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A framework for characterization of glacial tills 

Un cadre pour caracteriser les tills glaciaires

B.G .C Iarke, E .Aflaki & D. H ughes -  University of Newcastle upon Tyne, UK

ABSTRACT: Tills are extremely variable soils which were gravitationally compacted and possibly sheared when deposited. They are 

overconsolidated but not necessarily due to ice because any pore pressure regime would have been affected by the temperature profile 

through the till and the underlying rock characteristics. The in situ properties together with intrinsic properties can be used to develop a 

geotechnical model to provide a consistent framework to produce design parameters. One dimensional compression and swelling tests and 

effective stress triaxial tests on normally and over- consolidated tills have been used to determine the intrinsic properties of compression, 

swelling and strength. The normal compression data lie on the intrinsic compression line. The swelling data, when plotted in terms of 

overconsolidation ratio and intrinsic swelling index, lie within a narrow band. These intrinsic compression and swelling characteristics have 

been used to develop a relationship between undrained strength and activity, and to normalise the failure envelopes.

RESUME: Les tills, ayant ete compactes par la gravitation et peut-etre fractures lors de leur depot, sont des terrains extremenent 

heterogenes. Ces terrains sont sur-consolides mais pas necessairement a cause de la glace puisque le regime de pression interstitielle change 

en fonction du profil de temperature au travers des tills et des caracteristiques des roches sous-jacentes. Les proprietes in situ et les 

proprietes intrinseques peuvent etre utilisees pour developper un modele geotechnique foumissant un cadre fiable qui offre des parametres 

de definition. Des tests unidimensionnels de compression et de gonflant, et des tests triaxiaux de contraintes reelles sur des tills normaux et 

des tills sur-consolides ont ete utilises pour deteminer les proprietes intrinseques de compression, expansion et solidite. Les donnees de 

compression normale se trouvert sur la ligne de compression intrinseque. Les donnees d’expansion, tracees point par point en fonction de 

la proportion de sur-consolidation et de l’index d’expansion intrinseque, se situent dans une bande etroite. Ces caracteristiques intrinseques 

de compression et d’expansion ont ete utilisees pour developper un rapport entre la resistance au cisaillement sans assechement et 

I’activite, et pour normaliser les enveloppes de rupture.

1. INTRODUCTION

Over 60% of the British Isles was covered by an ice sheet at 

sometime resulting in extensive glacial deposits which are some of 

the most widely distributed deposits in the world. The most 

common of these deposits, glacioterrestrial deposits, were formed 

either subglacially as lodgement till or deformation till or, 

deposited from within the ice of a retreating glacier in the form of 

melt out till or flow till. The lodgement tills are typically 

heterogeneous mixtures of clays, silts, sands, gravels and cobbles. 

Melt out tills are subglacial, supraglacial or englacial deposits 

which can be similar to lodgement till but can also include 

extensive lenses of clays, sands and gravels. Thus, melt out tills 

and lodgement tills may have a similar composition but their 

engineering properties could differ because of the different 

methods of deposition.

Thus, design parameters should be selected from a study of the 

geotechnical processes and as well as taken from results of 

mechanical tests. Quality samples for design parameters are 

usually restricted to the clay matrix dominant till which is free of 

cobbles. Any gravel present, which is usual, may affect the 

sampling, and deformation and failure of a specimen. This can lead 

to a range of values for a given property making it difficult to 

select design parameters. For example, Figure 1 shows a profile of 

undrained shear strength of a lodgement till identified at one site.

Soil models can be used as a framework to take into account the 

natural variability but conventional models cannot explain the 

behaviour of till. For example, it is difficult to explain shear 

strengths equivalent to those of weak rock within a few metres of 

the ground surface, a common feature of lodgement tills.

Thus, tills are non-textbook materials that should be treated as 

difficult ground. There is a need for a geotechnical model to 

describe the properties of and classify till, allowing a consistent

framework to be used in the interpretation of site investigation 

data. This model should be based on an understanding of the 

depositional and post depositional processes as well as mechanical 

tests to determine the stress-strain-time relationships.

2. FORMATION OF TILL

Till was formed either by gravitational compaction and shearing 

(lodgement and deformation tills) which took place as the ice
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Figure 1 A profile of undrained shear strength of a lodgement till
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advanced, or by gravitational compaction (melt out and flow tills) 

which took place as the ice or retreated. At any particular 

location several different processes could have taken place due to 

successive periods of glaciation and interstadial flow. Further, a 

number of pore pressure regimes, Table 1, could have existed 

depending on whether the glacier was formed of temperate or cold 

ice (Boulton et al, 1977), the permeability of the underlying rock, 

and the temperature profile through the till. As the ice retreated 

(melted) any excess pore pressures would have dissipated due to 

relief of load. An implication is that till may not be heavily 

overconsolidated as suggested by the weight of ice.

Glacier Till Underlying Rock Pore Pressure

frozen base unfrozen aquifer no excess
frozen base unfrozen no aquifer excess
base unfrozen unfrozen aquifer no excess
base unfrozen unfrozen no aquifer excess
frozen frozen not relevant none

Glacial velocities exceeding 50-100 m/year would be sufficient to 

erode an existing till (Boulton et al, 1977). Thus, it is likely that 

tills have been reworked and redeposited a number of times during 

successive periods of glaciation such that most of the deposits 

identified today were laid down during the last glacial period.

Thus, till is a complex deposit which contains material from 

sources remote from the place of deposition. Lodgement till is the 

till that has been subjected to the greatest amount of compaction, 

shearing and transportation. Deformation till has also undergone 

gravitational compaction and shear but it is primarily formed of 

the underlying deposits which could include till and rock. Thus 

deformation till, as far as engineering properties are concerned, 

may be considered a lodgement till which has undergone limited 

movement and hence shear. It can, however, contain traces of 

bedrock in the form of slabs which could be mistakenly identified 

as rockhead (Hughes et al, 1996).

Melt out till is usually deposited during the retreat of a glacier 

and is therefore only subjected to gravitational compaction. 

Elements of that till, when being transported within a glacier, may 

be subjected to gravitational compaction and shearing. Melt out 

tills are likely to be more variable than lodgement tills since they 

can contain glaciolacustrine and fluvioglacial deposits, that is 

intraformational sands, gravels and laminated clays which have 

been deposited in subglacial or englacial meltwater channels and 

lakes.

Tills will have undergone ageing and weathering which may have 

changed the properties created during deposition. The effects of 

weathering would decrease with depth and be influenced by any 

extensive lenses of more permeable material which might have 

acted as barriers to the process of weathering.

In conclusion, till may have been gravitationally compacted, 

sheared, possibly reworked and weathered. Till has not been 

deposited under water therefore is not a sedimented deposit. The 

implication is that the concept of consolidation of soils on which 

much of our knowledge of soil mechanics theory is based may not 

be valid.

3. TILLS OF NORTH EAST ENGLAND

In order to develop an understanding of the effects depositional 

and post depositional processes have upon till, a pilot study of the 

tills of North East England has been instigated. It is generally 

accepted in the UK there is often a tripartite succession of till and 

in this area it is identified as an upper till separated from a lower 

till by discontinuous layers of gravels, sands and lacustrine clays. 

The upper till is divided into an uppermost mottled till and a red 

till. The tills have been considered as either two or more separate 

lodgement tills (Beaumont, 1968), a lodgement till overlain by a

Figure 2 A geological model for the tills of North East England 

(after Robertson et al, 1994)

melt out till (Carruthers, 1953) or a single lodgement till with a 

weathering profile down to the discontinuity between the two tills 

(Eyles and Sladen, 1981).

Studies of borehole records and exposures in opencast mines 

have been used to develop the geological model given in Figure 2 

It shows an upper clay till containing lenses of glaciolacustrine and 

fluvioglacial deposits overlying the lower stiffer grey till 

Generally the strength, stiffness and granular content increase with 

depth; the plasticity and permeability decrease with depth.

These tills are typically stiff to very stiff sandy clay with gravel, 

containing some boulders and lenses of sand and gravel and 

laminated clay. Laboratory tests are mostly carried out on the clay 

matrix because of the difficulty of sampling the more granular 

component of the till. An implication of this is that the results 

obtained represent the strength and stiffness of the "softer" 

component of the till which may be one reason for the difference 

between laboratory and in situ strengths. Generally the in situ 

strength of till exceeds that measured in a laboratory which can 

give rise to contractual problems. The range of geotechnical 

properties shown in Table 2 indicates the variability arising 

because of the heterogeneous nature of these tills and the effects 

the particles have upon the samples and their properties.

4. INTRINSIC PROPERTIES OF TILLS

Burland (1990) suggested that a study of the intrinsic properties 

of a reconstituted soil would provide a robust framework for the 

interpretation of site investigation data. This may be particularly 

important when dealing with till, a difficult non-textbook soil as

Property Upper Till Lower Till

sample in situ sample in situ

Natural w % 15.9 9-31 20.6 9-23

Cu kPa 50-4102 65-4102

LL % 57.0 31.1

PL % 25.6 17.1

PI % 31.4 14.0

Clay Fraction % 38.6 22.6

Silt Fraction % 44.5 34.2

Sand Fraction % 13.5 31.6

Gravel Fraction % 2.1 8.5

Kaolinite % 54-631 67-70'

Illite % 14-29' 22-36'

Quartz % 45-52' 53'

Activity % 0.81 0.65-0.70 0.62 0.59-0.67

Specific Gravity 2.69 2.65

Density Mg/m3 1.62-1.932 1.76-2.002

c’ kPa 4.7 0-253 2.3 0-153

f 22.5 27-351 26.3 32-37’

Source:
1. Thabet (1973), 2. Robertson et al (1994), 3. Eyles and Sladen (1981)

TOPSOLL

Weathered mottled orange/brown/grey upper till

Laminated Clay 

and Sand

/bouldei
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described above. In this study, disturbed samples of upper and 

lower till were obtained from a major opencast site. Particles 

greater than 2 mm in diameter were removed to produce 

reconstituted tills which had the properties given in Table 2. A 

fabric free slurry was made by increasing the water content of the 

natural till until it was 150% of the liquid limit. The slurry was 

allowed to consolidate under a predetermined pressure. While this 

does not represent the processes involved in the formation of till, 

that is gravitational compaction and shearing, it does produce a 

consistent material so that the effects of particle size and range, 

void ratio and particle type on strength and stiffness can be found.

4.1. Compression Characteristics

One dimensional compression and swelling characteristics were 

determined over a pressure range of 6 kPa to 3200 kPa. Three 

dimensional compression and swelling characteristics were found 

from triaxial tests in which isotropic effective stresses of up to 5 

MPa were applied. Sub-samples of compressed slurry with 

overconsolidation ratios (OCR) varying between 1 and 10 were 

used for triaxial shearing. These encompassed the range of OCRs 

determined from tests on intact specimens which do not conform 

with the suggested ice thickness of 1.4 km (Boulton et al, 1977) 

giving some support to the concepts given in Table 1.

Burland (1990) suggested that a unique intrinsic compression 

line, ICL, given by Equation (1) exists for all clays. This line is 

defined in terms of the intrinsic void index, Iv, and the vertical 

effective stress used to compress the specimen one dimensionally.

I =2.45- 1.285x + 0.015x (1)

where x is logio(o‘v) and Iv is defined in Equation (2) in terms of 

the current void ratio, e, and the void ratios at 100 kPa, e*ioo, and 

1000 kPa, e*iooo.

(2)

The one dimensional compression curves for the tests on the tills 

conform with the ICL, between 50 and 3200 kPa (Clarke et al,

1996).

Clarke et al (1996) have shown that data from the isotropic 

compression tests also conform with Equation (1) but only over a 

stress range of 100 kPa to 1000 kPa (Figure 3). Over the full 

range of applied stress, 100 kPa to 5400 kPa, a straight line is a 

better fit such that:

Clarke et al (1996) have suggested a similar definition can be 

used for an intrinsic swelling void index, Iv,, which is expressed in 

terms of the void ratios at effective vertical pressures at OCRs of 

2, e*pc/2, and 20, e * ^ ,  such that:

_ e ~ e *pc/2
1 vs *  *

P  — P
c  pc/20 c  pc/2

(4 )

A plot of Iv, against OCR Figure 4, shows that the data from the 

one dimensional and isotropic swelling tests lie within a band. This 

band is centred on a line, Equation (5), of a similar form to the 

ICL but expressed in terms of x which is equal to logio(OCR).

I„„ = -0.242 + 0.738x + 0.196x2 -  0.028x3 (5)
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Figure 4b The isotropic intrinsic swelling band (after Clarke et al, 

1996)
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Figure 3 The intrinsic compression line for isotropic compression 

(after Clarke et al, 1996)

4.2 Strength Characteristics

A series of consolidated undrained triaxial tests were carried out 

on reconstituted upper and lower till. Burland et al (1997) 

suggested that an intrinsic failure envelope could be defined as:

t
- k  * + - -tan^'

(6)

where avc* is the effective vertical pressure on the intrinsic 

compression line at the same void ratio as the test specimen, (|>e* is 

the intrinsic angle of shearing resistance, k *  the intrinsic cohesion 

and, t and s’ are the two dimensional stress invariants.

Figure 5 shows the peak shear stress, t, from the tests on the 

overconsolidated reconstituted till plotted in accordance with 

Equation (5). The lines represent the intrinsic Hvorslev surfaces
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Figure 5 The intrinsic Hvorslev failure surface for reconstituted 

upper and lower tills

{ 1 Q(intrinsic swelling void indoc) j  /activ ity

Figure 6 The variation in undrained strength with clay type, 

overconsolidation ratio and effective stress

Table 3 Intrinsic properties o f  tills o f  the N orth East o f  E ngland

Property Upper Brown Till Lower Till

e*ioo (NC) 1.044 0.661

e*iooo (NC) 0.720 0.460

C0* (NC) 0.324 0.201

<(>*» 21 24

Cs* 0.076 0.055

IS 23

K* 0.071 0.025

5. CONCLUSIONS

Glacioterrestrial deposits have been gravitationally compacted and 

sheared during deposition, and then aged and possibly weathered. 

They are insensitive and very stiff but may not be heavily 

overconsolidated. A description of a till based on structure and 

fabric should be extended to include the type of till, as tills of 

different origin may have the same classification.

One dimensional and isotropic tests on reconstituted tills show 

that the compression characteristics conform with the ICL 

Further, the swelling data for overconsolidated specimens lie 

within an intrinsic swelling band which is expressed in terms of an 

intrinsic swelling index and overconsolidation ratio.

Consolidated undrained triaxial tests on specimens of normally 

and over- consolidated reconstituted tills enabled an intrinsic 

Hvorslev failure line to be developed and a relationship between 

undrained shear strength, intrinsic swelling index and activity to be 

established.

A description of a till including its origin and intrinsic 

parameters of compression, swelling and strength are to be used 

as a geotechnical model to provide a consistent framework for the 

interpretation of site investigation data from tests on this 

extremely variable non-text book material.

for the two tills.

The upper limit to Equation (5) is the intrinsic critical state line, 

CSL, which can be defined in terms of (t/a*vc) and (s7a*vc) The 

intrinsic angle of shearing resistance for the CSL, was found 

from tests on normally consolidated reconstituted tills.

Much use is made of the undrained shear strength in design, 

therefore a consistent method to select a design profile from data 

such as those shown in Figure 1 would be useful. The scatter in 

the data may be attributed to the variation in the clay content, 

fabric, gravel content, type of clay, water content, degree of 

weathering and depositional processes. The results of tests on 

reconstituted till should only depend on the type of clay, void ratio 

and stress history.

Figure 6 shows the peak undrained shear strength from tests on 

overconsolidated reconstituted tills normalised with respect to the 

consolidation pressure and the mean value of that ratio for the 

normally consolidated till, (Cu/o ’/Jnc , plotted against a function of 

the activity of the till and the intrinsic swelling void index derived 

from Equation (5). The data for both tills lie about straight lines 

which are very nearly concurrent suggesting that a unique line, 

Equation (7) may be developed.

[cu /er'v ]NC activity

The intrinsic properties of the upper and lower tills are given in 

Table 3. These represent properties of the tills which are 

independent of fabric and, in the case of strength where the data 

are normalised with respect to a*ve, the void ratio. In order to 

make use of these data it is necessary to study in detail the 

properties of intact till. In practice, however, application of these 

properties in geotechnical design, such as stability analyses, should 

produce a safe solution since they represent a lower bound.
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