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Collapsible behaviour of granulated clay
L’effondrement d’'une argile granulée

J.Feda — Academy of Sciences of the Czech Republic, Prague, Czech Republic
J.BOh&C - Charles University, Prague, Czech Republic

ABSTRACT: A special type of clay, granulated clay with grain size 1-2 mm to 4-8 mm was subjected to laboratory experiments. The granulated
clay was prepared by crushing intact clayey soil at the natural water content and by separating individual grain-size fractions. Likewise all
double-porosity materials, granulated clay has a high porosity. The total porosity, resulting from the intra- and intergranular porosity, amounted
10 about 70%. The high porosity triggers different mechanisms of collapse. These are classified as bifurcation and subsidence collapses, activated
by the load, time and water inundation. The principal degradation factor - grain crushing - depends on the shear stress: it is much larger in a
shear box than in an oedometer.

RESUME: La forme particuliére d’argile, I’argile granulée, dont le diamétre des particules varie de | - 2 mm 4 4 - 8 mm s’est soumise a des
essais laboratoires. Egalement que tous les matériaux de double porosité, la porosité totale d’argile examinée est assez forte, supérieur a 70%.
Celte porosité provoque les différentes types des mécanismes de 1'effondrement, ¢’est-a-dire I’effondrement de bifurcation et de subsidence.
C’est la charge, le temps et ’humidité qui provoquent ces processus. Le facteur principale de la dégradation de la structure - I’écrasement des
grains - dépend de la cisaillement: il est plus haut en boite de cisaillement qu’en oedométre.

| INTRODUCTION

Landfills of clayey materials in North-western Bohemia rise to
heights of up to 150 m and extend over a total area of about
100 km®. They are by-products of open-cast brown coal mining and
consist of clayey (clay and claystone) fragments, blocks and clods
with sizes in the range 1 to 1000 mm (Figure 1). At the periphery the
landfills are subjected to sliding, with the largest slides involving up
to 140 million cubic metres of soil mass (HerStus et al., 1994). The
sliding results from the transformation of the originally granular
material into a compact (cohesive) one. This mechanism brings to
mind the ill-fated 1962 Aberfan disaster in Wales, U. K. (Bishop,
1973). Similar tipped material - but only to the height of about 25 m
- required the use of piles when constructing foundations on the fill
in Pietrafitta, Italy (Calabresi et al., 1994).

To be able to propose remedial measures if the sliding occurs and N N d
to explore the future use of the landfills as deposits for fuel ash and
municipal waste it is necessary to understand the mechanism by
which the initially granular material is transformed into a compact
firm clay. This state transformation is accompanied by a significant
worsening of the shearing resistance of the material. Its drop is

Figure 1 Example of claystone blocks and fragments in-situ. The
size of the blocks on the Plate up to 1 m.

promoted by the rise of the pore-water pressure, resulting from the limit 27% to 32%. Natural water content varies from 25% to 33%,

growth of the degree of saturation up to about 100%. initial porosity is 38% to 48% and degree of saturation is 100%. The
In addition to the practical reasons it is attractive to study the state degree of cementation varies, as well as loss on ignition which ranges

transition, its mechanism and consequences and thus to contribute from 1% to 18%.

to the understanding of the fundamentals of the mechanics of Granulated clay was prepared by crushing intact samples at the

particulate materials. natural water content and by separating various fractions with the

pseudo-grain size from 1-2 mm to 4-8 mm. Tests were carried out
with oven-dried, wet (at natural water content of the pseudo-grains)

2. MATERIAL AND METHODS and saturated (inundated by water) specimens. The mean
experimental total porosity was 67 + 5%. Considering the measured

The material tested is an illitic Neogene clay and claystone. Although experimental intragranular porosity (i.e. the internal porosity of the

the clay seems homogeneous, its properties vary within a grains) of 43 + 5%, the mean intergranular (external, among the

considerable interval, Its index of colloidal activity is 0.75 to 1.8, grains) porosity was about 42%.

liquid limit 73% to 92%, plasticity index 50% to 60% and plastic Clay was tested in the shear box apparatus, with the maximum
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normal stress up to 0.3 MPa, in the triaxial apparatus, with the
maximum cell pressure up to 1 5 MPa and in the oedometer with
incremental loading up to 3 MPa

The load increments in the oedometer were applied either in one
larger step, for example reaching the target value of axial stress
300 kPa in a single step. Such tests are referred to as tests with
single-step loading. Alternatively, a number of smaller increments has
been applied to reach the target axial load and these tests are referred
to as multiple-step loading.

Testing rates of all drained tests were sufficiently low for the
stresses to be considered effective. The same applies to the final
stresses with the incremental loading

3. COLLAPSE

A sudden change in the structural configuration is called collapse.
It can be manifested by a breakdown of the soil structure, which is
called subsidence collapse, or by the bifurcation phenomenon
(bifurcation collapse). A necessary prerequisite for collapse is the
relatively high porosity of the soil. For example, porosities above
40% are necessary for loess to become collapsible. The process of
collapse is, as a rule, of a random nature. However, within a critical
interval, small impulses suffice to trigger it.

In the case of subsidence collapse, two basic forms of behaviour
may be distinguished. Under a constant strain rate testing regime
(€ = const.), collapse is manifested by a temporary decrease of stress.
With incremental loading, i.e. with ¢ = const. in each loading step,
the collapse can be observed as an intense increase of strain. The
collapse of loess on inundating (hydrocollapse) is a typical example
of this second type of collapse.

Bifurcation collapse is visualized by a kink in a constitutive
function, for example in the compression curve or strength envelope.
Therefore it can be described by a sudden jump-like change of a
constitutive parameter, e.g. the compression index C, or the angle
of internal friction ¢

With the material in question, due to its high initial porosity,
various forms of collapse can be expected. However, collapse may
occur, usually on a reduced scale, also with such natural soils as
calcarenites, weak rocks, loess etc.

4. COMPRESSION

Figures 2 and 3 depict a series of compression curves of various
grain-size fractions of dry (lines 2 and 3), desiccating (4), inundated
(1) and intact (5) matenal plotted to arithmetic and semilogarithmic
scales. Three types of compression curves can be observed:
multilinear (2, 4 - the initial part), garland-like (3, 4) and
semilogarithmic (1). The compression of the intact specimen (5 in
Figure 3) is, to a first approximation, linear (up to ¢ = 0.8 MPa) and
reversible

On the compression lines 3 and 4, numerous kinks can be identified
which are attributed to the effect of grain crushing. One kink on
curve 2 is caused by the phase transition. It is a combination of grain
crushing and rearrangement, possibly a percolation phenomenon. No
kink is present on curve 1. In this case the tangential deformation
modulus E, increases linearly with stress o during the uniform
rearrangement of the particles which results from the decay of
inundated grains.

With multiple-step loading, one may notice the so-called immediate
collapse: within the first 5 minutes after the load application the axial
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Figure 2 Oedometric compression curves of granulated clay with
different granulometry (1-2 mm to 4-8 mm) plotted to an arithmetic
scale. Dry (2 and 3), desiccating (4) and inundated (1) specimens
subjected to multiple-step loading.
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Figure 3 As in Figure 2 but plotted to a semilogarithmic plot
(Line S: wet intact specimen).

and volumetric strains (¢; and €}) increase in the lower stress range,
i.e. for 0 < 400 to 600 kPa (see Figure 4). This phenomenon is
typical for specimens with weaker grains (wet specimens and fine-
grained dry specimens) and may express the first wave of grain
crushing, which is followed by an intense rearrangement. Grain
crushing is more pronounced with wet grains but also occurs with
smaller dry grains due to their platy shape which reflects the
sedimentation history of the clay (compression line 3 in Figure 2;
Figure 3 from Feda, 1995 and Figure 7 from Feda, 1996).

Bifurcation of the compression curves (Figures 2 and 3) and
immediate collapse (Figure 4) are triggered by the load. The
immediate collapse is associated with the multiple-step loading since
a series of small loading steps is necessary to initiate the
phenomenon. It is suppressed in the single-step procedure where
grain crushing increases more or less uniformly with stress o (see
Figure 9) and strain-softening (monotonous increase of €,) prevails

Bifurcation collapse triggered by time was found on many
secondary compression curves, for example in Figure 5a (dry
specimen, o = 950 kPa, 2-4 mm). Kinks may be concealed il
hyperbolic creep is assumed (Figure 5b).
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Figure 4 Axial and volumetric immediate isotropic compression
(triaxial apparatus) of wet and inundated specimens.
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Figure 5 Secondary compression of a dry specimen of granulated
clay (2-4 mm) at the load 0 = 950 kPa measured in the oedometer
(2 semilogarithmic; b: hyperbolic representation).

In addition to bifurcation collapse, another type of time-produced
collapse of subsidence nature may occur. Figure 6 shows one
example. In the course of time the strain increases considerably. It
is a diffusive process, similar to the primary consolidation of a water
saturated soil, but representing a subsidence-type collapse. It seems
that subsidence collapses are, as a rule, diffusive in nature: the
deformation (or stress) wave travels from the loaded surface through
the specimen until it reaches the bottom_ Such collapse was actually
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Figure 6 Oedometric compression of a dry specimen of granulated
clay (1-2 mm) under an incremental loading 460 - 585 kPa.
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Figure 7 The relationship of the coefficient of secondary
compression C, and axial load o of the granulated clay in the
oedometer (grain size from 1-2 mm to 4-8 mm).

described by Vaughan (1995) in the case of the Carsington dam.

Collapse, as stated above, is to a considerable extent a random
process. However, if the secondary compression phase is reasonably
regular, the values of the coefficient of secondary consolidation C,_
may be recorded (Figure 7). The strain-hardening (2) and
strain-softening phases (1) are typically produced mainly by grain
squashing (2) and grain crushing (1). Nevertheless, there is a locus
of C, not depending on the water content (¢ = 700 to 900 kPa).
Both mechanisms. (1 and 2) are combined in a strongly
stress-dependent manner with saturated (inundated) specimens (3
in Figure 7)

5. SHEAR RESISTANCE

Figure 8 presents the shear-box strength envelopes manifesting - by
kinks - evident bifurcation collapse. This may again be ascribed to
the combination of grain crushing and rearrangement (phase
transition). Shear box test results correspond to those of the triaxial
apparatus. The governing parameter is the water content. The effect
of grain size is suppressed. There is a kink on the critical state line
of the inundated shear box specimens at the stress level of about
150 kPa. However, the transitional stress found with the triaxial tests

is about 250 kPa. The kink on the triaxial CSL is rather suppressed
in Figure 8 since the part of the CSL at higher stress level was not
plotted in this scale. Nevertheless, the triaxial CSL was clearly
bi-linear with ¢’=24.7° and 16.7° in the lower and higher stress
Tange, respectively.

Figure 9 depicts the extent of grain crushing (in % by weight) with
the initial grading of 2-4 mm as observed in the oedometer and shear
box tests. The upper lines show the total percentage of particle
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Figure 8 Strength envelopes of the granulated clay of various grain

sizes and water contents as measured in the shear box and in the

triaxial apparatus. The angle of internal friction indicated in degrees
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Figure 9 Extent of grain crushing (single-step loading) with the
rising load (oedometer, shear box) of dry granulated clay (the initial
grain size 2-4 mm).

fragments produced by crushing (line marked < 2 mm) and the other
lines the residues on the sieves with the openings 1 mm and
0.48 mm

From Figure 9 it is evident that, for a particular stress level, the
amount of grain crushing was much larger with the shear box tests,
i.e. the crushing is more intense if the specimen is sheared. This may
explain the lower transitional pressures with the shear box (100 to
150 kPa in Figure 8) than with the oedometer (approximately 400
kPa in Figure 2, curve 2) and with the triaxial apparatus (250 kPa -
CSL in Figure 8).

6. CONCLUSIONS

Soils with double porosity, i.e. with both intragranular and
intergranular porosities, are latently loose and reveal a specific
behaviour. Their most conspicuous feature is the collapsibility.
Granular clayey material (fractions 1-2 mm to 4-8 mm), tested in
the oedometer, shear box and triaxial apparatus, produced
bifurcation and subsidence collapses of the soil structure. The
collapses were triggered by load, time and water inundation. The
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effect of other state parameters, for example of temperature, has not
been investigated.

The occurrence of collapse is, to some extent, a deterministically
random process. This makes its reliable prediction more difficult.

The observed subsidence collapse is diffusive in nature.

Studying various kinds of collapse provides an insight into the
structure of soils and elucidates the structural micro-mechanisms
responsible for the behaviour recorded at the phenomenological
level.
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