of ~40%, an extra 20% would
leave cylinder D3 near its liquid limit at atmospheric pressure. However, at the end of test
D3 the sample was il iff enough to remove from the rig without deformation. This
observation, in combination with the wave-like form of the storage response at least two
scades, suggests the Sgnd is a totd artefact and is dismissed for D3. The sgnd for D6
gppears more genuindy to vary with the other measured parameters, however, follows an
opposite trend to D2/5 up to the end of the test, when a supported stress drop is matched
by adrop in the net storage, possibly suggestive of expulsion.
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6.3.3 Upper pore pressure response
The upper fluid pore pressure (Figure 6.8) is dlowed to equilibrate prior to the stress being
applied, thus the initid ramping of pressure is not a machine artifice. There are a number of
important features of the experimenta records to note.

1) Theinitid risein pressure of ~50 kPain dl the tests. These rises begin when dress garts to
register for test D5 and D6, and dightly before for tests D2 and D3. As the conditions
during adjusment to draining are unknown the latter results could ill be due to stress
goplication.

2) The steady drop of pressure (~10 kPa) to a new plateau (dtill higher than the dtart
pressure) in tests D5 and D6. This is not matched in test D2, which smply reaches a
plateau without faling. Test D3 never reaches a steady levd, but does declinein dope.

3) The later ramping of pressure to a higher plateau (~50 kPa added) in samples D2 (at 7%)
and D6 (at 8%). In both cases this is synchronous with a stress drop and fluid expulson not
seen in the two other samples. A lesser example of this behaviour is dso seen a 2% strain
inD2.

4) Theragpid risein pressure to a maximum for each sample followed by arapid pressure drop
to gpproximately the sarting leve. Each rise is synchronous with a stress drop or
temporary plateau in stress, though in the case of D3 the drop is not that associated with
the onset of work-hardening as in the other cases. The rapid fluid pressure drop would
appear to accentuate the work-hardening, as one mght expect from a greater effective
confining pressure. However, fluid pressure changes cannot be responsible for the increase

rate of hardening seen in D3 (at 9.5%) and D6 (at 14.5%).
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6.3.4 Stress paths
The average stress (), average effective stress (@ and deviatoric stress () are defined

(Jones, 1994) as

(s.*2)
3

o = ((S . R) +32(S c” Pp))

_(sa-2)
3

where s, is the supported stress measured on the proving ring and s . is the confining pressure,

There is no difference between the deviatoric stress and an effective deviatoric stress which
might take pore fluid pressure into account. The stress paths of the samplesin p-q and péq

space are given in Figure 6.9. The difference between p and p¢isthe pore fluid pressure.

In each case the dtress behaviour is different, though D5 and D6 are most amilar. The average
applied dress path is typica for adrained sample (Jones, 1994, fig. 2.25). The effective stress
paths, however, trend towards a criticd date line (cf. Jones, 1994, fig. 2.25 and 2.28), but
then move back to paths with gradients smilar to those early in the tests. There is no clear

yidld line from which to gain Mohr-Coulomb parameters.
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6.3.5 Visual scale deformation features

After deformation the samples were giff enough to remove from the test rig without further
damage. The samples were seen to have developed didocation planes, above which the
samples were shifted outwards and downwards (Figure 6.10). These shear planes aso
separated lower areas of deformation that appeared pervasive on the visud scae from upper
aress that did not appear to have undergone as much destruction. Origina features of sample
preparation could be seen in the upper areas, whereas these were obliterated on the smoother
surface of lower areas. Despite the didocation planes and the preservation of features in the

upper haves of the samples, dmogt al movement was by pervasive barrelling, and mostly
above the shear planes.
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Figure 6.10 Visual scale appearance of two test samples. Test 5; cross section
showing shear dip, drawn during sectioning for thin section samples. Test 6;
showing outer surface after tests. Note the two dislocation planes.
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6.3.6 Summary of results

The following features need explanation. They are given in their order of development.

1) Initid drain hardening of the samples coincident with a build up of pore pressure and
increase in the storage of fluid (for D2 and D5) (0 to ~5%). Also, the smal drops in
supported stress at <2.5% strain for two samples.

2) The dowing of the fluid pressure rises without a change in the stress build-up or storage
increase (between 2.5 and 7%).

3) The dowing of the dtress rises, with a temporary fluctuation in stress and a Smultaneous
fluid expulsion in two samples (at ~5%).

4) The association, with this st of stress fluctuations or one prior, with arenewed increase in
fluid pressure to anew plateau.

5) A dress fluctuation and amultaneous pore pressure increase which is followed by an
equaly rapid fluid pressure decline (D3 at 8%; D5 a 11.5%; D6 a 20%). There is no
condggtency in which dress fluctuation initiates this fluid pressure increase, though the firgt
fluctuation dways initiates either a stable (see 4, above) or ungtable rise. The fluid pressure
a which the rgpid drop occursis smilar for amilar confining pressures.

6) The work-hardening in samples (between 11 and 14%), unrelated to the fluid pressure, and
its stepped profile.

7) Thelarge variation in the responses of samples.

8) The pore fluid storage response of sample D6, which is a odds to the other reiable tests,

despite showing similar responsesin the other variables.

6.4 Discussion of results
This section outlines a sef-consistent model of the processes based on the results above;

which are often paradoxical at first sight. The events are interpreted in order of development.
These interpretations are tested through comparison with the micromorphology of the test
samplesin Chepter Seven and related to ‘naturd’ examplesin Chapter Eight.
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6.4.1 Initial stress and upper pore fluid pressure build up with
dilation

Work by numerous authors (Chapter Three) suggedts the early stress build-up in triaxid tests
occurs because the sediment fabric is not optimd for strain, thet is, shear zones have not yet
developed. A micromorphological examination of the samples used in the triaxid teds
(presented in the next chapter) indicates that they are unorientated and heterogeneous on a
microscopic scale before deformation, suggesting the fabrics were not optimally arranged for
stress dissipation. It should be remembered that there was no outcrop scale evidence for prior
drain a the sampling location such as horizons of dilation or shear. Strain res stance due to this
lack of uniform gructure may be enhanced in the cases reported here by the increase in pore
Sze indicated by the net storage in the samples. This dilation may result from the risng pore-
fluid pressure, which will enlarge pores. However, the storage signals of both D2 and D5 are
better matched by the stress response later in the tests. Smilarly, in D6, storage does not
reflect the fluid pressure signd; reduced storage changes appear where predicted on the basis
of the fluid pressure, but the rises are muted. These facts indicate that dilation caused by the
inflow of fluid is overprinted by the dilation caused by the gpplied (differentid) stress. Early in
the tests it appears tha the dilation could be driving the pore fluid pressures equdisation.
However, this proposition does not hold up later in the tedts.

Thefact that dilation is not proportiond to the strain shows that a large proportion of the strain
is achieved without changing the samples overal volume and is undrained. The dilation appears
proportiona to the increase in supported Stress at any given time. This rdationship suggests
that the proportion of volumetric deformation (dilation and compression) is rated to the

stress magnitude.

Work in other subject areas (Chapter Three) suggests that the stress-drain reaionship
changes because of changes in the grain orientation of the sediment, and the rise in pore-fluid
pressure. The pore fluid pressure is in equilibrium prior to sample deformation, therefore, the
increase in pore fluid pressure must be due to microdructurd changes, which will be

condderable in this previoudy unorganized materid.
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The drength of sediments is thought to be rdated to their effective confining pressure
(Equations 3.1 and 6.1). The pore-fluid pressure gradient will, therefore, creste a
deformation gradient across the sample. This matches the form of sample D5, which showed a
more marked barrelling in the upper haf of the sample (Figure 6.10). In this Stuation dilation
is more likely in the upper hdf of the sample where the fluid pressure is highest (though it is
pointed out, above, that the effect of stress appears to be greater that that of fluid pressure in

the sample taken asawhale).

The rise in pore-fluid pressure suggests a reduction in permegbility, often associated with
reduced pore sze (discusson in Chapter Three). This contradicts the dilation implied by the
sorage Sgnd. There are four possible explanations for this contradiction. In the first two, the
permesbility variation is between the base and top of the sample. In the third, the permesability
variation is between local dilatant shear zones and the generaly compressed mass of the rest
of the sample. Aswe only record the difference between compression and dilation we cannot

gauge the absolute Size of these areas. The fourth explanation centres on tortuosity.

1) Excess pore-fluid pressure will dissipate more eadly a the fredy draining sample base,
alowing greater stress to be transferred to the skeleton and causing pore collapse. Thiswill
decrease the permeability nearer the sample base. Under this scenario the permesbility is
controlled by the minimum pore neck size on the drainage path, as storage shows the bulk
porosity to be increasing.

2) Prior to stress gpplication the fluid pressure gradient across the sampleisin equilibrium with
the pore size down through the materid. If compresson occurs evenly throughout the
sample, and the permeability is related to the porosty through a linear factor >1, or by a
positive power law (Chapter Three), the permeability of the small pores lower down will be
decreased to a greater extent than the upper ones. This will feedback as the pore pressure
rises a the top of the sample. Under this scenario, the permesbility, again, must be limited
by the minimum pore neck size on the drainage path.

3) The dilatant areas may be incipient shear zones separated from a generdly compressed
mass with reduced permesbility. Such incipient shears would have to be hydrologicaly
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inactive or only active dong limited pathways. This shear hypothesis accords with later
events (at 7.5% and 12.5%+) which suggest the action of fully developed shears, and the
presence of visud scde shear zones. If this hypothess is true, it seems likey that such
shears propagate from the high fluid pressure regions.

4) The aove interpretations follow naturdly from the inference that compression is
respongble for the raised pore pressure. The dternative to this modd is that sample
tortuosity increases while dilation occurs to give net storage (tortuosity is discussed in

greater detail in Chapter Three). However, it will be shown (below) that thisis unlikely.

It is likdly, in redity, that compresson is more active lower in the sample, but that dilatant
shears propagate from high in the sample and affect the throughflow. The low grain shears
seen on severd of the samples after testing Figure 6.10) reached their lowest point of
intersection with the deeved boundary at least a third of the way up from the base platen. In
fully drained or undrained tests, shears usudly pass through the whole length of the sediment.
This appears to confirms that shears developed in a zone above a lower stronger ares,
possibly compressive, and that the preservation of pre-test features in the upper part of the
samples after testing is not a result of strength differences. These hypotheses will be examined
further in athin section study of the tested materia in Chapter Seven.

Summary: The early response of the sediment to deformation is a result of the previoudy

unorientated and heterogeneous materid undergoing the transformation to a structure optimal

for stress and fluid disspation. Storage indicates dilation (which appearsto vary in proportion
to stress rather than raised pore fluid pressures), but pore fluid pressure suggests compression.
Four possble explanations are put forward to account for this contradiction, including
compression near the base of the sample and/or storage of fluid in incipient shears higher in the
sample. In these hypotheses the pore fluid pressure is controlled by compression low in the

sample and/or limited dilatant paths.

6.4.2 Slowing of the stress increase, storage fluctuations, and
associated pore fluid pressure rises
In dl of the tests there is a minor stress drop between 6 and 8% followed by a stressrise. In

D2 the dorage drops and returns a this point. Work by other authors comparing
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micromorphology and test responses (Chapter Three) suggests this event represents the
opening of a fluid throughflow channel, probably a shear. The drop in the storage curves for
D2 and D5 (for asmilar event at 11.5%) suggests the fluid discharge through these features
hes a maximum of ~3.5 mn7 per sample interval (~0.5 to 1.5 min see Table 6.2). A smilar
drainage event occurred in test D6 at 22% (and has a smilar pore fluid pressure effect; see
below). There is a dress fluctuation in test D6 at 8%, but this is synchronous with increased
storage. Here the small stress drop, and more gpparent stress rise may indicate greater dilation
involved in the formation of a shear zone which subsequently collgpsed. A smilar stress record
occurred for D3 at 7%.

As these stress events end, the upper pore fluid pressure increasesin D2, D5 and D6 (in D3 it
keeps risng). This change backs up the hypothesis that the events represent the formation and
collapse of shears, as this process has been shown to lead to decreased permesbility normal

to the shear sirike (see review of studiesin Chapter Three).

The fact that the possible collapse of dilatant shear areas does not reduce the net storage to
zero may seem to go againg the hypothesis that dilation is occurring in incipient shears
discussed in the last section. However, such a response is in line with studies showing that
shear zones are surrounded by areas of materia which have undergone pervasive reorientation
that do not fail (Morgenstern and Tchaenko, 1967; Tchalenko, 1968; reviewed in Chapter
Three). Thin sections from the visual scale shear areas found after the tests are examined in

Chapter Seven, where the hydrological effect of potential shearsis further discussed.

The potentid shear collgpse events outlined above alow some stress release, however, thisis
rapidly overprinted by work-hardening, despite the higher pore-fluid pressure (cf. Equation
6.1). Unimodal sediments usudly respond to shear formation by becoming wesker (see

Mdtman, 1994, for areview).

Summary: A number of indicators of shear formation found by other authors (Chapter Three)
were witnessed during the tests. These indicators suggest that shear zones open and release
some of the supported stress. There are examples of both high and low levels of prior dilation.
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These shears may then have collgpsed, explaining expdled fluid and the decreased
permesability of the samples.

6.4.3 Catastrophic pore fluid pressure releases, and work
hardening
None of the samples reach a stable supported dtress, instead each work-hardens. Stress

increases from ~12.5% a much the same rate as during the pervasive pre-yidd movement
(~<7%). The gart of the hardening is not synchronous with changes in fluid pressure, infact
work-hardening in D6 begins during rising fluid pressure in contradiction to Equation 6.1.
However, hardening does accelerate a the same time as fluid pressure drops in three samples
(D3 at 14%; D5 at 11.5%; and as fluid pressure equalises for D6 a 14%). This indicates that
while pore-flud pressure cannot initiste hardening, a drainage caused component of the

hardening cannot be ruled out.

Work hardening of sediment can be atributed to areas of ether dilation or compression,
dependent on the packing of the sediment. These areas can be in the form of shears, for it is
not necessary that shears move to release stress once they form. Shear interference by clasts
may explain the lack of stress release during the main drainage events of the tests. The mass of
small shears active in the pervasive deformation of fine-grained sediments (Matman, 1987)
would probably not develop gtrain in this sediment as they would inevitably end abutting sand
grains and larger clasts (see description of sample preparation and Table 6.1). Movement of
the materid would thus have to be by the compresson of the sediment matrix between cladts,
and the redevelopment of any shears at inefficient orientations. These shears, again, would
quickly lock as they propagated. This hypothess of locked shears is backed up by the low
grain (throws of ~2 mm) across shears seen in the samples after the tests (Figure 6.10). The
samples srained mainly by ‘pervasve barrelling. This indicates that continuous shears could

form, but were limited in their movement.

The tests show some similarities with tests on bonded rocks that have been pervasvey pre-
fractured (cf. Jones, 1994, p.59). However, the clarity of the materia when thin sectioned
(Chapter Seven), and the evidence for pervasive movement, dictates against concretion (for

further information on thin sections, see Chepter Seven). The sress supported by the
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sediments is higher than that usudly associated with subglacia sediments tested without clasts

(50-100 kPa). However, there is a smdl shear event early in the stress/storage records of
tests D2, D3 and D6 (between 1.5% and 2.5%, dso fluid discharge in D5 which may be
associaed with shear development) which matches the traditiond yield strength of such
meteridl.

The cause of the stress plateaux in samples D5 and D6 is not understood. Alternation between
work hardening and softening is a feeture of cataclagtic fault gouges, smilar materids to tills.
However, the process is not understood in this environment either (Chapter Three). As such
‘gtick-dip’ behaviour is not found in unimodal clay or St tested under low confining pressures,
it seems likely that it is due to cdlast interactions with other clasts or shear zones. This
hypothesis is in ine with the suggestion of Simamoto and Logan (1981) that such behaviour
only develops in cataclagtites when the confining pressure is high enough to convert areas of
the materia into rock, and with the suggestion of Nasuno et al. (1997) that stick-dip & a
higher drain frequency is due to the formation and collgpse of grain-grain bridges which

interrupt shear development.

The fina fdl in pore fluid pressure in each sample (at 14% strain for D3, 11.5% for D5, and
22% for D6), and the synchronous drop in storage for dl these samples (though D3 is
unreliable) suggests a drainage pathway opening. Equation 3.2 suggests that the instantaneous
hydraulic conductivity of the sediments changed from 4.90x10*? to 1.02x10™ ms* asthe
drainage paths opened. Short term gress fluctuations during these events in tests D5 and D6
suggest some shear movement. However, the hardening after this point dictates that any
movement is limited. This lack of movement dictates againg the drainage being along moving
shear zones, ingead implying two possihilities:

1) That the fluid lesked between the sample and rubber deeve. However, the fluid discharge
through the features was smilar to that potentidly associated with shears above, and the
fluid pressure fals were not ingtantaneous (D5 took a day to equilibrate to a lower fluid
pressure leve). The fina fluid pressure was dso less than that a which drainage started.
These facts indicate a threshold a which channds opened and then dowly closed. An
eladtic response, with similar opening and closure periods would be expected for a rubber
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deeve around a perfectly smooth sample, though it is possble that the trandocation of
particles during drainage opened channels down the sample side.

2) That dilatant channels opened and the fluid pressure adjusted to the presence of these over
time. Such dilation need not have swamped the net expulsion seen in the records. In hard
rock mechanics, the opening of joints without a coincident stress release is associated with
hydraulic fracturing. The fact that drainage is initisted in tests D3 and D6 at the same fluid
pressure suggests hydraulic fracturing. However, the minimum effective principle stress
never moves into the tensle regime during these tests (Figure 6.9). This means hydraulic
fracturing is nat occurring, unless there are smdl-scae tensile areas in the heterogeneous
dress field of the clagt-rich sediment. Instead it is likely the deviatoric stress is causing the
dilation of ‘shear’ zones. The lack of movement indicated by the low stress rel ease suggests

particle rotation and collgpse do not occur in such zones.

The stress paths for the tests (Figure 6.9) indicate that the thresholds mentioned above are
not associated with pre-consolidation. Given that the hydraulic channds are dilatant shears,
they may be those which were suggested to have collgpsed earlier in the tests. This would
match the above interpretation that the collapsed shears provide a barrier producing theinitid
raised fluid pressure. Unfortunately this hypothess cannot be confirmed from the data

The storage in D5 recovers from the drainage event between 15 and 20%. The record for this
test suggedts that an initid ~1.5 mnt interval™ change in storage brings about a 75 kPa change
in pore fluid pressure before closure. This pore pressure change is not replicated in D2 at
7.5% suggesting that the fluid discharged from D2 moved through the sediment behind a
dilation front, the fabric collgpsing afterwards. Thiswould cause discontinuous drainage during
the event, and the effect of the drainage on the permeability would be overprinted by the
permesbility decrease due to the fabric collapse.

The materid, thus, follows a collapse ® decreased permegbility ® fracture® drainage cycle
identical to that seen in clays by Brown and Moore (1993), and smilar to the sequence
suggested for the cyclic drainage of the Nankal accretionary prism (Moore, 1989; Bryne et
al., 1993; Maltman et al., 1993b; Chapter Three). However, the range of responses from this
materid is far wider than those from their unimoda or mixed sit/clay sediments. This suggests
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the behaviour of the materid is srongly affected by the quantity and size of the dads in it.

Clasts larger than 10% of a sample width are congdered to sgnificantly ater the stressfidd in
triaxid tests (Vickers, 1983). No clagts of this Size were found in samples after testing. Thus, it
is the clagts, their concentration in the sediment by collison, and ther reationship with
microstructures that probably give the materid its wide range of responses. It is, perhaps,
surprising thet there is not a wider range of responses. The above formulation of a generd
response which tests vary around, provides hope that continued tests, particularly on till
andogues, can further ucidate the rheology of subglacia sediments.

Summary: Work-hardening occurs, probably because clasts render any shear zones, (found
in most deformed sediments), immobile. However, shear opens hydraulicdly active channds.
These open channels are maintained, possibly because the immobility of the shears prevents
collapse, or possibly because stress heterogeneities allow some hydraulic fracture. Proposed
ealier shears must have propagated with collapse occurring shortly after dilation. The
processes producing stick-dip behaviour of the materid undergoing work-hardening may
match those producing the effect in cataclastic shear zones.

6.4.4 Summary of discussion

Thus, it can be seen thet the following Stuations develop as the materid is Strained:

1) The materid must have initiadly responded with a mix of compresson and dilation to give a
rise in pore fluid pressure & the same time as a rise in fluid sorage. Theoretica
congderations suggest compression will be greater towards the sample base, while work in
other fields suggests incipient shears develop early in deformation, and these might be the
fluid storage aress.

2) The materid undergoes a fluid expulson associated with a minor elease of supported
dress. Comparison with other studies suggests that this is due to shears propagating
through the materia by dilation, followed dmaost immediately by collgpse. This hypothesisis
further confirmed by the fact that the pore fluid pressure rises after these events, that the
variations of these events between samples can dl be explained by the shear modd, and by
the presence of shears on avisud scde after the test. Continued dilation has little affect on

the fluid pressure.
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3) The pore uid pressure of the sediment rises each time the events described in (2) occur.
The work-hardening continues. As thisis not seen in fine-grained sediments, the most likely
reason for the work-hardening is the particle sze didribution. It is possble thet the
movement of clagts into the shear fabrics, usudly responsible for weakening sediments,
causes hardening.

4) The upper pore fluid pressure eventudly reaches a threshold vaue at which drainage
channels are forced open. These open pathways are maintained. It seems likely these open
pathways are either shears immobilised by clagts, or hydrofracture areas caused by tensile
areas within the heterogeneous materid. The drainage is only coupled to the dress
response in so far as anumber of stressrelieving events described in (2) appear to raise the
fluid pressure. The two are not coupled in any predictable way as the permegbility effect of
each event (2) is not certain.

There are a number of hypotheses based on the results which can be examined by looking at

the microscopic evolution of the sediment as strain continues:

1) Yidd eventsinvolve the (limited) development of shear zones.

2) Shears are destroyed by the multi-moda nature of thetill, leading to work-hardening and a
Spreading of the shear strain in broad zones and/or various directions.

3) Through-flow channds are present in the sample, possibly in the form of hydraulic fractures

or inactive shears.

Chepter Seven presents evidence for or againgt such Stuations from the test samples
themsdlves, and then undtered examples from the Skipsea Till showing the ‘naturd’ response
of the sediments are examined in Chapter Eight.

6.5 Conclusionsand implications for glacial deformation
Glacid sediments respond to deformation in a number of ways. Multi-modd tills under pure

shear respond by work-hardening. This oppaoses the work-softening seen by Kamb (1991) in
size-truncated multi-modal sediments under smple shear with aforced shear zone. This finite-
drain hardening may be representetive of the initid deformation of sediment, but cannot be
maintained to a steedy date given the deforming beds seen by various workers (Boulton and
Hindmarsh, 1987; Blake 1992). Therefore, it is supposed that the till will eventudly expd
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clagts from some areas dlowing shear like that envisaged by Kamb to occur localy. This may
have been the reason for the horizontal weskness experienced during the preparation of the
sediment (above).

In Kamb's (1991) view there is no posshility of deforming beds maintaining any stress,

however, there is another interpretation of his results. It is implicit in his congant strain tests
that the stress representing the boundary between the two deformationa behaviours can be
supported and cause strain at the finite rates found for ice streams. Thisfact judtifies the use of
the term ‘residua srength’ for this vaue, rather than ‘yield strength’ as used by Kamb. Basa
stress may drop down to this vaue under ice masses (1.5 kPa) (cf. Boulton and Jones, 1979).
The potentid strain rates are much lower than those predicated using n » 100 in Equation 6.1.

Such a shear dtress may seem low compared with modern glaciers (~ 50 to 100 kPa),
however, it may not have been such for the Dimlington (d'20 Stage 2) ice sheets over Britain.
The ice lobe that noved down the East coast depositing the Skipsea Till is considered to have
been thin, as it originated from the relaively low dtitude Cheviot Hills some 250 km to the
North (Figure 6.3). If the ‘drift’ limit of Kendal (1902) is taken to represent the surface dope
of the ice mass as recorded againgt the North York Moors (assumed flat based at sea leve),
the basal shear stress can be calculated as varying between 8.96 kPa at Robin Hood' s Bay to
5.12 kPa at Scarborough (Figure 6.5). This surface dope would give a surface dtitude of
1203 m over The Cheviots. The presence of icein thisareaiswell constrained by radiocarbon
dates. Arctic mosses in dlts under the tills a Dimlington (Figure 6.5) have been dated to a
minimum of 18,01 ka B.P. (Rose, 1985) and postglacia organicsin the Lake Digtrict (Figure
6.3) date the end of production of erratics found in he East Coast tills to ~14.3 kaB.P.
However, even if the snout of the ice is considered to have left the Cheviots at 18.01 ka B.P.
and 50% of the remaining period is alowed for ice degeneration, the needed advance rate is
only 134.77 ma’ (for a more redistic 10% deglaciation this becomes 74.87 ma?). This
movement is well within the range of shear rates which produced Kamb's finite resdud
drength (32 ma* to 1903.2 ma®) and it is unnecessary to introduce perfect plasticity in the
sediment to explain it. Thus the deformational Structures produced in the East Coadt tills can
dill be hypothesised to be of a non-metout, deformationd origin. In Chapter Eight it will be
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shown that ice movement due to bed deformation in this area was supplemented by

decoupling between the ice and its bed.

However, as most present ice masses are caculated to have basal shear stresses above
Kamb's threshold figure it is necessary to look more closdly at the results presented above.
Two processes may lead to a stiffer sediment than that maintained by Kamb:

1) Work hardening will occur. The resdud ate of till will probably be a mix of aress
experiencing work hardening, and those with a Kamb rheology. Work-hardening will lead
to increased ‘Weertman (1957) diding’ at the till surface with increased regdaion melt
deposition againgt lodging boulders (Chapter Five), giving ‘ congructive depodtion’” (Hart
et al., 1990). This hypothesis is testable in that the sediment’s strain should vary with clast
dengty. It should be reiterated that the work of Rutter et al. (1986) (see Chapter Three)
shows thet tails of materia strung out from clasts by strain are due to clasts interfering with
shears, and that it is implicit in ther findings tha the clasts support some of the stress the
materid is subjected to. The shear strength of strung-out sandstone and chak clasts found
in tills is consgderably larger than that of clays and sits a subglacia effective pressures, so
clast fracturing cannot be envisaged unless the clays and slts undergo work-hardening,
probably because the clasts obstruct shear areas in the sediment.

2) Stress is uncoupled from the hydraulic response. The materid can drain with no stress
release. This leads to a giffer sediment, without the concomitant weskness one would
expect if the drainage paths were moving shear zones. The maximum discharge through
such features during the tests was only 1.4897x10° n? day™. However, this was 52% of
the potentid discharge (the fluid input during this period). The indantaneous hydraulic
conductivity (Chapter Three) of the sediment changed from 4.90x10™ to 1.02x10™ ms?
as the drainage paths opened. In traditiond rock mechanics hydraulic fracture occurs
perpendicular to the minimum principle stress. In these samples this direction will have been
complicated by the heterogeneous stress field and/or the shear component necessary for
fracture. However, subglacia hydrofracture will probably be in the direction of maximum
goplied dress under a pure shear geometry, and the shear dress dsewhere, ie

goproximately horizontaly. Thiswill facilitate flow to the front of the glacier. Such a process
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is likely to increase fluid flow in the direction of the resultant hydraulic gradients produced

by the glacier profile and the fluid pressure in mgjor channels.

It has been shown that events reduce the permesbility of the sediment in the direction of the
maximum applied gress. In the glacid case of stress between clagts, this would be horizontd.
The permesbility need not be reduced in the direction of the minimum applied stress (vertical
glaciadly), provided the changes are due to tortuogty variations (Arch, 1988; Chapter Three)
rather than pore size variations. If the permesbility variation results from pore size changes the
variation will be localy isotropic. The wider effect of the repacking will depend on the shear
areafacing the direction of fluid flow.

Thus, fluid pressure build-up will be accelerated subglacidly. Such a rise will, however, be
buffered by the channelling described above. This will lead to a dryer and stronger sediment
than might be expected. It can therefore be seen that fabric collgpse and dilation in subglacia
sediments gppears to drive their fluid pressure towards a buffered midpoint. In these teststhis
gave an effective confining pressure of ~200 kPa.

This chapter has examined the hydraulic and stress response of natural multi-modd glacia
sediments under conditions representative of subglacid environments. The materid follows a
collapse ® decreased permesbility ® fracture ® drainage cycle identical to that suggested to
occur in oceanic accretionary prisms. In the next chapter the interpretation of the test results
are examined by looking a the micromorphology of the test samples. These results are then
used to determine the stress and hydrological history of the glacier deposting the Skipsea Till
and other sediments in Chapter Eight.



